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Preface

Rechargeable batteries are devices that reversibly convert electrical energy into
chemical energy and store resulting chemical energy in the unit. In the past two
decades, lithium-ion (Li-ion) batteries have been most rapidly developed and
widely used in numbers of mobile consumer electronics, such as cellular phones,
cameras, laptops, tablets, and power tools, due to their high energy density, high
power capacity, and robust performance. Further developments of the Li-ion bat-
teries are aimed at applications in the electric transportations and stationary grids for
the effective harvest of renewable solar and wind power, which raise grand chal-
lenges in the performance and cost of the batteries. The performances are typically
qualified by the energy density, powder capability, cycle life and safety, and the
cost by the price of battery materials and engineering. In order to meet the energy
and power requirements of these applications, many single cells are electrically
connected into modules that are subsequently integrated into a battery pack.
Therefore, the challenges are remained not only for the materials and process of
single cells but also for the designs and engineering of battery packs. The Li-ion
batteries store electrochemical energy through the reversible intercalation and
deintercalation of Li+ ions with a lithiated transitional metal oxide as the cathode
material and natural or synthetic graphite as the anode material. The capacities
of these Li+-ion intercalation materials are limited by their crystallographic structure
and the present technology has approached to the theoretical values. While
acceptable for the applications in mobile consumer electronics, the relatively high
cost and limited earth abundance of the transitional metals used in the Li+-ion
cathode materials become grand challenges for the transportation and stationary
applications. In order to overcome the challenges of the performance and cost, new
materials and concepts are necessary for the development and commercialization
of the next generation rechargeable batteries.

The performance enhancement is realized generally by improving the battery
materials and design, including the cathode, anode, and electrolyte/separator, and
the cost reduction by selecting the low-cost raw materials and process. In response
to the increased demands for the transportation and stationary applications, this
book is designed to update the latest advancements in the research and development
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of rechargeable batteries with focus on the materials and technologies for the
synthesis and characterization of battery materials, as well as the diagnosis and
analysis of single cells and battery packs. According to the battery reactions, this
book is composed of Chaps. 1–17 covering the new materials and technologies in
lithium-ion battery and Chaps. 18–24 covering the new developments and new
trend in the battery systems beyond lithium-ion including lithium-sulfur battery,
metal-air battery, magnesium battery, sodium-ion battery and redox flow battery.

This book is contributed by a group of leading scientists, engineers, and pro-
fessors, who are directly working on the subjected areas. We believe that this book
is extremely useful for the researchers who work in the conversion and storage of
electrochemical energy, and also serves an excellent textbook or reference for the
college/university undergraduates and graduates who are interested in the areas of
materials, energy, and electrochemistry in relation to the electrochemical energy
storage.

We gratefully acknowledge all chapter authors for their enthusiastic and col-
laborative contributions. We also wish to thank Ms. Garrett Ziolek, the editorial
assistant of Springer, for her guidance and support in preparing this book. Finally,
we give our deepest appreciation to our families for their continuous support while
we were working on this book.

Zhengcheng Zhang
Sheng Shui Zhang
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Challenges of Key Materials
for Rechargeable Batteries

Zhengcheng Zhang and Sheng Shui Zhang

1 Introduction

Energy is the lifeblood of modern society. The concerns over the global warming,
finite fossil-fuel supplies and environmental pollution have led to increasing interest
in renewable energies such as solar and wind. However, these renewable energy
sources are uncontrollable and intermittent, which require reliable electrical energy
storage (EES) system for stable and consistent power delivery. On the other hand,
the growing number of transportation vehicles has made it urgent to electrify
transportation vehicles for reduction of the CO2 emission and of the dependence on
the fossil fuels. Among many EES systems, rechargeable batteries are the most
promising to meet these needs because of their high energy density and high energy
efficiency [1]. Of particular interest is the lithium-ion battery (LIB) that was
commercially launched in 1991 by Sony and since tremendous progress has been
made in increasing the energy and power densities and in reducing the material
process cost. Now, the LIB has revolutionized the market of portable electronics
and power tools, and are penetrating into the market of transportations, such as
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs), and
are being intensively studied for load-leveling stationary EES applications. The
success of Li-ion technology in the latter applications largely depends on the
component materials used in the batteries.
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In spite of the tremendous success in the portable electronic market, the LIBs
still face great challenges for the large scale applications in the transportation
vehicles and stationary energy storages. These challenges, varying with the appli-
cations, are concentrated on the aspects of energy/power density, cycling life,
calendar life span, safety, and overall cost to compete with the internal combustion
engine for transportation vehicles and with the fossil fuel energy for stationary EES.
This chapter outlines the status and challenges of key materials for the rechargeable
batteries, and discusses the strategies to overcome them.

2 Basic Principle of Rechargeable Battery

Cell is the core element of a battery. For many portable electronics, a single cell can
satisfy the energy and power requirements. For large scale applications in electric
vehicles and stationary EES, however, many cells are required to be electrically
integrated into modules that are further packed into a battery (pack) for meeting the
energy and power needs. The cell is composed of a positive electrode (cathode), a
negative electrode (anode), and an electrolyte, in which the cathode and anode are
physically isolated by the electrolyte. When a liquid electrolyte is used, a porous
membrane must be placed as the separator between the cathode and anode to avoid
their electrical contact. The separator allows the liquid electrolyte to penetrate and
mechanically isolates the cathode and anode from each other. The electrolyte is in
principle ionically conducting and electronically insulating, which enables the
redox reaction on each of electrodes.

Rechargeability of a cell is based on a reversible redox reaction between the
cathode and anode materials. The open circuit voltage (Uocv) of a cell equals to the
difference of chemical potentials between the cathode (E+) and anode (E−) as
described by Eq. 1.

Uocv ¼ Eþ�E� ð1Þ

where E+ and E− vary with the state-of-charge (SOC), more precisely the chemical
composition of the electrode materials, as illustrated in Fig. 1a.

Output voltage (U) of the cell depends on the IR polarization, which is described
by Eq. 2.

U ¼ Uocv�IR ð2Þ

where I is the current passing through the cell, and R is the overall internal resistance
of the cell, which is affected by many factors, including electrode and electrolyte
materials, electrode and cell structure, temperature, and cell’s SOC or degree-of-
discharge (DOD), the other description form of SOC. In ac impedance spectroscopy
(Fig. 1b), the overall resistance of a cell consists of the ohmic bulk resistance (Rb)
contributed by the electronic resistance of cell’s hardware and the ionic resistance of
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the electrolyte, ohmic surface layer resistance (Rsl) on two electrodes, Faradic
charge-transfer resistance (Rct) relating to the electrochemical reactions occurring in
two electrodes and changing with the SOC, and Warburg impedance (Zw) corre-
sponding to the ionic diffusion on the electrolyte-electrode interface. In general, the
Rct remarkably increases near the end of charge or discharge, which hence results in a
steep increase in the cell’s polarization. This feature has been used to determine the
ending point of charging in many battery chargers.

The energy density, which is generally described by watt-hour per unit weigh or
volume, is the product of specific capacity and averaged output voltage, and it is
mainly affected by the chemical nature of the cathode and anode materials.
However, the power density, which is generally described by watt per unit weigh or
volume, is also affected by the design and engineering of the cell in addition to the
nature of the electrode materials. For a battery pack, these parameters are further
affected by other components such as battery packing materials and battery elec-
trical and thermal managements. The electrolyte affects the performances of a
rechargeable cell, including reversibility, coulombic efficiency, rate capability,
safety, operating temperature range, and cycle life. With emphasis on the single
cell, the status and challenges of key materials for the rechargeable batteries are
outlined in the next sections, and accordingly the term “battery” hereafter is referred
as to a single cell.

Fig. 1 Typical characteristics
of an electrochemical cell.
a Output voltage versus open-
circuit voltage, and b ac
impedance spectrum

Challenges of Key Materials for Rechargeable Batteries 3



3 Li-Ion Battery

LIBs use the Li+ ion intercalation materials for both the cathode and anode, between
which the Li+ ions are shuttled across the electrolyte absorbed in the separator.
Figure 2 depicts the potential and specific capacity of typical cathode and anode
materials suitable for the LIBs [2]. In order to assemble the battery in discharged
state, the cathode materials are lithiated transition metal oxides and the anode
materials are carbons or compounds capable of intercalating Li+ ions or alloying
with metallic Li. Research focuses have been on the increase of the battery energy/
power density, reduction of material cost, and the improvement of battery safety,
which are outlined below.

3.1 Cathode Material

3.1.1 Typical Cathode Material

Layered LiMO2 (M=Co, Ni, Mn, and their mixture), spinel LiM2O4 (M=Mn, and
mixture with Co or Ni), and olivine LiMPO4 (M=Fe, Mn, Ni, Co, and their mixture)
are three types of major cathode materials. The layered LiCoO2 was first com-
mercialized in the LIB and dominated the batteries for portable electronics. The
LiCoO2, having a two-dimensional Li+ ion conduction pathway, features good
cyclability and moderately high rate capability. In practical cells, LiCoO2 only
delivers *50 % theoretical capacity at *3.7 V versus Li/Li+, corresponding to a

Fig. 2 Potential and specific capacity of selected cathode and anode materials for Li-ion battery.
Reproduced with permission of Ref. [2]
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140 mAh/g of specific capacity. The limitation is due to the chemical instability at
x < 0.5 in LixCoO2, arising from a significant overlap of the redox active Co3+/4+:
t2 g band with the top of the O2−:2p band, which results in oxygen evolution and
structure degradation [3]. The generated oxygen not only decomposes electrolyte
solvents, but also raises safety hazard. In comparison with LiCoO2, the LiNiO2 and
LiMnO2 are more stable and therefore offer higher capacities. However, they both
suffer from fast capacity fading due to the irreversible structural transitions, for
example the migration of Ni3+ ions from the Ni planes to the Li planes for LiNiO2

and the layered-to-spinel transition for LiMnO2 [4]. Partial substitution of Co for Ni
stabilizes the layered structure and suppresses cation disorder, which enables
LiNiO2 a reversible capacity close to 180 mAh/g. Doping of electrochemically
inactive Al, Mg, Ca or Ba suppresses the phase transformation and hence increases
cycling stability. Moreover, the doping enhances the thermal stability of
LiNi1−xCoxO2. In general, the substitution and doping improve the structural sta-
bility at the cost of small operating voltage and cycling capacity. Major drawbacks
of the layered LiCoO2 are high cost, toxicity, and relatively poor rate capability.
Therefore, the derivatives of LiCoO2, in which the Co cations are partially
substituted by more abundant and environmentally friendly Ni and/or Mn such as
LiNixCo1-x-yO2AlyO2 (NCA) and LiNi1/3Mn1/3Co1/3O2 (NMC) have become
preferential choice for the portable electronics batteries [5, 6].

Spinel LiMn2O4, having a three-dimensional Li+ ion conduction pathway, fea-
tures high power capability and excellent safety. The capacity of LiMn2O4 is
limited to *120 mAh/g at *3.8 V versus Li/Li+, corresponding to a reversible
intercalation/deintercalation of *0.8 Li per LiMn2O4 formula unit. Further inter-
calation of Li+ ions causes a structural transition from cubic to tetragonal symmetry
(called Jahn–Teller distortion), resulting in a huge volume change and severe
capacity fading [7]. Therefore, over-discharging must be strictly avoided so as to
retain the stable cyclability of the LiMn2O4. Major problems with LiMn2O4 are the
dissolution of Mn2+ ion and structural Jahn-Teller distortion at below 3.5 V versus
Li/Li+. The dissolution of Mn2+ ion is due to the disproportionation of Mn3+ ion in
the presence of trace amounts of H+ ions, which not only leaches the active Mn2+

ions out of the cathode lattice but also dramatically increases the impedance of
graphite anode because the dissolved Mn2+ ions migrate to the anode and elec-
trochemically reduce into metal or chemically form much more resistive solid
electrolyte interphase (SEI) on the graphite surface. The dissolution of Mn2+ ion
becomes much severe at elevated temperature (>50 °C), resulting in significant
capacity fading. The cationic or anionic substitution is shown to reduce the dis-
solution of Mn2+ ion and suppress dynamic Jahn-Teller distortion, resulting in
significantly improved performance. Due to the low cost and environmental
friendliness of Mn as well as the high rate capability, spinel LiMn2O4 is appealing
for the transportation and smart grid applications.

Olivine LiFePO4, having a one-dimensional Li+ ion conduction pathway, fea-
tures very good cyclability and excellent safety, which are attributed to the facts that
the operating potentials of LiFePO4 are far lower than the oxidation potential of
electrolyte solvents and the LiFePO4 does not generate oxygen under abuse

Challenges of Key Materials for Rechargeable Batteries 5



conditions such as electric shortening and overcharging. Typically, LiFePO4 can
achieve a *170 mAh/g of specific capacity at 3.4 V versus Li/Li+, corresponding
to a reversible intercalation/deintercalation of one Li per LiFePO4 formula unit. The
major drawback of LiFePO4 is the intrinsically low electronic and Li+ ionic con-
ductivities, arising from the one-dimensional Li+ ion diffusion. Also, the olivine
structure is less dense than the layered and spinel structures, resulting in a lower
volumetric energy density. Efforts to overcome these drawbacks include the coating
of conductive carbon on the LiFePO4 surface and the reduction of LiFePO4 particle
size. However, this significantly increases the processing cost of the LiFePO4

material. In spite of these less favorable properties, the low cost, environmental
friendliness, and excellent safety make LiFePO4 a viable cathode material for the
large size batteries to be used in the electric vehicles and stationary EES.

Two processes that have been frequently employed to improve the structural
stability and cyclability of the cathode materials are: (1) substituting or doping of
cation or anion, and (2) coating of cathode particles with a stable component or a
conductive material. The substitution by the electrochemically active transition
metal cation such as Fe, Co, Ni and Mn generally improves both the electronic
structure and electrochemical activity of the cathode materials, whereas that by the
electrochemically inactive metal cation such as Li, Al, Mg, etc. stabilizes the lattice
of the cathode materials. Coating by the electrochemically inactive compounds such
as Al2O3, MgO, AlPO4, AlF3 etc. not only enhances the cycling stability of cathode
material but also reduces the oxidative decomposition of electrolyte solvents on the
cathode surface. The latter considerably suppresses the growth of resistive surface
layer on the cathode. Beside the electrochemically inactive compounds, more stable
cathode material was also proposed to coat the less stable cathode material. In this
strategy, an interesting example is the concentration-gradient cathode material
based on a layered NMC cathode, in which the cathode particle has a Ni-rich central
core and a Mn-rich outer shell with the Ni concentration decreasing while the Mn
and Co concentrations increasing along the radius of spherical particles, as shown
in Fig. 3. Thus, the more stable Mn- and Co-rich shell protects the less stable
Ni-rich core from contact with the electrolyte. As a result, the Li battery with it as
the cathode achieved a 209 mAh/g of initial capacity and remained 96 % retention
after 50 cycles at 55 °C between 3.0 and 4.4 V [8].

3.1.2 High Energy Cathode Material

Since energy density of a battery is the product of specific capacity and averaged
output voltage, intensive effort has been devoted to the development of the high
specific capacity and high voltage cathodes. Among high capacity cathodes, Li-rich
layered Li[Li1/3Mn2/3]O2-LiMO2 (M=Ni, Co, Mn) solid solutions, or written as
Li2MnO3-LiMO2 in the other form of descriptions, are of particular interest. In the
solid solution, the electrochemically inactive Li2MnO3 phase stabilizes the layered
LiMO2 to enable a wide range of operating voltage. These materials typically have
a ∼250 mAh/g of specific capacity between 2 and 4.8 V versus Li/Li+ [9].
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The major issues of these materials are (1) high irreversible capacity (40–100mAh/g)
in the first cycle, (2) increase of voltage hysteresis (delay) with cycling, and (3) poor
rate capability. The first issue, which mainly occurs at above 4.5 V in the initial
activation step, is due to the irreversible evolution of oxygen and resulting Li+ ion loss
and electrolyte solvent oxidation [10]. The second issue is due to the irreversible
structural transition from layered to spinel lattice [11]. The third issue is attributed to
the nature of moderately high electronic conductivity of layered LiMO2 and the
presence of inactive Li2MnO3 phase. Multivalent Li+ ion compounds, such as
polyanionic Li2MSiO4 (M=Mn, Fe, Co, Ni) with two Li+ ions per formula unit
corresponding to a 330 mAh/g of theoretical capacity for M=Fe [12] and monoclinic
Li3V2(PO4)3 with three Li+ ions per formula unit equaling to a 197 mAh/g of theo-
retical capacity [13], have also been investigated as the high capacity cathode
material. However, structural instability and capacity’s utilization remain challenges
for these multiple Li+ ions materials.

With respect to the high voltage cathode material, spinel LiNi0.5Mn1.5O4 and
olivine LiCoPO4 have been intensively studied. Based on the Ni2+/3+ and Ni3+/4+

couples, LiNi0.5Mn1.5O4 offers a ∼130 mAh/g of accessible capacity at ∼4.7 V
versus Li/Li+. The high operating voltage and three-dimensional fast Li+ ion dif-
fusion make LiNi0.5Mn1.5O4 attractive for the large size batteries to be used in the
transportation vehicles and stationary EES. The major issues with LiNi0.5Mn1.5O4

are the formation of a LixNi1−xO impurity phase and chemical instability in contact
with the electrolyte at high operating voltages. Small amount of Fe-substitution
stabilizes the structure with cation-disorder in the 16d octahedral sites of the spinel
lattice, leading to remarkable improvement in both the capacity retention and rate

Fig. 3 Schematic diagram of a core-shell structured cathode particle with Ni-rich core surrounded
by concentration-gradient outer layer. Reproduced with permission of Ref. [8]

Challenges of Key Materials for Rechargeable Batteries 7



capability. LiCoPO4 has a theoretical capacity of 167 mAh/g at a *4.8 V versus
Li/Li+ of averaged operating voltage. The major issues with this material are the
intrinsically low electronic and Li+ ionic conductivity of the olivine structure.
Unlike LiFePO4, coating of conductive carbon is not suitable for LiCoPO4 because
at the synthesis temperature, the highly oxidative LiCoPO4 will directly oxidize
carbon. Similarly to the LiNi0.5Mn1.5O4, small amount of Fe-substitution signifi-
cantly improves the specific capacity and cycle life [14].

Interestingly, it was observed from both LiNi0.5Mn1.5O4 and LiCoPO4 that the
substitution process induced the self-segregation of Fe-rich phase on the surface of
cathode particles, leading to the enrichment of the more stable Fe cations.
Therefore, the Fe-substitution not only stabilizes the lattice structure but also
increases the chemical stability in contact with the electrolyte [15], which greatly
enhances the capacity retention, especially at elevated temperatures, of the
LiNi0.5Mn1.5O4 and LiCoPO4. This fact suggests that the self-segregation of robust
Fe cation phase may be a cost-effective strategy to overcome the chemical insta-
bility of the cathode surface in contact with the electrolyte.

Instability of the electrolyte solvents is the major obstacle for the application of
high-voltage cathode materials, which is mainly due to the strong oxidation of the
high voltage cathode materials and the high catalytic activity of the cathode par-
ticles to the electrochemical oxidation of electrolyte solvents. Many problems are
associated with the oxidative decomposition of electrolyte solvents on the surface
of high voltage cathode particles, such as active material loss (dissolution), low
coulombic efficiency, and uncontrollable growth of resistive surface layer. The most
studied solution to these problems is the surface coating with more robust com-
pounds like AlPO4, ZnO, Al2O3, and Bi2O3 [16]. It has been proven that the coating
protects the active cathode material surface from direct contact with the electrolyte
and thereby suppresses the formation of thick SEI layer. Development of robust
cathode surfaces seems to be an attractive strategy to overcome the instability of the
high-voltage cathode materials in contact with the liquid electrolyte and thereby
improve the energy density, rate capability, and cycle life.

3.1.3 Strategies Toward High Power

Power describes the capability how fast the battery can deliver energy. High power
is in particular important for the application of transportation vehicles, such as
HEVs and EVs, in which fast discharge and charge are frequently required during
the acceleration and braking-up of the vehicles. The power capability is promoted
by both the battery design and material optimization. Reducing electrode thickness
and increasing the content of conductive carbon in the electrode are two common
practices for the improved power by the battery design, however, such improve-
ments are achieved at the cost of energy density due to the introduction of more
inactive materials. In the aspect of cathode materials, the high power is achieved by
the reduction of particle size and the surface coating of conductive carbon.
Nanostructured materials are particularly appealing in the reduction of the particle
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size. Their advantages include: (1) reducing diffusion length of the Li+ ion diffusion
within the particle for high reaction rate, (2) increasing electrode/electrolyte contact
area for more effective and faster electrode reaction, and (3) accommodating vol-
ume change caused by the intercalation and deintercalation of Li+ ions for long
cycle life. However, some disadvantages are also accompanied, including (1)
parasitic reactions with electrolyte solvents, leading to the formation of thicker (and
often more resistive) SEI layer, (2) reduced packing density, leading to lower
volumetric energy density, and (3) significantly increased process cost.

Coating of conductive carbon has been widely adopted to improve the rate
capability of the low electronically and ionically conductive LiFePO4. However,
this technique is only limited to the low voltage cathode materials. For high voltage
cathode materials, carbon will be chemically oxidized by the cathode materials in
the coating process. Moreover, carbon may be electrochemically oxidized at high
potentials that are within the charging potential range of the high voltage cathode
materials.

3.2 Anode Material

3.2.1 Carbonaceous Material

Carbon is the standard anode material for the commercial LIBs used in portable
electronics. Well-ordered graphite has a 372 mAh/g of theoretical capacity at an
operating voltage of *0.25 V versus Li/Li+ in accordance with the formation of a
LiC6 graphite intercalation compound (GIC), and *360 mAh/g can be readily
accessed in practical batteries. Disordered hard carbon has higher specific capacity
and better rate capability, but suffers larger irreversibility, higher voltage hysteresis,
lower packing density, and poorer electrical conductivity, as compared with the
ordered graphite [17]. Since the intercalation of Li+ ions into graphite occurs at
lower potentials than the organic solvents electrochemically reduce, organic elec-
trolytes are thermodynamically instable with the graphite anode. Therefore, the
electrolyte solvents must be first reduced before the Li+ ions can be intercalated into
graphite. The operation of graphite anode can be enabled only when the reduction
products of the electrolyte solvents are stably accumulated on the graphite surface
to form a dense and protective film. This film is called SEI, and the formation of the
SEI has proven to be an essential step for the manufacture in affecting the cycling
performance, cycle life and safety of the LIBs.

The low potential of the GICs is favorable for increasing the battery’s operating
voltage, however, it meanwhile causes other problems. The potential for the Li+ ion
intercalation is so low (<0.25 V vs. Li/Li+) that metallic Li can be easily platted on
the graphite surface during charging of LIBs, especially at high current rate and/or
at cold temperature. The plated Li not only reacts with the electrolyte solvents to
degrade the battery’s performance, but also forms dendrites, potentially creating a
safety hazard. Other drawbacks of the carbonaceous anode materials are the
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10–20 % irreversible capacity in the first cycle due to the formation of SEI, low
density affecting the battery’s volumetric energy density, and unsuitability for fast
charging due to the possibility of Li plating.

3.2.2 Li4Ti5O12 Anode

Spinel Li4Ti5O12 (LTO) has a 175 mAh/g of theoretical capacity at *1.5 V versus
Li/Li+ operating voltage, it features very stable cycling stability and excellent
safety. Since LTO operates at far above the reduction potentials of carbonate sol-
vents, no SEI is formed in the first cycle. The three-dimensional structure offers
LTO excellent reversibility due to the near zero volume strain during the Li+ ion
intercalation and deintercalation cycling. The main drawbacks of the LTO are the
destructive gas generation, the relatively low electronic conductivity, and signifi-
cantly reduced energy density by the high operating potential of the LTO anode. It
has been reported that gas generation always occurs during both cycling and storing
[18]. The generated gases contain H2, CO2 and CO, which are identified to be the
products of interfacial reactions between the LTO and carbonate solvents. These
reactions result in structural transformation from (111) to (222) plane and formation
of (101) plane of anatase TiO2. Coating of conductive carbon on the LTO surface is
shown to be very effective in suppressing the interfacial reactions and resulting gas
generation in addition to increasing the electronic conductivity.

3.2.3 Lithium Alloy Based Material

Li alloys with elements such as Sn, Si, Ge etc. are appealing because of their
superior capacity and suitable operating potentials [19]. Among many Li alloy
forming elements, Si is of particular interest because it offers a specific capacity of
as high as 4200 mAh/g at a fairly flat potential plateau of 0.4 V versus Li/Li+ in
accordance with the formation of Si5Li22 alloy. Typically, Si is lithiated at poten-
tials from 0.4 to 0 V versus Li/Li+, which are lower than the reduction potential of
electrolyte solvents. Therefore, the same SEI formation as occurred in the carbo-
naceous anode materials is necessary for enabling the operation of Si anode.

The major challenge with all Li alloy materials is the poor cyclability due to the
dramatic volume change occurring during the alloying and dealloying processes,
which leads to the material pulverization, inter-particle contact loss, and severe
capacity fading. The basic strategies to overcome the large volume change are to
reduce the material’s particle size, and/or further embed the active material particles
into a conductive (such as carbon and metal) or a non-conductive (such as stable
metal oxide) buffer phase. Successful examples are one-dimensional Si nano-wires,
Si-C, Si-SiO2-C nanocomposites, as well as intermetallic alloys with the other metal
as the buffer of volume change such as Cu6Sn5, InSb and Cu2Sb. However, these
processes greatly increase the material’s cost while decreasing the material’s spe-
cific capacity due to the incorporation of significant amount of inactive materials.
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Interestingly, the cellulose based binders significantly enhance the cycling stability
of Si anode because of the chemical interactions between the –OH groups in the
binder and the Si-O surface groups in the Si particles [20]. This may hint a direction
for the advancement of the Li alloy based anode materials. In addition, hybrid-
ization of the Li alloy based material with carbon has become the most practiced
method to achieve the high capacity and acceptable cycle life. For example, Sony’s
NexelionTM battery had a 30 % higher volumetric specific capacity by using a
Sn-Co-C amorphous anode as compared with the carbon analogue [21], and
Panasonic’s 18,650 battery achieved a 4 Ah capacity by using a C-Si composite
anode as compared with 3.4 Ah for the carbon analogue [22].

3.2.4 Conversion-Type Anode Material

Convention-type anode materials are based on a displacement reaction between
metallic Li and the nanostructured transition metal oxides, sulfides, nitrides,
phosphides, or halogates [23]. The metal in these compounds can be capable of
alloying with Li or not. SnO2 is a typical metal oxide (MO), in which the metal is
able to alloy with Li. In operation, SnO2 is first reduced and combined with Li+ ions
from the electrolyte to form nano-sized Li2O and Sn particles, followed by the Sn
particles alloying with Li. Since the Sn particles are finely dispersed in the Li2O
matrix, the Li2O buffers the mechanical stress caused by the Li alloying and
dealloying, and hence results in much improved cycling stability. The drawback of
SnO2 is the large irreversible capacity in the first alloying process and the
agglomeration of tin particles during prolonged cycling. The former is due to
the irreversible formation of Li2O, which consumes the limited Li+ ion source from
the cathode. The latter is because the amount of the formed Li2O matrix is not
sufficient to fully isolate Sn-Li alloy particles from contact with each other.

The MO with the metal unable to alloy with Li, such as Mn, Fe, Co, Ni, Cu etc.,
operates in entirely different mechanism, which can be described by a reversible
displacement reaction, for example,

MOþ 2Li � Mþ Li2O ð3Þ

Such a reaction generally has higher potential and more slopping potential-
capacity profile as compared with the Li alloying since the displacement reaction
occurs at higher potentials and undergoes larger structural change than the Li
alloying reaction. Similarly to the MO, metal halogates (MXn) also have been
intensively investigated as the conversion-type anode material based on the dis-
placement reaction between the MXn and Li. However, the MXn are slightly
inferior to the oxide analogues in the cycling stability because the MXn are slightly
soluble in the organic electrolytes, resulting in the loss of anode active material. The
main challenges of the conversion-type anode materials are the slow reaction
kinetics (causing high polarization) and capacity loss with cycling, which are
associated with the ineffective solid-solid reactions between M and Li2O for MO

Challenges of Key Materials for Rechargeable Batteries 11



and between M and MX for MXn in the charging process of a Li half-cell (cor-
responding to the discharging process of a Li-ion full cell).

3.3 Electrolyte

Electrolyte is an indispensable element of the battery, which enables the electrode
reactions and affects the battery’s performances. The standard electrolytes used in the
current LIBs are a solution of LiPF6 salt dissolved in a mixture of ethylene carbonate
(EC) and other linear carbonates with little variation in the salt concentration and
solvent ratio. The LiPF6 salt is selected because (1) it offers high ionic conductivity
(*10 mS/cm at room temperature), (2) it participates in the formation of stable SEI
on the graphite surface, (3) it passivates Al current collector at high potentials, and
(4) it is stable over a wide electrochemical window. The EC is the indispensable
co-solvent because (1) its reduction products form dense and stable SEI on the
graphite surface, and (2) its high polarity favors salt dissociation for high ionic
conductivity. The function of the other linear carbonates is to reduce the viscosity
and lower the solution’s freezing temperature for the high ionic conductivity and
wide operating temperature range. The main drawbacks of these electrolytes are that
(1) LiPF6 is thermally instable at elevated temperature, especially in the presence of
organic solvents, (2) EC phase-separates (crystallizes) at low temperatures,
depending on the composition of solvent mixture, (3) the solution is highly flam-
mable, and (4) carbonate solvents are subject to reduction at <1.2 V and oxidation at
>4.5 V. In the LIBs, the electrolyte is kinetically stabilized by the in-situ formed SEI
on the surface of graphite anode during the first charging. The main effort on the
electrolyte has been focused on the improvement of battery performance and battery
safety by developing better electrolyte components and electrolyte additives.

For the electrolyte component, lithium bis(oxalato)borate (LiBOB) and lithium
difluoro(oxalate)borate (LiDFOB) are shown to form favorable SEI with the
graphite anode, resulting in significantly improved cycling stability. However, these
two salts cannot stand above 4 V versus Li/Li+ for long time due to the oxidation of
oxalate species, and also have inferior ionic conductivity as compared with LiPF6.
Lithium bisfluorosulfonyl imide (LiSFI) exhibits higher ionic conductivity than
LiPF6 and forms comparable SEI with the graphite anode, however, it fails to
passivate the Al current collector at high potentials (3.3 V vs. Li/Li+) [24].
Therefore, these salts cannot replace LiPF6 to be used as a single salt, but as an
additive or a co-salt in combination with LiPF6. With respect to the solvent, non-
flammable solvents (mainly containing phosphorus) and room temperature ionic
liquids have been developed to reduce the flammability of the electrolytes.
Solfonates, aliphatic dinitriles, and fluorinated carbonates have been investigated as
the solvent for high voltage electrolytes [25]. In particular, fluoroethylene carbonate
(FEC) forms favorable SEI on both surfaces of the graphite anode and high voltage
cathode in addition to wide electrochemical window. These unique properties make
FEC appealing for the electrolytes of high voltage LIBs.

12 Z. Zhang and S.S. Zhang



For the electrolyte additive, much attention has been placed on the formation and
stability of the SEI. Beside the intrinsic instability of carbonate solvents at low
potentials (<1.2 V vs. Li/Li+) and high potentials (>4.5 V vs. Li/Li+), the fresh
surfaces of the anode and cathode materials likely catalyze the decomposition of
solvents. A desirable additive should be able to deactivate the catalytic sites and
form dense SEI to protect the solvents from contact with the electrode particles
before the electrode reaches the solvents’ decomposing potential. On the graphite
anode, vinylene carbonate (VC) seems to be the most effective in reducing the
irreversible capacity of the SEI formation and enhancing the stability of the
resulting SEI. Most of other additives can be categorized as the derivatives of
vinylene compounds [26]. On the cathode, LiBOB and LiDFOB, when used at the
additive level, are shown to remarkably enhance the cycling stability of the high
voltage LiNi0.5Mn1.5O4 and Li2CoPO4 cathodes [27]. The similar improvement has
also been achieved by fluorinated phosphates such as tris(hexafluoro-iso-propyl)
phosphate [28]. For the safety protection, the compounds that are capable of
reversibly oxidizing and reducing in a certain voltage range have been studied as
the redox shuttle additive, and the high phosphorus-containing compounds as the
fire-retarding additive. However, the improvements by these additives are very
limited, and instead, the additive may introduce other adverse effects, for example,
an increase in the self-discharge by the redox shuttle additive and an inferior SEI by
the fire-retarding additive.

Solid polymer electrolyte and ceramic solid state electrolyte are apparently an
effective solution to the safety of LIBs. However, their high process cost and
relatively low ionic conductivity make them unsuitable for the large size LIBs to be
used in the transportation vehicles and EES. Gel polymer electrolyte offers a
compromise to bridge the liquid electrolyte and solid polymer electrolyte. However,
it cannot be independently used as the electrolyte/separator due to the substantial
loss of the mechanical strength at elevated temperatures. In most cases, the gel
polymer electrolyte is used only for modifying the existing separator.

3.4 Separator

Separator is a porous membrane that absorbs liquid electrolyte and physically
isolates the cathode and anode from electrical contact. In the operation of batteries,
the separator does not participate in any electrochemical reactions, however, it
strongly affects the battery’s performances, especially the power capability and
safety. The separators currently used in the LIBs are typically a microporous
polyethylene (PE) or polyprolyene (PP) membrane, which may be in a single layer
or a multilayer structure with variations in parameters of porosity, pore size,
thickness, and mechanical strength [29]. The PP-PE-PP trilayer separators are of
particular interest for the safety of LIBs because of their thermal shutdown feature.
The shutdown function is based on the different melting temperature ranges
between the PE (120–130 °C) and PP (>165 °C). When the temperature reaches the
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PE’s melting range, the PE layer melts and closes its pores to shut the current off
whereas the PP layers still remain mechanically strong to isolate the electrodes.
Since the pore closing is irreversible, the battery will be damaged permanently once
the thermal shutdown is initiated. Unfortunately, such a protection is only appli-
cable to the small batteries and under low current densities. For large size batteries
and high current densities, the shutdown temperature gap (only 35 °C from the PE’s
top melting point to the PP’s lowest melting point) is so narrow that the temperature
can easily rise to or exceed the PP’s melting range even if the current is shut off due
to the poor heat conduction/radiation of the large size batteries.

Most battery-related accidents are related to the mechanical failure of the sep-
arator, such as meltdown and metal penetration. Major energies of an accident are
originated from the chemical reactions between the charged cathode and anode
materials as a result of the separator failure, which makes two electrodes contact
together. Therefore, developing a separator that can retain mechanical strength at
elevated temperature seems to be the most effective solution to the safety of the
large size LIBs. Towards this, coating a porous ceramic composite layer, such as the
ones consisting mainly of nano-sized Al2O3 or SiO2 particles, onto an existing
polyolefin separator or onto one or both of the electrodes may be a facile and cost-
efficient approach [30].

4 Battery Systems Beyond Li Ion

The current Li-ion technology has approached the capacity limit of the Li+ ion
intercalation compounds, and the cost for raw materials and material processes is
relatively high. Therefore, motivation for the high energy density and low cost
batteries is driving the research towards the battery systems beyond Li ion. In this
subject, sodium-ion batteries and magnesium batteries have been pursued for the
low cost, and lithium-air and lithium-sulfur batteries for the high energy density.

4.1 Sodium-Ion Battery

Sodium-ion battery (SIB) is the first choice for the low cost energy storage because
of the natural abundance and low cost for sodium raw materials. Due to similarity in
the ionic structure and property between Na+ and Li+ ions, research on the materials
of SIBs has mainly followed the analogues of LIBs. For the cathode materials, the
most studied and best performed compounds are sodium transition metal phos-
phates with small variations in the transition metals, doped cations and anions, such
as NaFePO4, NaFe2Mn(PO4)3, Na3V2(PO4)3, Na3V2(PO4)2F3 etc. Other candidates
are transition metal oxides NaMO2 (M=Co, Mn etc.) and NaV6O15, as well as
transition metal fluorides (NaMF3, M=Fe, Mn, V, Ni, etc.) [31]. Since Na+ ion has
larger ionic radius than Li+ ion (0.98 A for Na+ vs. 0.69 A for Li+), the intercalation
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and deintercaltion of Na+ ions are much slower and suffer from significantly larger
structural change, making it difficult to fully utilize the active material. Because of
the low material utilization and the higher atomic weight of Na than Li, the Na+ ion
cathode materials have lower specific capacity than the Li+ ion analogues.
Moreover, the Na+ ion cathode materials are intrinsically poor in the rate capability
and cycling stability.

Regarding the anode materials, ordered graphite is unable to accumulate the
large size Na+ ion. Therefore, the research has moved to the disordered carbona-
ceous materials, such as hard carbon, amorphous carbon black, petroleum-coke
carbon, and polymer-pyrolyzed carbon. In particular, a hard carbon obtained from
pyrolyzed glucose showed a specific capacity of 300 mAh/g for the Na+ ion
interaction, and the Na+ ions were indicated to intercalate into both the graphene
layers of the graphitic particles and the pores of the hard carbon particles [32].
Beside the carbonaceous materials, Na2Ti3O7, a LTO analogue, exhibits reversible
intercalation of two Na+ ions per unit formula, corresponding to a specific capacity
of 200 mAh/g at *0.3 V versus Na/Na+.

For the electrolyte, the sodium salts are less soluble in the organic solvents than
the lithium analogues, which limits the choice of electrolytes. A facile solution is to
directly employ a Li+ ionic electrolyte in the SIB. Fundamentally, this does not
affect the performances of the SIB because the electrode materials of the SIB and
LIB share the same anonic frameworks. Instead, the substitution of the Li+ ionic
electrolyte for the Na+ ionic electrolyte results in noticeable improvement in the
specific capacity and cyclability of the SIB. For example, using a LiPF6 electrolyte
in a graphite/Na3V2(PO4)2F3 Na-ion cell led to an approximately 300 mAh/g of
specific capacity for the graphite anode [33]. This is because the Li+ ions partially
substitute the Na+ ions in the cathode and anode hosts, and the Li+ ions are more
cyclable than the Na+ ions. Therefore, hybridization of the Na+ and Li+ ions has
become the most practiced approach towards improved capacity and cyclability of
the SIB, which can be realized either through the electrodes or though the elec-
trolyte. The natural abundance and low cost of the sodium raw materials make the
SIB appealing for the large scale stationary energy storage although great chal-
lenges remain in aspects of the specific capacity, rate capability, and cyclability.

4.2 Magnesium Battery

Rechargeable magnesium (Mg) batteries are composed of an Mg2+ ion interaction
cathode, a metallic Mg or Mg alloy anode, and an organic electrolyte. They are
appealing for the large scale stationary energy storage due to the high volumetric
specific capacity (3832 mAh/cm3) and atmospheric stability of metallic Mg, the low
cost and natural abundance of Mg raw materials, and the excellent safety of Mg
batteries.

The most successful cathode material is Chevrel phase MgxMo6T8 (T=S or Se)
compounds that typically offer a *122 mAh/g of specific capacity at an operating
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potential range of 1.1–1.6 V for a Mg/Mo6S8 battery [34]. Other cathode materials
are the transition metal oxide such as V2O5 and MoO3 aerogels. The MxMo6T8

features high rate capability and good cycling stability but relatively low energy
density, whereas the metal oxide aerogels exhibit relatively high voltage and
capacity but slow kinetics.

The solid-state diffusion of divalent Mg2+ ions in the cathode host is intrinsically
slow because of the strong electrostatic interaction between the Mg2+ ion and the
anionic framework host although the Mg2+ ion has similar ionic radius as the Li+

ion (0.74 A for Mg2+ and 0.68 A for Li+). The slow Mg2+ ion diffusion kinetics is
reflected by a low intercalation level (low practical capacity) and a large voltage gap
between the discharging and charging processes. The strategies to overcome the
slow Mg2+ ion diffusion include: (1) shielding the divalent Mg2+ ion with strong
dipoles such as H2O, (2) reducing the particle size of the cathode material, and (3)
combination of the above two strategies [34]. For the first strategy, the V2O5

aerogels that contain H2O in their layered structure showed a fast kinetics because
of the shielding effect of the water molecules. However, this strategy cannot be
applied to the Mg batteries since H2O reacts with the Mg anode. For the second
strategy, nano-sized V2O5 in a 0.1 M Mg(TFSI)2 acetonitrile electrolyte exhibited a
150 mAh/g of specific capacity at 2.3 V versus Mg/Mg2+ at 0.5 mA/cm2.

Beside the Mg2+ ion intercalation compounds, elemental sulfur also was
explored as the conversion-type cathode. It was reported that a Mg-S battery had a
1200 mAh/g of specific capacity versus S at 0.89 V in the first discharge, but
diminished to 394 mAh/g in the second discharge mainly due to the dissolution of
long-chain magnesium polysulfide (MgSn, n ≥ 4) [35].

Unlike metallic Li that readily forms dendrites and creates safety hazard during
the plating and stripping, the cycling of metallic Mg does not produce dendrites.
Therefore, metallic Mg can be safely employed as the anode material. Another
feature of the Mg anode is that the passivation layer natively formed on the Mg
surface does not conduct Mg2+ ions. A surface free of the passivation layer is highly
desirable for the high coulombic efficiency and good cyclability of the Mg anode.
Additionally, Mg alloys with other metals such as Bi, Sn, Sb, and their alloys like
Bi1−xSbx are suitable for the rechargeable Mg batteries. For the same reason as that
of Li alloys in the LIBs, the Mg alloys exhibit better safety but slightly higher
reduction potential. The critical requirements for the Mg alloys are the fast mag-
nesium alloying/dealloying kinetics and the high magnesium alloying level with
adequate redox potentials over the whole range of magnesiation. A successful
example was that a Mg-Bi alloy provided a very stable specific capacity of
222 mAh/g for 100 cycles [36].

Electrolyte is the most difficult challenge for the Mg batteries. Common Mg salts
like Mg(TFSI)2, Mg(SO3CF3)2, and Mg(ClO4)2 are almost insoluble in the con-
ventional organic solvents such as ethers, carbonates, and acetonitrile. Therefore,
much effort has been centered on the electrolyte system that has acceptable Mg salt
solubility for the sufficient Mg2+ ionic conductivity. The electrolytes earliest
reported to support the reversible cycling of metallic Mg were a series of Grignard
ether solutions (RMgX, R=alkyl or aryl group and X=Cl or Br). However, the

16 Z. Zhang and S.S. Zhang



Grignard solutions are strongly reductive, poorly conductive (due to low dissoci-
ation), and instable upon long time storage. A more recent publication reported that
an electrolyte consisting of a 0.1 M Mg(BH4)2 and a 1.5 M LiBH4 in diglyme
showed a close to 100 % coulombic efficiency, free of dendrite formation, and very
stable cyclability for Mg plating/stripping [37]. Additionally, Aurbach et al.
developed a class of metallorganic based electrolytes by reacting AlCl3−nRn Lewis
acid with R2Mg Lewis base in ether (THF or glymes). The best electrolyte formed
by complexing one equivalent of Bu2Mg and two equivalents of EtAlCl2 exhibited
an ionic conductivity range of 1–1.4 mS/cm, a 100 % Mg coulombic efficiency, and
a 2.2 V electrochemical window [38]. However, such electrolytes caused the severe
corrosion of stainless steel current collector due to the presence of significant
amount of chloride anions, which has been known the source leading to the cor-
rosion of many metals.

In summary, the major challenges of rechargeable Mg batteries are (1) the slow
Mg2+ ion diffusion in the cathode host, which results in low accessible capacity and
high polarization, and (2) the low solubility (and hence low ionic conductivity), and
(3) poor chemical stability/compatibility of the electrolyte, which leads to poor rate
capability and inferior cyclabilty. These aspects should be addressed in the future
research for the practicable Mg batteries.

4.3 Li-Air Battery

Li-air batteries are attractive for the high capacity energy storage due to the highest
theoretical capacity of metallic Li (11,248 Wh/kg Li) and the free O2 from air. Since
metallic Li is highly reactive to H2O and CO2 in air, the Li anode requires a non-
aqueous electrolyte. According to the nature of the electrolytes used, the Li-air
batteries can be configured as non-aqueous electrolyte system and aqueous elec-
trolyte system, as shown in Fig. 4, which are different in the electrochemical
mechanism and challenge.

The non-aqueous electrolyte Li-air batteries are ideally based on a reversible
redox reaction of Eq. 4.

O2 þ 2Li � Li2O2 E ¼ 2:959 V ð4Þ

In practical batteries, however, the formed Li2O2 may further reduce into Li2O or
disproportion into O2 and Li2O2, leading to a 4-electron overall reduction, as
described by Eq. 5.

O2 þ 4Li ! 2Li2O E ¼ 2:913V ð5Þ

Therefore, the discharge products are often a mixture of Li2O2 and Li2O. Since
both Li2O2 and Li2O are insoluble in the organic electrolytes, they accumulate on
the surface of reaction sites in the cathode and eventually terminate the battery’s
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operation by blocking the access of O2. As a result, the actual capacity of the non-
aqueous electrolyte Li-air batteries is determined by the porosity of the air cathode.

The air cathode is generally a porous carbon sheet, which is required to be
(1) highly porous for fast O2 diffusion and high specific capacity, (2) highly cat-
alytic activity to the reversible oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER), and (3) capable of blocking CO2 and H2O from entering
into the battery. A critical challenge for the catalyst is the high selectivity to the
ORR. In the ORR products, only Li2O2 can be reversibly charged back to O2 while
the Li2O is produced permanently. In order to make the Li-air battery reversible, the
catalyst is required to be highly selective to two-electron ORR (i.e., Eq. 4) while
being inactive to four-electron ORR (Eq. 5). Unfortunately, the catalysts catalyze
all the 4e-ORR, 2e-ORR, and further reduction or disproportion of the Li2O2.
Additionally, the Li2O2 is a strong oxidative agent, its presence in the discharged
state may raise safety hazard. The CO2 and H2O are generally isolated by a gas
diffusion layer (GDL), which selectively allows O2 to pass while blocking CO2 and
H2O from access into the system and electrolyte solvents from evaporation out of
the system. The selectivity of GDL is a key challenge for the air cathode. In
addition, the anodic stability (namely oxidative corrosion) of the carbon may raise
an issue because of the high voltage reached on charging.

Electrolyte is one of the main challenges. In addition to the common challenges
for all rechargeable batteries, the Li-air batteries face two particular challenges:
(1) the stability to both O2 and its reduced intermediates/products for good
reversibility and cycling stability, and (2) the high solubility and diffusion of O2 for
satisfactory rate capability. Carbonates that are widely used in the LIB electrolytes
are chemically incompatible because of the nucleophilic reaction with the ORR
intermediates. For example, in a Li-O2 battery with a propylene carbonate based
electrolyte, no Li2O2 can be formed in addition to solvent degradation products like
C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3CO2Li, CO2 and H2O [39]. Turning the
electrolyte solvent to ethers or dimethyl sulfoxide (DMSO) led to significantly
improved cycliability, however, the long-term stability of these solvents against
lithium superoxide intermediate is still a challenge [40].

Fig. 4 Schematic structure of Li-air batteries. a Non-aqueous electrolyte system, and b aqueous
electrolyte system
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The challenge for the Li anode has been a long history as faced by all rechargeable
Li batteries, which mainly are the formation of Li dendrites and the low coulombic
efficiency of Li platting/stripping. In addition, potential reactions with the O2 dis-
solved in the liquid electrolyte may be an issue for the Li-air batteries.

Alternatively, the Li anode can be physically protected by a Li+ ion conductive
solid state electrolyte (SSE) protective layer, which leads to an aqueous electrolyte
system, as indicated by Fig. 4b. To use an aqueous electrolyte, the Li anode is
protected by a thin layer of highly Li+ ion conductive SSE. As a result, the overall
reaction of the Li-air batteries is changed into Eq. 6 and the electrolyte solvent
(H2O) becomes a part of the reactants.

O2 þ 4Liþ 2H2O � 4LiOH E ¼ 3:446V ð6Þ

In this case, the ORR products (H2O2 and LiOH) can easily dissolve into the
aqueous electrolyte, and accordingly the factor to determine the specific capacity of
the battery turns to the dissolving capacity of the aqueous electrolyte, which is
affected by the amount of the aqueous electrolyte and the solubility of LiOH in water.
Meanwhile, the requirement for the 2e-ORR selectivity of the catalyst is no longer
necessary because the OER occurs on H2O, which instead a “solid-liquid-gas”
(namely catalyst-electrolyte-oxygen) three-phase reaction is desirable for high power.

Chemical compatibility of the SSE with metallic Li and aqueous electrolyte
becomes challenge. LISICON glasses having a general formula of Li(1+x+y)AlxTi2–
xSiyP(3−y)O12 are the most used SSE in the aqueous electrolyte Li-air batteries [41],
however, they react with metallic Li. Moreover, cationic exchange between the Li+

ions in LISCON and H+ in the aqueous electrolyte occurs unavoidably, which
consequently degrades the Li+ ionic conductivity of the SSE. Therefore, better SSE
should be developed to overcome these problems.

In summary, Li-air batteries are attractive for the high capacity energy storage.
However, breakthroughsmust bemade on the challenges stated above before they can
become viable for the practical applications. In addition, it must be noted that carbon
air electrode, discharge products, and the need of membranes, packaging materials
and auxiliary mechanics would significantly reduce the overall energy density.

4.4 Lithium-Sulfur Battery

Lithium-sulfur (Li-S) battery has a theoretical specific capacity of 1675 mAh/g and
a theoretical energy density of 2500 Wh/kg (or 2800 Wh/L) according to the
complete reduction from elemental sulfur to lithium sulfide (Li2S) by Eq. 7:

2Liþ S � Li2S ð7Þ

The high theoretical capacity, natural abundance, and low cost of elemental
sulfur make Li-S batteries appealing for large scale energy storage. Key challenges
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of the Li-S batteries are the low coulombic efficiency, fast capacity fading, and high
self-discharge rate, all of which are associated with the dissolution of long-chain
lithium polysulfide (PS, Li2Sn, n ≥ 4) into liquid electrolyte and resulting parasitic
reactions with the Li anode. In addition, the insulating nature of sulfur and its
reduction intermediates/products limit the power capability of the Li-S batteries.
Fundamentally, dissolution in the organic electrolytes is an intrinsic nature of the
long-chain PS and is essential for the fast reaction kinetics of the insulating sulfur
and PS in the batteries [42]. For the problems described above, considerable effort
has been devoted to reducing or eliminating the adverse effects of the PS dissolution
by focusing on two directions of (1) confining the dissolved PS within the cathode
before reduced into insoluble products (Li2S2 or Li2S), and (2) protecting the Li
anode from reaction with the dissolved PS.

On the cathode, much effort has involved in fabrication of the sulfur-carbon
composites by incorporating various types of nano-sized carbon materials from
micro- through meso- and macro- to hollow-structure. This strategy is based on the
concept that the porous carbon particles trap the dissolved PS within pores by
physical absorption or chemical adsorption, and meanwhile offers highly conduc-
tive channels for the redox reaction of insulating sulfur species [43, 44].
Alternatively, the carbon particles are fabricated as an independent porous carbon
sheet, followed by placing the porous carbon sheet as an “interlayer” between the
sulfur cathode and separator [45]. All these approaches led to in some degree
improvement in both the specific capacity and capacity retention. However, such
improvements are achieved at the cost of specific capacity owing to the introduction
of large amount of inactive carbon, and are limited by the unavoidable electro-
migration of the negatively charged PS anions under the condition of battery
operation. The complete solutions to the PS dissolution are (1) using inorganic SSE
[46], and (2) covalently bonding the short –Sn–chains to the carbon surface or
polymeric backbones [47]. In the first strategy the Li2S-P2S5 family glasses are the
only SSE that is chemically compatible with the Li-S chemistry, and in the second
strategy sulfurized carbon has proven to be an excellent option.

While sharing the same strategies as used in the Li-air batteries for protecting the
Li anode, considerable effort has involved in the development of liquid electrolytes.
In regard to the solvent, ethers are the most suitable solvent whereas carbonates are
chemically incompatible with PS because the PS anions nucleophilically react with
carbonate molecules [48]. It is unlikely that a single solvent can fulfill all the
requirements of the electrolyte. In most cases, the electrolyte solvent is a combi-
nation of linear ether and cyclic ether. The combination generally provides a
compromise among sulfur utilization, rate capability, operating temperature range,
and Li cyclability. For example, linear dimethyl ether (DME) is more reactive with
Li, but provides higher PS solubility and kinetics. Whereas cyclic 1,3-dioxolane
(DOL) has lower PS solubility and kinetics, but provides a more stable SEI on the
Li surface [49]. Combination of these two solvents leads to synergetic effect on the
specific capacity and cycle life of the Li-S battery. Interestingly, it was found that
fluorinated ether significantly enhances the cycling performance of Li-S batteries in
terms of specific capacity, capacity retention, and self-discharge rate probably
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because the fluorination reduces ether’s viscosity and PS’s solubility, which
facilitates the formation of a denser and more stable SEI on the Li surface [50].

In regard to the salt and additive, quaternary ammoniums such as tetrabutyl-
ammonium triflate and quaternary ammonium based room temperature ionic liquids
are found to suppress the disproportion of the dissolved PS, and as a result increase
the specific capacity and capacity retention [51]. An important finding was that
LiNO3 dramatically improves the chemistry and structure of the SEI on the Li
surface, which consequently suppresses the redox shuttle of the dissolved PS and
increases the coulombic efficiency of the Li-S batteries [52]. Therefore, LiNO3 has
been widely used as the co-salt or additive in the Li-S battery electrolytes. As for
the Li2S-P2S5 family glasses, they are only SSE that is chemically compatible with
the Li-S chemistry. However, they are highly soluble in the organic liquid elec-
trolytes used in the Li-S batteries, cannot be used as the SSE layer to protect the Li
anode. Instead, they have proven to be an excellent electrolyte additive, for
example, the addition of P2S5 into the liquid electrolyte in combination with the PS
dissolved in the electrolyte facilitates the formation of a highly Li+ ion conductive
SEI on the Li surface, leading to much improved cycling stability [53].

In summary, Li–S batteries are of particular interest in the low cost and high
energy density EES for the transportation and stationary applications. At present,
the theoretical capacity of elemental sulfur cannot be fully utilized, and cycling
performances (such as coulombic efficiency, capacity retention, cycle life etc.) are
far away from the practical applications. Fundamental research and material
breakthroughs are needed in future research.

5 Concluding Remarks

Rechargeable batteries are an excellent option for the electrical energy storage in a
wide range of energy levels from portable electronics through transportation
vehicles to load-leveling stationary storage. At present, the LIBs have satisfied to
power most of portable electronics at acceptable price, and their safety may not be
an issue for these small batteries. However, the cost must be dramatically reduced
and the safety must be remarkably improved for widespread applications in the
transportation vehicles and load-leveling stationary storage. Currently, the LIBs
have approached the capacity limit of the Li+ ion intercalation electrode materials,
and their cost is high. New materials that are more energetic with lower cost must
be developed. Theoretically, the battery systems beyond Li-ion would be an
excellent option for these needs.

Among the potential battery systems beyond Li-ion, the Li-air and Li-S batteries
best meet the requirements of high energy density, low cost, and environmental
friendliness. However, grand challenges remain, especially for the Li-air batteries.
In near future, the Li-S batteries may be a better choice than the Li-air batteries
although their problems have lasted for many years and have not yet been com-
pletely solved. Solid state electrolyte completely avoids the dissolution of lithium
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polysulfide, however, it does not suit for large-scale production. Improvements
made for the liquid electrolyte system, such as those by the carbon-sulfur com-
posites and advanced electrolytes, are very limited and even in exchange of the
materials’ specific capacity and process cost. Solutions that completely solve the
problems caused by the dissolution of lithium polysulfide in the liquid electrolyte
and the poor cycling efficiency of the Li anode must be obtained by further
understanding the fundamental chemistry of the Li–S batteries. In addition, the cost
for the material process and battery manufacture must remain low.
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Olivine-Based Cathode Materials

Karim Zaghib, Alain Mauger and Christian M. Julien

1 Introduction

The lithium insertion compounds built with polyanionic groups such as (SO4)
2−,

(PO4)
3−, (P2O7)

4−, (MoO4)
2− or (WO4)

2− are considered as potential positive
electrode materials for use in lithium rechargeable batteries [1, 2]. Yet in this
family, olivine phosphate and Nasicon-like frameworks are currently the subject of
many investigations. In particular, LiFePO4 (LFP) has received a great deal of
interest because this cathode material realizes the highest capacity (≈170 mAh g−1)
at moderate current densities [3]. In addition, it presents several advantages with
regard to low cost, non-toxicity, tolerance on abuse, and high safety, which are
determinant with respect to cobalt-oxide-based materials for large-scaled applica-
tions such as hybrid electric vehicles (HEV). Nevertheless, the bulk electronic
conductivity of olivine is quite low, which may result in losses in the specific
capacity during high-rate discharge. To increase the electrochemical performance, it
is a common practice in the production of Li-ion battery cathodes to manipulate the
active material by (i) adding carbon additives to a olivine matrix [1, 4], (ii) surface
coating of particles with thin layers of carbon [5–7] or reducing the particle size [8].

Still, there have been numerous efforts through the years to decrease the size of
the particles from a few microns to this “nano” range, for several reasons. One is the
increase of the effective contact area of the powder with the electrolyte. A larger
effective contact surface with the electrolyte means a greater probability to drain Li+
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ions from the electrode, which increases the power density of the cell. A smaller
particle size also reduces the length of the path of Li inside the particle, which leads
to a greater capacity at higher charge/discharge rates and therefore to a larger power
density. Reducing the dimensions of the active particles to nanoscale means, for a
given chemical diffusion coefficient of Li+ ions, D*, the characteristic time, τc, for
the intercalation reaction is given by the Fick’s law. For non stoichiometric system
(one-phase reaction) the characteristic time constant for is expressed by:

sc ¼ L2=4pD�; ð1Þ

where L is the diffusion length [9]. In the case of olivine compounds, the insertion
operates through a two-phase process, so the characteristic time constant becomes:

sc ¼ F2

2Vm

L2

rih iDli
; ð2Þ

in which F is the Faraday constant, Vm the molar volume, σi the ionic conductivity
and Δµi the chemical potential of ions. Nanoparticles, as well as more tailored
nanostructures, are being explored and exploited to enhance the rate capability,
even for materials with poor intrinsic electronic conductivity such as olivine
frameworks. In addition, the problems raised by the small electronic conductivity
that results from the strong ionicity of the bonding have been solved by coating the
olivine particles with a thin layer that is conductive for both electrons and Li,
usually an amorphous carbon layer [10, 11]. Decreasing the particle size reduces the
length of the tunneling barrier for electrons to travel between the surface layer and
the core of the particle, while the electrons are driven from the surface of the
particle to the current collector via the conductive layer that percolates through the
structure. The coat may also decrease the activation energy for Li+ transfer across
the electrode/electrolyte interfaces. Indeed, by preparing the materials at the
nanoscale form and by carbon coating, high rates are achievable [10].

The aim of the present chapter is to investigate the physicochemical properties of
optimized olivine-like electrode materials. One approach to provide insight into the
structural and electronic properties of electrode materials involves a systematic
study by a combination of techniques including structural, magnetic and spectro-
scopic measurements. Furthermore, advantage can be taken of the high sensitivity
of some analytical tools for the detection of parasitic impurities that can be grown
during synthesis of solid phases. These principles were fully exploited to optimize
lithium iron phosphate compounds. This chapter is organized as follows. First, we
expose in Sect. 2 the principle of the inductive effect in polyanionic frameworks.
Section 3 presents the synthesis route, the structure and morphology of optimized
LiFePO4 particles probed by X-ray powder diffractometry (XRD), Scanning
Electron Microscopy (SEM), High Resolution Transmission Electron Microscopy
(HRTEM), Fourier transform infrared (FTIR) and Raman scattering (RS) spec-
troscopy. We then complete the analysis (Sect. 4) with magnetic measurements:
magnetization curves and electron spin resonance (ESR). In Sect. 5, we examine the
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electrochemical properties of LFP in various situations including high temperature,
high current density, and in humid atmosphere. In the following Sects. 6–8, we
explore the other olivine materials, namely LiMnPO4, LiNiPO4 and LiCoPO4.

2 The Inductive Effect

The aspect of tuning the redox potential of an electrode material has been dem-
onstrated by Goodenough et al. [1, 2, 12–14]. They have shown that the use of
polyanions (XO4)

n− such as (SO4)
2−, (PO4)

3−, (AsO4)
3−, or even (WO4)

2− lowers
the redox energy of the 3d-metals to useful levels with respect to the Fermi level of
the Li anode. Thus, the most attractive key point of the polyanion frameworks can
be seen in the strong X-O covalency, which results in a decrease of the Fe–O
covalency. This inductive effect is responsible for a decrease of the redox potential
in comparison to the oxides [12]. The polyanion PO4

3− unit stabilizes the olivine
structure of LiFePO4 and lowers the Fermi level of the Fe2+/3+ redox couple through
the Fe–O–P inductive effect which results in a higher potential for the olivine
material. The discharge voltage 3.45 V is almost 650 mV higher than that of
Li3Fe2(PO4)3 [1]. It is also 350 mV higher than that of Fe2(SO4)3 [14], which is
consistent with the stronger Bronsted acidity of sulphuric versus phosphoric acid. In
the case of Li2FeSiO4, the lower electronegativity of Si versus P results in a
lowering of the Fe2+/3+ redox couple [15]. On the other hand, the higher thermal
stability of the phospho-olivines and their lower tendency to release oxygen is
explained by the strong X-O covalency and the rigidity of the (XO4)

n− units
decreasing the safety risks. However, AMXO4 compounds and AM(XO4)3 as well
(A is an alkali ion) exhibit a very low electronic conductivity because of the
separation between MO6 octahedra and XO4 tetrahedra that induces a large polar-
ization effect during charge–discharge reaction [16].

Electrochemical extraction of Li from LiFePO4 gives (Fe
2+/Fe3+) redox potential

at ca. 3.5 V versus Li0/Li+. A small but first-order displacive structural change of
the framework gives a two-phase separation over most of the solid-solution range
0 < x < l for LixFePO4 and therefore a flat V-x curve. A reversible capacity of
160 mAh g−1 is delivered by the nano-structured cathode particles coated with
carbon. Electrochemical characteristics of LiFePO4 are compared with those of
other Fe-containing phosphates in Fig. 1. This graph presents the energy of the
redox couples against the specific capacity relative to lithium and iron in various
phosphate frameworks. Electrochemical tests of optimized LiFePO4 have been
conducted under various conditions to assess the influence of the electrolyte on
stability and the influence of electrode processing. Post-mortem analysis, i.e. ICP,
XRD, SEM, showed that no iron species were detected at the separator-negative
electrode interface in cells with anode in lithium metal, graphite, or C–Li4Ti5O12

[17, 18]. This result is attributed to the high quality of the “optimized” LiFePO4,
impurity-free materials used as positive electrodes. This property characterizes the
impact of structural fluorine on the inductive effect of the PO4

3− polyanion.
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3 Lithium Iron Phosphate

The electrochemical properties of LFP are known to be sensitive to the mode of
preparation and the structural properties [19]. This can be an advantage for potential
applications since it allows for an optimization of the material if we can correlate
the mode of preparation with the structural and the physical properties. Aiming to
this problem, we have first investigated this correlation in LiFePO4 grown by
different techniques [20–24]. Different clustering effects have been evidenced [19].
A firing temperature larger than 800 °C increases the fraction of Fe2P [25], but Fe2P
nano-particles in such a large concentration that they drive superferromagnetism
has been detected in samples that have not been heated to such high temperatures
[20]. On the one hand, the presence of Fe2P can increase the electronic conduc-
tivity, but on the other hand it also decreases the ionic conductivity so that both the
capacity and cycling rates are degraded with respect to the carbon-coated LFP. It is
thus desirable to optimize the preparation of the samples so that such clustering
effects do not occur. This can be done easily for Fe2P clusters, but it is more difficult
to avoid the presence of a small concentration (1.0 × 10−6 per chemical formula) of
γ-Fe2O3 nanoparticles [20, 26] in carbon-free LFP. However, we know from the
iron industry that hydrogen, carbon monoxide or carbon can reduce Fe2O3 through
different reduction steps that depend on temperature and other physical parameters
such as particle sizes. Nearly all iron produced commercially is made using a blast
furnace process covered by most chemistry text books. In essence, at high tem-
perature, Fe2O3, is reduced with carbon (as coke) according to the reaction:

Fig. 1 Energy diagram of the
redox couple relative to
lithium and iron phosphate
frameworks. The graph
presents the theoretical
capacity for each compound
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2Fe2O3 þ 3C ! 4Feþ 3CO2: ð3Þ

This is one of the most significant industrial processes in history, and the origins of
the modern process are traceable back to a small town called Coalbrookdale in
Shropshire (England) around the year 1773. We can then expect that carbon would
reduce Fe3+ ions directly or through the formation of CO gas thus preventing the
formation of γ-Fe2O3, if the synthesis temperature might be raised to 1000 °C.
However, such a high temperature is prohibited to synthesize nano-LFP. We believe
that the carbon deposition process using organic carbon precursors generates
reductive gases such as hydrogen that are more active kinetically to reduce Fe3+

impurities in the 500–700 °C temperature range used. This is also favored by the fact
that the organic precursor is usually mixed with the LFP material or with the LFP
chemical precursors by solution processes at a molecular size level. For overview on
olivine phosphate material see the reviews recently published [17, 19, 27].

3.1 Synthesis Routes

Many synthesis routes have been used for the preparation of LFP materials [21–48].
Here, we will focus on three methods used by our group: solid-state, hydrothermal
and jet milling techniques [21–23]. Then a comparison of the physical and elec-
trochemical properties of a series of carbon-coated LiFePO4 is used to optimize the
materials for battery application. Precursors were prepared by mixing various raw
materials: iron(II) oxalate [Fe(C2O4)2·H2O] or [FePO4(H2O)2], ammonium dihy-
drogen phosphate [NH4H2PO4] and lithium salt [Li2CO3] or [LiOH]. The chemical
homogeneity and purity of the powders appear to be sensitive to the conditions of
preparation. Thus, the choice of the raw materials, carbon precursor, temperature,
and atmosphere is required not only for the reduction of Fe(III) but also for the
carbon-coating formation.

A solid-state synthesis method assisted by polymeric carbon additive proved to
be efficient to prepare LFP at quite low temperature, 300−400 °C, while the sin-
tering temperature that does not exceed 750 °C makes the existence of any car-
bothermal effect unlikely [28]. A blend of FeIIIPO4(H2O)2 and Li2CO3 was mixed
by ball milling in isopropyl alcohol (IPA) overnight; the blend was dried and mixed
with 5 wt% of a polymeric carbon additive, polyethylene-block-poly(ethylene
glycol) 50 % ethylene oxide. Overall synthesis was carried out under flowing argon.
Note that the carbon source could provide the LFP powder with a carbonaceous
deposit after pyrolysis and such a powder pressed at 3750 kg cm−2 at room tem-
perature presents an electronic conductivity much higher than 1 × 10−8 S cm−1 [11].
Other elements that can be present are hydrogen, oxygen, and nitrogen, as long as
they do not interfere with the chemical inertia of the carbon. Preferred polymeric
additives include, but are not limited to, hydrocarbons and their derivatives,
especially those comprising polycyclic aromatic moieties, e.g. polyolefins,
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polybutadienes, polyvinyl alcohol, etc. [11]. Figure 2 shows the different steps of
the synthesis of carbon-coated LFP particles using the polymer-assisted solid-state
method. Note that for Ts > 750 °C Fe(III)-containing impurities are formed that
poison the electrochemical performance of LFP.

For some of the synthesis routes, the reduction to small size occurs at the
expense of crystallinity and the formation of a large concentration of defects [29].
These difficulties have been overcome in the framework of a preparation process in
which the mechanical assistance is used only to reduce the size of the particles [11].
In a first step, LFP particles were prepared by melting precursors at 1050 °C for
5 min in a graphite crucible and then cooled under N2 atmosphere fast enough so
that impurities have no time to nucleate [21]. The next step is to decrease the size of
the particles down to the desired value, anywhere in the range from the centimeter
down to 40 nm (Fig. 3). For this purpose, the ingot is first crushed into centimeter-
size particles by using a jaw-crusher with ceramic liner to avoid metal contami-
nation. Then, the roll crusher (ceramic type) is used to obtain millimeter-size par-
ticles. The millimeter-size particles are further ground by jet-mill to achieve
micrometer-size particles. In the process, the grains enter the grading wheel and are
blasted to the collector. The particles obtained at this step are referred as “jet-mill”
in the following. There size is the order of 1 μm. To obtain smaller particles, these
micrometer-size powders were dispersed in isopropyl alcohol (IPA) solution at 10–
15 % of solid concentration and then ground on a bead mill using 0.2-mm zirconia
beads to obtain nanometer-sized particles [11]. This final product is referred “wet
mill” in the following. One advantage of the process is that we can investigate the
properties of the same particles at different stages of the milling, for comparison, so
that any difference is a size effect. The particles can be considered as uncoated
particles because of the great damage caused by the milling process. In the case of
the particles used to obtain the experimental results illustrated in the figures of this

Fig. 2 Scheme of the steps of the polymer-assisted solid-state synthesis of LFP powders. The
in situ carbon-coating is realized by polymer precursor at temperature Ts < 750 °C
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review, the carbon-coated particles have been obtained with lactose as the carbon
precursor in acetone solution according to the following procedure. The uncoated
particles were mixed with the carbon precursor. The dry additive corresponded to
5 wt% carbon in LiFePO4. After drying, the blend was heated at 750 or 700 °C [21,
30] for 4 h under argon atmosphere. This range of temperature is dictated by two
considerations. Below 700 °C, the carbon deposit was not conductive enough [21].

The hydrothermal route is particularly successful to control the chemical com-
position and crystallite size [28, 37–39]. The conventional hydrothermal process
involves a reaction time 5–12 h to synthesize LFP [40, 41]. With respect to the
previous techniques, the hydrothermal process has the advantage that the synthesis
temperature can be as small as 230 °C [42]. Brochu et al. [23] demonstrated the
beneficial effect of choosing adapted complexing agent in the hydrothermal solu-
tion. Even at this mild temperature the carbon coating of the particles could be
achieved by an in situ hydrothermal carbonization of glucose during the synthesis
process. The heating temperature to get the particles coated with conductive carbon
was still 700 °C, but good results were obtained upon heating during one hour only.
Carbon-coated LFP was prepared by hydrothermal synthesis assisted by rotating/
stirring tests at different agitation speeds [24]. The process was carried out at 190 °C
for 12 h with a solution chemistry of LiOH·H2O, FeSO4·7H2O, H3PO4 (85 wt%),
and ascorbic acid (as reducing agent) in the stoichiometry 3Li:1Fe:1P:0.2C.
Annealing was done at 700 °C under nitrogen atmosphere using lactose as carbon
coating source. The LiFePO4–C electrodes prepared by employing agitation during
hydrothermal synthesis were found to exhibit higher discharge capacities
(*137 mAh g−1 at C/12) than those prepared without agitation (*106 mAh g−1).
This was equally true for higher current rates, namely C/5 and C/3. Via a series of
tests at different speeds (260–1150 rpm) and different concentrations (0.4–0.6 mol.

Fig. 3 Milling synthesis from molten ingot. Nanopowders are obtained using crusher ceramic
liner and jet milling
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dm−3) the optimum solution rotating agitation/concentration conditions were
determined to be 260–380 rpm and 0.5 mol.dm−3, respectively [24].

A polyol process to synthesize LFP has been developed first by Kim to syn-
thesize particles under the form of rods with average width 20 nm and length 50 nm
[37], but different shapes ranging from rods to plates can be obtained [38] with
average size of 100–300 nm. Note the polyol process make possible the synthesis of
LFP at low temperature just like the hydrothermal process. Bigger particles can be
obtained by the solvothermal process in a polyol medium of diethylene glycol, but
still under the form of plates or rods. The advantage of this process is that the polyol
medium acts not only as a solvent, but also as a reducing agent and stabilizer that
limits the particle growth and prevents agglomeration [38–40]. In general, the
solvothermal process leads to the formation of LFP under the form of plates, about
50 nm-thick [41], which can be self-assembled by using poly(vinyl pyrrolidone)
(PVP) as the surfactant in a benzyl alcohol system [42].

3.2 Structure of Olivine Phosphate

Triphylite is a rather scarce orthophosphate primary mineral found in phosphatic
pegmatites and pegmatitic dikes. Its formula is Li(Mn,Fe)PO4 and differs from the
other mineral, lithiophilite, by being rich in iron instead of manganese. The
structures of the two minerals are the same and form a solid solution, referred as the
triphylite series, isomorphous with olivine. Therefore, any differences in physical
properties between the two would be related to the iron/manganese percentage.
These differences are then best evidenced by comparing the physical properties of
the two members at the opposite edges of the triphylite family, namely LiFePO4 and
the often associated material LiMnPO4 (LMP), which, in contrast with triphylite
and lithiophilite, are artificial ceramics [43]. In addition, triphylite’s name in Greek
means “family of three” (referring to Fe, Mn, and Li). Any confusion between
LiFePO4 and triphylite met recently in the literature should then be avoided.
Triphylite alters easily into other phosphate minerals, and geologists show it a lot of
respect for making the other phosphate minerals possible. This easy alteration,
however, means that this material is not very stable and that it is difficult to make
good quality, well-crystallized samples. Despite this drawback, many efforts have
been focused on the definite compounds LFP and LMP rather than their solid
solutions. They belong to the rich family of olivines of the Mg2SiO4-type with the
general formula B2AX4 [44].

The crystal structure of olivine materials has been studied by several authors [44,
48]. LiFePO4 crystallizes in the orthorhombic system (No. 62) with Pnma space
group. It consists of a distorted hexagonal-close-packed oxygen framework con-
taining Li and Fe located in half the octahedral sites and P ions in one-eighth of the
tetrahedral sites [46]. The FeO6 octahedra, however, are distorted, lowering their
local cubic-octahedral Oh to the Cs symmetry. Corner-shared FeO6 octahedra are
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linked together in the bc-plane; the LiO6 octahedra form edge-sharing chains along
the b-axis. The tetrahedral PO4 groups bridge neighboring layers of FeO6 octahedra
by sharing a common edge with one FeO6 octahedron and two edges with LiO6

octahedra. Remarkably short O–O bonds at the shared PO4 and FeO6 edges help to
screen the cation charges from each other. This structure is illustrated in Fig. 4
showing the 1-D channels via which the lithium ions can be removed. Corner-
shared FeO6 octahedra are linked together in the bc-plane, while LiO6 octahedra
from edge-sharing chains along the b-axis. The tetrahedral PO4 groups bridge
neighboring layers of FeO6 octahedra by sharing a common edge with one FeO6

octahedra and two edges with LiO6 octahedra.
The LiFePO4 structure consists in three non-equivalent O sites. Most of the

atoms of the olivine structure occupy the 4c Wyckoff position except O(3) that lies
in the general 8d position and Li+ ions occupying only the 4aWyckoff position (M1
site on an inversion center). The Fe magnetic ions are in the divalent Fe2+ state of
the FeO6 units. As a consequence, Fe is distributed so as to form FeO6 octahedra
isolated from each other in TeOc2 layers perpendicular to the (001) hexagonal
direction [47]. In addition, the lattice has a strong two-dimensional character, since
above a TeOc2 layer comes another one at the vertical of the previous one, to build
(100) layers of FeO6 octahedra sharing corners and mixed layers of LiO6 octahedra.
Nevertheless, these Fe–O planes are strongly linked by the PO4 bridges, sot that the
material is truly three-dimensional, which insures the remarkable thermal stability
with respect of the lamellar compounds. The synthetic lithium iron phosphate
material differs from the primary mineral triphylite (Mn,Fe)PO4 by the fact that
triphylite is only rich in iron, with some manganese ions also in the M2 site.
However, while the triphylite is a naturally occurring mineral, LiFePO4 is an

Fig. 4 Crystal structure of LiFePO4 olivine. Corner-shared FeO6 octahedra are linked together in
the bc-plane; LiO6 octahedra form edge-sharing chains along the b-axis. The tetrahedral PO4

groups bridge neighboring layers of FeO6 octahedra by sharing a common edge with one FeO6

octahedra and two edges with LiO6 octahedra
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artificial product. On a fundamental point of view, the main interest lies in the fact
that the olivine structure generates magnetic-interaction frustration [49]. However,
three olivine structure classes can be distinguished as a function of the site occu-
pation by magnetic ions. In Mn2SiS4 and Fe2SiS4, the magnetic ion (Mn, Fe) lies in
theM1 and theM2 site [50], while in NaCoPO4 and NaFePO4, the magnetic ion lies
on theM1 site only [51]. The third class is the phospho-olivine LiMPO4 (M=Ni, Co,
Mn, Fe) where the magnetic ion lies in the M2 site with the M1 site occupied by the
non-magnetic ion (Li+).

We used the recent structure determination by Streltsov et al. [46] as a standard
reference (Table 1). The orthorhombic unit cell of the olivine structure contains 28
atoms (Z = 4). Structural parameters are listed in Table 2. Fe–O distances range
from 2.064 to 2.251 Å. The Fe–Fe separation in LiFePO4 is large (3.87 Å). The
magnetic interactions between Fe ions are antiferromagnetic superexchange inter-
actions of the form –Fe–O–Fe– and –Fe–O–P–O–Fe–, consistent with the anti-
ferromagnetic ordering observed below TN = 52 K [43]. Figure 5 shows the typical
XRD spectra of two LiFePO4 samples with nano- and micro-sized particles.
Crystallite sizes 25 nm and 2 µm were estimated using the Scherrer formula.

Table 1 Lattice constants for stoichiometric LiFePO4 materials in the Pnma (62) structure

a (Å) b (Å) c (Å) Unit cell volume (Å3) Refs.

10.332(4) 6.010(5) 4.692(2) 291.4(3) Herle [25]

10.334 6.008 4.693 291.39 Yamada [52]

10.329(0) 6.006(5) 4.690(8) 291.02 Geller [44]

10.31 5.997 4.686 289.73 Santoro [45]

10.3298 6.0079 4.6921 291.19 Andersson [53]

10.334(4) 6.008(3) 4.693(1) 291.392(3) Padhi [1]

Table 2 Fractional
coordinates and site symmetry
of atoms in LiFePO4 (Pnma)

Atom x y z Site symmetry

Li 0 0 0 �1 (4a)

Fe 0.28222 ¼ 0.97472 m (4c)

P 0.09486 ¼ 0.41820 m (4c)

O(1) 0.09678 ¼ 0.74279 m (4c)

O(2) 0.45710 ¼ 0.20602 m (4c)

O(3) 0.16558 0.04646 0.28478 1 (8d)
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3.3 Morphology of LFP

The surface morphologies of the nano-sized LFP powders studied by HRTEM are
reported in Fig. 6. The powders are composed of well-dispersed secondary particles
that are slightly agglomerated, with a small quantity of fragments. The TEM pic-
tures show similar images at any part of the sample, which is homogeneous at the
nanoscale with respect to the area investigated. Images (a and b) are then repre-
sentative of the free-carbon particles with the tendency of forming agglomerates.
Each of the secondary particles is made of a large number of small primary par-
ticles. The HRTEM images (c and d) for the carbon-coated sample illustrated poly-
dispersed primary particles with a mean size ≈90 nm, which is larger by a factor 3
with respect to the average size of the monocrystallite grains deduced from the
application of the Scherrer law on the XRD pattern. Therefore, the primary particles
are polycrystallites of LiFePO4 made of a few (3 on average) monocrystallites of
LiFePO4. The amorphous carbon layer is well illustrated in the TEM pictures
(Fig. 6c, d). The formation of a carbon network appears in the interstitial grain-
boundary region, which could explain the electrical continuity between LiFePO4

crystallites. In the micrographs, the LiFePO4 crystallites appear as the darker
regions while the carbon coating is surrounding the primary particle as the greyish
region. The average thickness is estimated to be 30 nm. The carbon film is highly
porous, which results in an irregular coating of the crystallites well-observed on the
HRTEM images but the important point for the electronic conductivity is that it
connects the particles. To summarize these results, the HRTEM images clearly
depict the beneficial effect of a carbon layer coating the LFP crystallites. XRD and
HRTEM data are consistent.

Fig. 5 XRD patterns of LFP
samples with nano-sized
particles (lower spectrum)
obtained after jet milling and
micro-sized particles (upper
spectrum). Note the large
broadening of the XRD lines
of the nano-sized particles
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3.4 Local Structure, Lattice Dynamics

Fourier transform infrared (FTIR) spectroscopy probes bulk properties, while
Raman scattering (RS) spectroscopy is the tool to perform surface analysis [54–57].
For instance, the amount of carbon on LiFePO4 is too small to be detected by FTIR,
but it is well-characterized by RS experiments [54]. The vibrational modes of
LiFePO4 are primarily due to motion associated with phosphate and iron the other
modes show some lithium contribution [55]. The FTIR spectra of the samples are
reported in Fig. 7. We have also reported the position of the peaks intrinsic to this
material, already identified in earlier works [52]. Let us recall that the spectra result
from absorption measurements, so that they are a probe of the bulk properties, and
the amount of carbon in the material is too small to be detected by such experi-
ments. This is the basic reason why the FTIR spectra are characteristics of the
LiFePO4 part. The positions of all the IR bands are in agreement with those in Ref.
[58]. No extra line is observed with respect to pure LFP. The bands in the range
372–647 cm−1 are bending modes (ν2 and ν4) involving O–P–O symmetric and

Fig. 6 HRTEM images of LFP nano-sized particles (a, b) before carbon coating and (c, d) after
carbon deposited by the lactose method
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asymmetric modes and Li vibrations [55]. In particular, the line at 230 cm−1 cor-
responds to the same cage mode of the lithium ions that undergo translation
vibrations inside the cage formed by the six nearest-neighbour oxygen atoms [56].
The bands in this range 372–647 cm−1 are thus the part of the spectrum that is
sensitive to the local lithium environment. This is also the part of the spectrum that
is the same in both the carbon-free and carbon-coated samples. We can then infer
from this result that the lithium ions do not ‘see’ the carbon ions, another evidence
that the carbon did not penetrate inside the LFP particles. The part of the spectrum
in the range 945–1139 cm−1 corresponds to the stretching modes of the (PO4)

3−

units. They involve symmetric and asymmetric modes of the P–O bonds at fre-
quencies closely related to those of the free molecule, which explains that the
frequencies of these modes are the same in both samples. However, the modes in
the carbon-free sample are significantly broader than in the carbon-coated sample.
This broadening gives evidence of a decrease in the lifetime of the phonons, and
thus the existence of defects breaking the periodicity of the lattice sites inside the
LFP crystallites of the carbon-free sample. The analysis of magnetic properties in
the next section will allow us to identify these defects as γ-Fe2O3 nanoparticles.

To explore the surface properties of the LFP particles, Raman spectra have been
measured; the penetration depth for carbon with Raman spectroscopy is approxi-
mately 30 nm [54]. This is one order of magnitude larger than the thickness of the
carbon coat deposited at the surface of the LFP particles in case of a uniform carbon
distribution. Therefore, any screening effect of carbon on the LiFePO4 spectra is not
expected. The penetration depth inside LiFePO4 is unknown, but it should be small,
so that the detector in the Raman experiments collects the signal within the light
penetration depth, which basically represents the total amount of carbon and a few
per cent of the amount of LiFePO4. Since the total amount of carbon is itself 5 wt%

Fig. 7 FTIR absorption
spectra of (a) carbon-free and
(b) carbon-coated LiFePO4

samples. Peak positions are
marked (in cm−1). Infrared
spectra were recorded on
pellet of LiFePO4 powders
diluted into ICs matrix
(1:300)
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of LiFePO4, we can expect that comparable amounts of carbon and LiFePO4 are
probed by the sampling depth. This is confirmed by the Raman spectra reported in
Fig. 8. The part of the spectrum in the wave number range 100–1100 cm−1 is the
same in the carbon-free and the carbon-coated sample and only the lines charac-
teristics of LiFePO4 are detected in this range. The peak positions reported in Fig. 8
in this range are within a few cm−1 the same as those that have been reported in
[57], and we refer to this prior work for their assignment. The largest difference is
for the line at 395 cm−1, which is reported at 410 cm−1 in Ref. [55]. This line is
associated with the PO4 bending modes ν2, ν4 which are strongly coupled.
However, we cannot consider this difference as significant since all the other lines
associated with PO4 have the same position. This is the case in particular for the
lines at 620, 940, 986 and 1058 cm−1 associated with ν4, ν1, ν3 and ν2 intramo-
lecular stretching modes of PO4, respectively. The only difference in this range of
wave numbers is a shift of the Raman lines by about 10 cm−1 towards lower
frequencies in the carbon-coated sample. This shift of the Raman lines is in contrast
with the absence of any shift of the FTIR lines, which gives evidence that it is a
surface effect. This shift of the Raman lines is attributable to the increase of the
bonding length in the first layers of LFP4 particles near the interface with the
carbon, taking its origin in the strain induced by the adhesion of the carbon film. For
samples with a different mode of preparation, carbon was reported to be responsible
for a screening of the signal from bulk, so that only a weak band at 942 cm−1

associated with LFP could still be detected [54]. Again, such a screening is not
expected for the reasons above mentioned, and it is not observed in the present case.

Fig. 8 Raman spectra of the
carbon-free and carbon-
coated LiFePO4 samples.
Spectra were recorded using
the 514.5 nm laser line at the
spectral resolution 2 cm−1. RS
features of the LiFePO4 bulk
material are screened by the
carbon deposit for which the
G- and D-band are observed
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3.5 Iron(III) Nanoclusters in LFP

Recently, significant effort has been underway to improve LiFePO4 by developing a
new synthesis route via carbon coating [59, 60]. The 1-D Li channels make the
olivine performance sensitive not only to particle size, but also to impurities and
stacking faults that block the channels. Various types of iron-based impurities have
been identified in the olivine framework: for examples γ-Fe2O3, Fe3O4,
Li3Fe2(PO4)3, Fe2P2O7, Fe2P, Fe3P, Fe75P15C10, etc. Critical quality control of the
product is necessary to obtain a complete understanding of synthesis conditions
using combination of experiments such as Raman spectroscopy and magnetic
measurements [20–22, 59, 60]. Analysis of the magnetic properties gives an
average separation of the magnetic clusters that is too large for interaction between
particles (superparamagnetic model). This hypothesis must be released where the
number n of magnetic clusters of momentum µ is so large that magnetic interactions
between the ferrimagnetic particles become important [20]. At high fields, Mextrin

saturates to Nnµ so that this quantity is readily determined as the magnetization at
the intersection of the tangent to the magnetization curves at large fields with the
ordinate axis at H = 0. As a result, we find that Nnµ does not depend significantly
on temperature below 300 K. Therefore, we are in the situation where the cluster
magnetization is temperature independent, which amounts to say that the Curie
temperature Tc inside the clusters is much larger than 300 K. This is an important
information on the nature of the ferromagnetic clusters. In particular, this feature
precludes the existence of Fe2P clusters observed in some LFP samples prepared
according to a different procedure [59], since the Curie temperature of these clusters
is only 220 K. The nature of the strongly ferromagnetic clusters in the present case
is most likely maghemite (γ-Fe2O3).

It is remarkable from Fig. 9 that the synthesized LFP sample displays different
magnetic features, with a magnetic moment µeff = 5.72 µB due to the existence of Fe
(III) containing impurities. The first consequence is an ambiguity in what is called
the magnetic susceptibility χm since M/H is distinct from dM/dH. The magnetic
susceptibility measured with a SQUID at H = 10 kOe shows the non-linearity of the
magnetic moments attributed to the presence of γ-Fe2O3. The best material shows
the lowest Curie constant 3.09 emu K mol−1. The effective magnetic moment
µeff = 4.98 µB is close to theoretical value 4.90 µB calculated from the spin-only
value of Fe2+ in its high-spin configuration. Departure from the spin-only value is
attributable to the presence of Fe3+ ions because the orbital-momentum contribution
of the Fe2+ ions is quenched by the crystal field [26].
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3.6 Influence of the Fe2P Nanoclusters

The electrochemical properties of LFP are known to be sensitive to the mode of
preparation and the structural properties [61]. This can be an advantage for potential
applications since it allows for an optimization of the material if we can correlate
the mode of preparation with the structural and the physical properties. To address
this issue, we investigated this relationship in LiFePO4 samples grown under dif-
ferent conditions [62]. Undesirable impurities in the lattice can be introduced during
the growth process. For instance, the presence of Fe2P can increase the electronic
conductivity, but on the other hand it also decreases the ionic conductivity so that
both the capacity and cycling rates are degraded with respect to C-LFP. In addition,
the iron from Fe2P dissolves into the electrolyte, which reduced the calendar life of
the cell. The presence of a small concentration (>0.5 %) of Fe2P is evidenced in
Fig. 9 by the appearance of an abnormal χ(T) behaviour with the occurrence of a
shoulder near TC = 265 K, the Curie temperature of the ferromagnet Fe2P. Figure 10
shows the Arrhenius plot of the electronic conductivity, σelec, of three LiFePO4

samples: a pure material, a Fe2P-containing sample, and a C-LFP. It is obvious that
addition of either iron phosphide or carbon enhances greatly σelec but to the det-
riment of the capacity for the former compound, as it will be discussed next.

Figure 11 displays the electrochemical charge-discharge profiles of Li//LFP cells
cycled at room temperature with pure LiFePO4 and with Fe2P-containing electrode
material. It is obvious that at the rate 2C, the capacity retention decreases signifi-
cantly for the material containing few % of Fe2P. A close examination was made for
the detection of any iron dissolution that could occur after long-term cycling. The
analysis of iron species was investigated at the separator/lithium (SL) interface by
SEM cross-section (slice view) as shown in Fig. 12a, b. The micrograph (Fig. 12a)

Fig. 9 Temperature
dependence of the reciprocal
magnetic susceptibility of
different LiFePO4 samples.
(a) optimized pure LiFePO4,
(b) Fe2O3-containing sample,
and (c) χ−1(T) of Fe2P-
containing sample. µeff is
deduced from the Curie-
Weiss law χ = C/(T + θ) above
the Néel temperature TN
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obtained from evaluation of the earlier generation material shows the presence of
iron islands at the SL interface. Obviously, some iron particles (or ions) migrate
through the electrolyte from the LiFePO4 positive electrode to the lithium negative.
The net effect of this migration is a large decrease in capacity retention of the Li//
LFP cell. Figure 12b shows the post-mortem micrograph obtained from tests with
an optimised electrode in a Li cell with a lithium foil negative. In this case, there is
no iron detected at the SL interface, which remained intact after 100 cycles. In fact,
this high performance was possible not only because of the optimised synthesis of
the LFP powders, but also because of strict control of the structural quality of the
materials. Several physical methods were used to analyse the local structure and the
electronic properties of the phospho-olivine framework [18].

Fig. 10 Electronic
conductivity of LiFePO4

samples: pure material, Fe2P-
containing sample, and
carbon-coated LiFePO4

Fig. 11 Electrochemical
charge-discharge profiles of
Li//LiFePO4 cells cycled at
room temperature with pure
LiFePO4 and with Fe2P-
containing electrode material
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3.7 Carbon Coating

To increase the electronic conductivity, it is a common practice in the production of
Li-ion battery electrodes, to add carbon, either by use of carbon additives to the
LiFePO4 matrix [3], or by surface coating of LFP particles with thin layers of
carbon [5, 6]. A seven-order-of-magnitude increase in the electronic conductivity
has been reached by adding sucrose to produce carbon in LFP raw materials by a
spray pyrolysis technique [7]. The addition of carbon has then the advantage of
combining much better electronic conductivity, and high capacity. In particular, a
capacity of about 160 mAh g−1 has been found for LFP coated with 1 wt% carbon
[61]. Ravet et al. [5, 6] reported two ways to coat carbon: (i) mixing LFP powder
with sugar solution and heating the mixture at 700 °C, and (ii) synthesizing LFP
with some organic materials added before heating. Although the way to add carbon
is not fully optimized yet, the approach that consists in adding a carbon source at
the beginning of the synthesis is more promising [6]. Recently, Julien et al. [33]
demonstrated that better performance was obtained at high-rate discharge (3C) with
6 % carbon additive in the LFP electrode. This material is suitable for HEV
application. This is consistent with the HRTEM images in Fig. 13, showing that the
carbon coats the secondary particles with a typical radius of 100 nm and does not
penetrate into the LFP particles [23].

3.8 Aging of LFP Particles Exposed to Water

It has been well-known for decades that all the lithium-ion batteries need to be
protected against humidity. The main reason is that lithium is very reactive with
water according to the chemical reaction Li + H2O → LiOH + ½H2. Lithium
hydroxide (LiOH) is a corrosive alkali hydroxide. When crystallized, it is a white
hygroscopic material. It is also soluble in water, a property that has been used to
investigate aqueous lithium hydroxide as a potential electrolyte in Li-ion batteries

Fig. 12 Post-mortem SEM images of the detection of iron species at the separator/lithium
interface. a Formation of iron islands at the interface with an earlier generation of LiFePO4. b No
iron was detected at the surface of Li foil with the optimized LiFePO4
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with a LiFePO4 cathode. Since the carbon coat is not a barrier for Li+-ion transport
(the reason for the success of C–LiFePO4 as a cathode element of Li-ion batteries),
we expect the reaction with water to be effective, implying extraction of Li from
LFP grains to interact with water. This delithiation is the only effect that is observed
after exposure to H2O in air, since the surface layer of the particles is also affected
[63, 64]. Despite this reaction of lithium with humidity, a drop of LiFePO4 particles
into water was used in the laboratory to check the carbon-coating process by
separating coated and uncoated particles. This means of characterization is based on
the fact that when the C–LiFePO4 powder is dropped into water, part of the carbon
that links the particles unties and floats to the surface, retaining with it some of the
particles, while the major part sinks. More recently, Porcher et al. [64] have
determined that the exposure of C–LiFePO4 particles to water results in the for-
mation of a thin layer of Li3PO4 (few nm thick) at the surface of the particles as a
result of migration of Fe into the water. In the present work, we investigate the
effect of water on carbon-coated LiFePO4 particles and analyze both the particles
that have sunk and the floating part. We have shown that the water attacks the
particles and that the carbon coat is not a protection because it detaches and is not
waterproof [63]. We find that Fe is not the only element that reacts with the water,
as the water contains also P and Li species after immersion of the LiFePO4. A
strong interaction between LiFePO4 with H2O molecules was not necessarily
expected. Since iron phosphate is hydrophobic, the surface layer protects the iron
against oxidation and corrosion. Intuition would then have suggested that, upon
immersion of LiFePO4 in water, a delithiation in a thin layer at the surface would
lead to the formation of a FePO4 layer that would protect the particles against any
other damage. Quantification of magnetic analysis of LFP grains shows that the
thickness of the delithiated surface layer is *3 nm.

The cyclic voltammograms of LFP powders after immersion for 1 h in water are
reported in Fig. 14. In these measurements, an initial 3.2 V working potential is

Fig. 13 HRTEM of carbon-coated LFP particles synthesized by hydrothermal method. The
carbon coating, *2-nm thick was realized using the lactose route
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applied. Then, the voltage was varied at the rate 1.25 mV per minute, as shown in
the figure: a voltage increase up to 4 V is followed by a decrease to 2.2 V and an
increase again up to 3.2 V. Besides the peak associated with Fe2+, the part of the
curve obtained by decreasing the voltage shows a secondary peak at 2.63 V that is
characteristic of the Fe3+ in iron oxide (vs. more than 3.5 V in phosphate) [32]. The
presence of Fe3+ ions in LFP samples confirms the delithiation of the surface layer
evident in the previous sections. On the other hand, upon increasing the voltage
again, this signal disappeared, which shows that the voltammogram before expo-
sure to H2O was recovered. Therefore, the surface layer was lithiated again during
Li insertion, and the effect of immersion in water was reversed [63]. Note, however,
that this recovery could be obtained because we were dealing with a half-cell, i.e.
with lithium metal as an anode. In this case, the lithium anode acts as a reservoir of
lithium. In a full cell where the negative electrode would be carbon or Si or any
metal oxide, however, one would not such a reservoir so that no recovery would
have been obtained, so that, in practice, it is important to keep the LFP powder dry.

The same effect holds true for longer immersion times of a few days. In the
following experiments, the samples were immersed for 63 h. Then, the samples
were dried for 48 h at 85 °C. Moreover, it should be noted that the open-circuit
voltage (OCV) decreased by 2.3 % on immersion in water. Since the OCV is
directly related to the state of charge of the battery, it can be viewed as an indirect
measurement of the delithiation rate of the battery. Indeed, this result is fully
consistent with the 4 % delithiation rate deduced from the magnetization mea-
surements, and the 1–3 % loss of Fe and P in the immersion process estimated from
the physical and chemical analyses. It thus fully confirms that the delithiation
process is located in the surface layer. The effect of H2O on the electrochemical
properties was also evaluated by exposure of the sample to ambient air. This effect
is illustrated for a hydrothermal sample in Fig. 15, which shows the change of the
capacity as a function of time at different temperatures in dry atmosphere and in
ambient air (55 % relative humidity) [63].

Fig. 14 Electrochemical
performance of the C-
LiFePO4 synthesized by
hydrothermal method in
LiPF6-EC-DEC/Li cells at
room temperature. Cathode
particles were immersed in
water for 1 h, then dried for
48 h at 85 °C
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3.9 Non-stoichiometric LFP: Defects and Related Properties

Deviation from ideal stoichiometry of LiFePO4 has been investigated [62]. Any
attempt to increase the Li concentration of samples prepared either by the precursor
precipitation route or the continuous aqueous precursor synthesis route results in the
formation of lithium phosphate impurity, in addition of stoichiometric LFP free of
any Li vacancy. On another hand, Li-deficient homogenous solid solutions of
composition Lil−2xFexFePO4 could be obtained (Fig. 16). For x ≥ 0.06, however, a
sarcopside impurity phase is formed. Investigations of structural properties allowed
us to define the defect responsible for the solid solution as FeLi

• +V’Li in the Kroger-
Vink notation. Since the chemical formula of the sarcopside is obtained by writing
x = 1/2 in the chemical formula of the solid solution, this impurity phase can be
viewed as a condensation of the FeLi

• +V’Li defects. Magnetic measurements showed
that isolated lithium vacancies V’Li are also diluted in the Lil−2xFexFePO4 matrix.
The negative charge of the isolated V’Li is compensated by the valence change Fe2
+→Fe3+ of an iron ion in its vicinity, forming a small magnetic polaron that is
detected by magnetic measurements. The concentration of such polarons, however,
remains very small as it saturates to a concentration of 0.2–0.3 mol%, much smaller
than the concentration x in V’Li bound to FeLi

• . The electrochemical features are
significantly damaged by the FeLi

• defects that block the diffusion of lithium along
the corresponding channel, while the Li3PO4 only acts as an inert mass. Defects

Fig. 15 Capacity of the C-LiFePO4/LiPF6-EC-DEC/Li cells as a function of time spent in dry
atmosphere and in ambient atmosphere (55 % relative humidity), at three different temperatures.
The temperatures at which the full lines (in dry atmosphere) have been obtained can be
distinguished by the fact that they do not overlap, and the higher capacity is obtained at lower
temperature
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have an important impact on the electrochemical properties. The study of small
particles (40 nm) has shown that the presence of defects or structural disorder favors
the formation of the solid solution LixFePO4 in the lithiation/delithiation process,
instead of the phase separation between a Li-rich and Li-poor phase. This phe-
nomenon has been observed in the surface layer (3 nm thick) alone in case the core
of the particles is free of defects and well crystallized. It has also been observed in
the whole volume of the particle when not only the surface layer, but the total
particle is full of defects and cation vacancies, while the classical separation in two
phases is recovered in case the particles (core plus surface layer) are free of defects.

3.10 Electrochemical Performance of LFP

Here, we present an overview of the high-temperature performance for an opti-
mized LiFePO4 sample, i.e. carbon-coated (C-LFP). The coffee-bag cell was
charged and discharged at C/8 for the first cycle followed by 12 cycles at C/4 with
1 h rest before each charge and discharge. This high-temperature test was made at
60 °C, which is the appropriate condition to investigate possible iron dissolution in
non-aqueous electrolytes [18, 65]. From structural and elemental analysis, no iron,
even at the ppm level, was found in the electrolyte solution. Thus, all these data
converge to the conclusion that the optimized LiFePO4 is not soluble at 60 °C.

The typical electrochemical profile of the C-LFP/1 mol. L−1 LiPF6-EC-DEC/Li
18,650-type cell cycled at 60 °C is shown in Fig. 17a. These experimental condi-
tions (ca. 60 °C) have a severe impact on the kinetics of the Fe2+/Fe3+ redox
reaction, but the recent report from Hydro-Québec Research Labs showed that this
type of C-LFP electrode can be cycled at 60 °C without significant capacity loss for
over 200 cycles [35]. Optimized particle size in the range 200–300 nm agrees well
with the average diameter of grains L that validates Eq. (2) with D* ≈ 10−14 cm2 s−1

Fig. 16 Ternary phase
diagram of off-stoichiometric
LiFePO4. The composition
moves toward three directions
such as A for Li/P excess,
B for Li excess only and C for
Li deficient
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in the LiFePO4 matrix. The 10th and 120th cycle shows a similar specific capacity
of 160 mAh g−1. These results illustrate the excellent electrochemical performance
of the carbon-coated olivine material. The electrode can be fully charged up to 4 V,
which is its most reactive state. This remarkable performance is attributed to the
optimized carbon-coated particles and their structural integrity under a large current
in the electrode. Even at such a high cycling rate, C–LiFePO4 exhibits rapid kinetics
of lithium extraction and it realizes most of its theoretical capacity (170 mAh g−1).
The discharge profile appears with the typical voltage plateau (at ca. 3.45 V vs. Li0/
Li+) attributed to the two-phase reaction of the (1 − x) FePO4+xLiFePO4 system.
The modified Peukert plots of cell cycled at 25 and 60 °C are shown in Fig. 17b.
The cells were cycled in the potential range 2.5–4.0 V. The discharge capacity and
electrochemical utilisation, i.e. the ratio discharge/charge versus cycle number is
excellent for the C–LiFePO4//Li cells. At 10C rate, these Li-ion cells provide
coulombic efficiencies 85 % at 60 °C.

Fig. 17 a Voltage-capacity
cycle for Li//LFP 18,650-type
cell cycled at C/4 rate at 60 °
C. b Peukert plots of the C-
LiFePO4/LiPF6-EC-DEC/Li
cells as a function of the
working temperature 25 and
60 °C
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4 Lithium Manganese Olivine

LiMnPO4 (LMP) is an attractive cathode material that offers several advantages: (i)
it is low cost, (ii) due to the Mn2+/Mn3+ redox potential of 4.1 V versus Li0/Li+ it
presents higher voltage than LFP and (iii) it is suitable for the electrolytes used in Li
batteries. However, the intrinsically specific capacity is restrained by (i) the
inherently low ionic and electrical conductivities of LiMnPO4 that seriously limit
Li+ insertion and extraction and (ii) the high kinetic barrier at the mismatched
interface of MnPO4/LiMnPO4 due to the severe Jahn-Teller (JT) distortion [66]. As
shown in Fig. 18, the electrical conductivity of LiMnPO4 is lower than the already
insulating LiFePO4 by 5 orders of magnitude [67] making it challenging to achieve
high capacity at high rates for LiMnPO4 using methodologies developed for
LiFePO4. LiMnPO4 crystallizes in an ordered olivine structure indexed by ortho-
rhombic Pnmb space group. Typical crystallographic parameters are a = 6.106
(1) Å, b = 10.452(1) Å, and c = 4.746(1) Å.

LMP was prepared by the same methods described before for other olivine
frameworks [68–92]. Figure 19 presents the HRTEM images of LMP samples with
different morphologies. Synthesis techniques include solid-state reaction with dif-
ferent carbon sources [91], precipitation method using different precursors such as
NH4MnPO4·H2O, MnPO4·H2O [68, 95], and modified ionothermal synthesis [69].
Drezen et al. [68] prepared LMP with different crystallite sizes by varying the
sintering temperature. Using the polyol route, Wang et al. [69] and Martha et al.
[70] obtained carbon-coated LMP particles of 30 nm that delivered a specific
capacity of 110 mAh g−1 at 1C rate. A flower-like LiMnPO4–C composite prepared
by solid-state reaction showed a reversible capacity of 85 mAh g–1 at a rate of

Fig. 18 The electrical
conductivity of LiMPO4

(M=Fe, Ni, Co, Mn) olivine
materials. Numbers indicate
the activation energy in eV.
The low conductivity is
related to the small free
volume and separation of
MO6 octahedra by oxygen
atoms of the (PO4)

−3 anions
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0.05C [71]. The solution-based synthetic routes such as spray pyrolysis [72, 73],
precipitation, sol-gel [74], hydrothermal method [75], solvothermal route [76, 77]
and polyol synthesis [78] provide nanostructured LMP powders with enhanced
electrochemical properties, which is mostly attributed to the higher chemical
homogeneity and narrow particle size distribution of the material. The best results
were obtained for LiMnPO4 prepared via sol–gel, hydrothermal and co-precipita-
tion routes. However, these techniques use the very low concentration of starting
materials, which leads to the very low production rate [79]. 5–10 nm thin rod
shaped LMP nanoparticles were synthesized by an improved thermal decomposi-
tion method using oleic acid as surfactant and benzyl ether as solvent [80]. LMP
nanorods were also synthesized by modified polyol and resin coating processes to
enhance their conductivity as well as their electrochemical properties with a
capacity up to 120 mAh g−1 at 1C rate [81]. LiCuxMn1−xPO4/C nanorods prepared

Fig. 19 HRTEM images of LMP samples with different morphologies. LMP nanoparticles were
prepared by (a) hydro-thermal method with ascorbic acid, b polyol reflux method with
tetraethylene glycol as solvent, c thermal decomposition method using oleic acid as surfactant and
benzyl ether as solvent, and d precipitation route
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by a simple solvothermal process followed by calcination show that Cu successfully
entered into the lattice of LiMnPO4 and induced a decrease in the lattice parameters;
however, a small initial discharge capacity of 87.5 mAh g−1 at 0.5C was reported
[82]. A microwave irradiated solvothermal method with tetraethylene glycol as
solvent was used to prepare dimensionally modulated, single-crystalline LiMnPO4

with nano-thumblike shapes for high-power applications [94]. A two-step proce-
dure for preparation of LMP with small particle size (15–20 nm) and embedded in a
carbon matrix was presented by Pivko et al. [83]. Despite the nanosized particles
limited capacity of 130 mAh g−1 at C/20 rate was observed at 55 °C after 100
cycles. A sequential precipitation method was applied to LiMnPO4 olivine by
confining Mn3(PO4)2 precipitation on surface of a precursor seed of Li3PO4 that
results in discharge capacity of 62 mAh g−1 at 5C rate for the size of LMP particles
limited to less than 100 nm [84].

Kim et al. [85] claim to improve significantly the electrochemical properties of
LMP by small amounts of co-doping of Fe and Co. The 4.0 V redox potential is
achieved, while the kinetics are enhanced through formation of a local solid-
solution like phase in the matrix, which is expected to lower the nucleation barrier
of the delithiated phase and reduced the JT distortion. Lee et al. [86] evidenced the
intercrystallite ionic transport in 40 nm × 200 nm sized LiMnPO4 nanorods syn-
thesized by the modified polyol method that resolves the problem of particle
inhomogeneity occurring in stoichiometric synthesis. LMP nanoplates with thick-
ness of 50 nm grew in the (100) plane via solid-state reaction in molten hydro-
carbon such as paraffin and delivered a capacity 130 mAh g−1 at C/10 rate [87]. The
effect of different carbon sources on the electrochemical properties of rod-like LMP/
C nanocomposites was reported by Li et al. [88]. A reversible capacity of
*153 mAh g−1 at a rate of C/10 was obtained with beta-cyclodextrin as the carbon
source, which is much better than that obtained from ascorbic acid, citric acid,
glucose and sucrose. A carbon matrix, for restricting growth of LMP crystallites,
was built on the small Li3PO4 crystallites precipitated from aqueous solutions, by
the pyrolysis of sucrose. Small crystallite-size (8–12 nm) particles were success-
fully prepared using the carbon coated Li3PO4 as one of the reactants (the other
reactant is MnSO4) and the nuclei by a solvothermal method [89]. Chen and
Richardson [90] demonstrated that the release of oxygen from LMP material occurs
at 150 °C followed by the combustion of the electrolyte at 215 °C for a total heat of
884 J g−1 that is less thermal stability than LFP. The thermal stability mechanism on
charged LMP electrode can be expressed as:

MnPO4
pmna

������!150�180 �c
MnPO4
JT distortion

������!490 �c 1=2Mn2P2O7 þ 1=2O2
C2=m

" ð4Þ

From in-situ XRD, XPS and EDAX results on the charged and discharged LMP
cathode, the charged state of MnPO4 undergoes structural changes due to Jahn-
Teller effect at above 180 °C and followed by reduction into pyrophosphate
Mn2P2O7 at ca. 490 °C. TGA-DSC measurements shown that the weight loss up to
450 °C for charged MnPO4 shows similar behavior as that of discharged LiMnPO4
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cathode, indicating that the reaction is a decomposition of the SEI layer formed
during high-voltage electrochemical cycling process. Note that a sharp exothermic
peak is observed in the DSC scan during reduction due to the oxygen and CO2 gas
released after reacting with conductive carbon additive.

5 Lithium Mn–Fe Olivine

The solid solution LiMnyFe1−yPO4 (LMFP) looks promising because it operates at
3.4–4.1 V that is not so high as to decompose the organic electrolyte but not so low
as to sacrifice energy density [95–101]. Gardiner and Islam [99] have discussed the
formation of the intrinsic defect-type with the lowest energy in the cation anti-site
defect, in which Li and Fe/Mn ions exchange position in 4c sites. Migrations
energies for Fe and Mn anti-site cations on Li sites suggest that Mn defects would
impede bulk Li mobility in LiMnPO4 to a greater extent than Fe anti-site defects in
LiFePO4. The electrochemical properties of the LMFP materials prepared by che-
lating-assisted hydrothermal method have been investigated by a number of
research groups (see [100] and references herein). Trottier et al. [100] investigated
the electrochemical properties of LiMnyFe1−yPO4 (0.5 ≤ y ≤ 0.8) mixed-metal
phospho-olivines (LMFP) grown by hydrothermal route assisted by ascorbic acid as
chelating agent. Hong et al. [94] synthesized LiMn1−xFexPO4 by a facile solvo-
thermal approach with an excess of 20 wt% sucrose to yield carbon coating. Kosova
et al. [95] reported structural studies of nanosized LiFe0.5Mn0.5PO4 prepared by
mechanochemically assisted carbothermal reduction route under cycling by in situ
synchrotron diffraction. Wang et al. [96] reported the synthesis of LiMn1−xFexPO4

nanorods on reduced graphene oxide sheets.
The rate capability for Li/C–LiMn0.8Fe0.2PO4 cell is shown in Fig. 20. The cell

was charged and discharged at the same C-rate starting from C/12 to 20C. For
instance, the composite electrode including C–LiMn0.8Fe0.2PO4 electrode 5 wt%
Denka and 5 wt% VGCF delivers a capacity 92 mAh g−1 at 1C rate. For
LiMn0.8Fe0.2PO4, the electrode exhibited two reversible discharge plateaus at 3.95
and 3.52 V versus Li0/Li+ related to the Mn3+/Mn2+ and Fe3+/Fe2+ redox couples,
respectively. From these profile, several conclusions can be drawn: (i) the charge-
discharge profile exhibits similar shape for all compositions, (ii) the two pairs of
peaks in dx/dV curves shift slightly with y as a result of the inductive effect (charge:
3.54 and 4.12 V; discharge 3.95 and 3.47 V for y = 0.6), (iii) the potentials of the
reduction peaks are more sensitive than those of the oxidation peaks to the Mn2+-
substitution, (iv) a small increase of the over-voltage is seen as a function of y, and
(v) the highest specific capacity is 130 mAh g−1 for y = 0.5, when the electrode was
kept at 4.5 V until C/50 rate. Note that the polarization potential increases slightly
for the Mn-rich compounds, which we attribute to a Jahn-Teller effect increased by
the alloying process, rather than the formation of the intrinsic defect-type with the
lowest energy in the cation anti-site defect, in which Li and Fe/Mn ions exchange
positions.
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Magnetic properties of the solid solution LiMnyFe1−yPO4 showed that for
y ≤ 0.6, all the Mn3+ ions in delithiated LMFP are in the high-spin state (S = 2). At
larger manganese concentration, however, the Mn3+ ions in excess of the critical
concentration yc = 0.6 undergo a transition to the low-spin state (S = 1). The spin-
transition of Mn3+ in concentration (y − yc) to the low-spin state is at the origin of
the strain fields at the molecular scale that increase with y for y > 0.6, and ultimately
prevents the full delithiation for y > 0.8. This result sheds light on the reason for the
degradation of cathode properties in Mn-rich compounds of the heterosite–purpurite
series, while the electrochemical properties are good in the range y ≤ 0.6 but only at
slow rates, due to the very small hopping mobility of the small polaron [97, 98]. It
is obvious that LMP exhibits inferior electrochemical performance compared with
LFP. Optimizing the synthesis process and carbon coating should lead to promising
electrochemical properties for LMP nanoparticles.

6 Lithium Cobalt Phosphate

Lithium cobalt phosphate, LiCoPO4 (LCP) has attracted attention since it offers
both flat high potential (at approximately 4.8 V vs. Li0/Li+), good theoretical
capacity (167 mAg−1) and smaller structure volume change. As other olivine
compounds, LCP crystallizes with the orthorhombic symmetry (Pnma S.G.) with
lattice parameters: a = 10.2048 Å, b = 5.9245 Å, and c = 4.7030 Å. However, like
in the case of LiMnPO4, the electrochemical performance of pristine LCP is very
poor due to the low intrinsic electronic and ionic conductivity [67, 102–116]. Zhao
et al. [116] prepared LCP micro-rods with the diameter of ca. 500 nm and length of
ca. 5 µm by a hydrothermal method, which delivered a discharge capacity of only

Fig. 20 Typical discharge
curves of the Li//LiMnyFe1−y
PO4 (y = 0.8) cell
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65 mAh g−1 at C/10 rate. Solution-based methods are appealing to control LCP
particles size, shape and morphology of nanocrystals. Truong et al. [102] used the
supercritical fluid (SCF) processing with different amines having long alkyl chain
such as hexamethylene diamine for adjusting physicochemical properties.
Hedgehog-like LCP with hierarchical microstructures was first synthesized via a
simple solvothermal process in water–benzyl alcohol mixed solvent at 200 °C
[103]. The hedgehog-like microstructures in the size of about 5–8 µm were com-
posed of large numbers of nanorods in diameter of ca. 40 nm and length of ca.
1 µm, which are coated with a carbon layer of ca. 8 nm in thickness by in situ
carbonization of glucose during the solvothermal reaction. As a 5 V positive
electrode material for rechargeable lithium battery, the hedgehog-like LiCoPO4

delivered an initial discharge capacity of 136 mAh g−1 at C/10 rate and retained its
91 % after 50 cycles. LCP nanocrystals with (010) orientation were prepared by
solvothermal method employing ethanol as the solvent and poly(vinyl pyrrolidone)
as the carbon source and template [104].

In the early work by Amine et al. [117], it is demonstrated that Li can be
reversibly removed from LCP at an average voltage of 4.8 V versus Li+/Li with
only a small contraction in the unit cell volume of the olivine lattice and the
formation of a second olivine-like phase upon Li extraction from LixCoPO4 with
limited Δx = 0.42 lithium per formula unit. The electrochemical properties of
LiCoPO4 have been studied as a function of synthesis parameters. Effects on the
discharge capacity have been investigated and capability improvements include:
mixing LNP–LCP to obtained solid solutions as cathodes [105], carbon coating
[106, 107], effect of oxygen partial pressure on the discharge capacity [108].
Wolfenstine et al. [109] have studied the structural evolution of LiCoPO4 delithi-
ated by the chemical oxidation. Okada et al. [110] have shown that LiCoPO4

exhibited the highest 4.8 V discharge plateau of 100 mAh g−1 after initial charging
to 5.1 V giving an energy density of 480 Wh kg−1 comparable to that of LiCoO2.
Electrical conductivity of LCP and mixed (Co, Ni), (Co, Mn) compounds [111],
and of doped LCP [112] have also been explored. LCP having low electron con-
ductivity, its use as the cathodic material is possible only in the case of synthesis of
the LiCoPO4/C composite [103]. Such composites can be discharged at the
potentials of 4.7–4.8 V. However, cyclability of such composites is very low, as
decomposition of liquid electrolyte occurs under charging in the potential range of
4.8–5.1 V simultaneously with oxidation of Co2+ to Co3+. The initial discharge
capacity of LiCoPO4/C is close to the theoretical one that is about 167 mAh g−1.
Figure 21 compares the discharge curves of various lithium cells including
LiCoPO4 (LCP), LiCoO2 (LCO), LiFePO4 (LFP) and Li3V2(PO4)3 (LVP).

The phase transitions occurring upon lithium insertion-extraction of LiCoPO4

have been investigated by several groups [111–115]. A two phase mechanism was
confirmed by in situ synchrotron diffraction [111]. An amorphization of the
phosphate was observed after electrochemical or chemical oxidation [113].
Nagayama et al. [114] suggested from X-ray absorption spectroscopy a hybrid-
ization effect between the Co 3d and O 2p orbitals and the polarization effect
introduced by Li ions. Bramnik et al. [115] revealed the appearance of two
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orthorhombic phases upon electrochemical Li extraction. The LiCoPO4 and the Li
deficient phases, Li0.7CoPO4 and CoPO4, are responsible for the two voltage pla-
teaus at 4.8 and 4.9 V versus Li+/Li. The hedgehog-like LiCoPO4 microstructures
in the size of about 5–8 µm are composed of large numbers of nanorods in diameter
of ca. 40 nm and length of ca. 1 µm, which are coated with a carbon layer of ca.
8 nm in thickness by in situ carbonization of glucose during the solvothermal
reaction. As a 5 V positive electrode material for rechargeable lithium battery, the
hedgehog-like LiCoPO4 delivers an initial discharge capacity of 136 mAh g−1 at C/
10 rate and retains its 91 % after 50 cycles [111]. Surface modification of LCP
particles results in a satisfactory cyclability for LiCoPO4 to be used as a 5 V
cathode material [115]. The capacity retention of Al2O3-coated LCP was 105 mAh
g−1 after 50 cycles at T = 55 °C. Jang et al. [118] claimed that LiFePO4 coated LCP
particles prepared by SSR method (*100–150 nm) show improved battery per-
formance with an initial discharge capacity of 132 mAh g−1, but did neither
mention the C-rate nor the current density. The ability to suppress thermal runaway
of LiMPO4 olivine frameworks is attributed to the high covalent feature of the P–O
bonds in the tetrahedral (PO4) units, which stabilizes the olivine structure and
prevents oxygen release from the charged (delithiated) olivine materials up to 600 °
C. This is still controversial in LCP and LNP olivine lattices. In particular, a thermal
instability has been reported in the charged (i.e. delithiated) state of LiCoPO4 [119].
Both olivine-like phases LizCoPO4 (z = 0.6) and CoPO4 appearing during the
delithiation of LiCoPO4 are unstable upon heating, and decompose readily in the
range 100–200 °C. The decomposition of lithium-poor phases leads to gas evolu-
tion and the crystallization of Co2P2O7. Incorporation of lithium bis(oxalato)borate
(LiBOB) as additive in conventional electrolyte solutions enhances the electro-
chemical performance of LCP electrode [120].

Fig. 21 Comparison of
discharge curve of several
cathode materials: LiCoPO4

(LCP), LiCoO2 (LCO),
LiFePO4 (LFP) and
Li3V2(PO4)3 (LVP)
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7 Lithium Nickel Phosphate

Compared with LiFePO4 and LiMnPO4, LiNiPO4 (LNP) displays much higher
redox potential [121–143]. Wolfenstine and Allen [121] determined the Ni3+/Ni2+

redox potential between 5.1 and 5.3 V for the LNP olivine lattice. To overcome the
problems with low electrolyte stability, a 1 mol L−1 LiPF6 in tetramethylene sulfone
electrolyte was used because of its high oxidative stability, around 5.8 V versus Li0/
Li+. These experimental values are in excellent agreement with the theoretical
predictions [139–141]. Recently, a review has presented the progress in the fabri-
cation of LNP powders and the general synthesis approaches to circumvent the
drawbacks of LNP [142]. Among the various synthesis approaches, solution-based
methods have been successful for LNP. Standard hydrothermal route starts with
mixing Li salt with either Ni(C2H3O2)2·4H2O or Ni(NO3)·6H2O in different reac-
tion media such as NH4OH, cotton fibers, 1,2-propanediol and ethylene glycol [36,
143–152]. Tsai [145] produced LiNiPO4 nanocrystals via a microemulsions method
and determined that the water-to-surfactant ratio directly affects the particle size and
shape. Various attempts were made to prepare nanosized LNP particles using sol–
gel method. Prabu and Selvasekarapandian [146] prepared plate-like LNP (surface
area 0.25 m2 g−1) by adding citric acid and polyethylene glycol as chelating agent
for gelation. Yang and Xu [144] obtained phase pure LiNiPO4 with desirable
particles sub-micron size and free of agglomeration. Nanometric crystallite size
were obtained by using both the acrylamide and N,N′-methylenebis(acrylamide) as
gelling agents [147]. Lanthanum- and zinc-doped LiNiPO4 was prepared by the
polyol method from metal acetates and 1,2 propanediol as polyol medium [121–
122, 148]. Nano-particles <50 nm were obtained. Dimesso et al. [123] reported the
synthesis of graphitic carbon foam—LiNiPO4 composites prepared by a Pechini-
assisted sol–gel method using water as solvent. The difficulties in obtaining a LNP
pure phase have been pointed out by several groups [121, 123–125].

Solid-state reaction has been widely used for LNP production. Impurities such as
NiO, Ni3P, Ni2P2O7 and Li2Ni3(P2O7)2 have been identified. The carbothermal-
reaction method was employed by Herle et al. [126] using heat-treatment in flowing
argon atmosphere. The most commonly used precursors are Li2CO3, LiOH·H2O,
Li3PO4, but also LiH2PO4 for Li, Ni(COO)2·2H2O, Ni(C2H3O2)2·4H2O, Ni
(C2H3O2)2, NiO, Ni(CO3), Ni(OH)2, Ni3(PO4)2 for Ni, and NH4H2PO4,
(NH4)2HPO4, a mixture of (NH4)2HPO4 and P2O5 or (NH4)3PO4 for P, respectively.
Sugiyama et al. [127] prepared phase pure LiNiPO4 by planetary ball milling and
calcination under argon at 750 °C for 6 h. Wang et al. [128] only obtain phase pure
LiNiPO4 after calcination above 800 °C, while lower temperature processes provide
samples containing Li3PO4 and NiOx. The olivine analogue compound containing
mixed (Mg, Ni) cations contained Li3PO4 as a second phase upon synthesis; however
a carbothermal reduction method produced a single-phase compound [129]. Solid-
state methods are also of importance in terms of obtaining ordered crystal structure.
As an example, Julien et al. [125, 130] reported the growth of LiNiPO4 with high
purity using modified solid-state reaction with different sets of reactants such as (i)
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Li2CO3, (NH4)2HPO4, and NiO (ammonium-hydrogen-phosphate route), and (ii)
NiO and LiH2PO4 (lithium-dihydrogen-phosphate route) dissolved in acetone solu-
tion. Single phases of LNP were obtained after sintering at 800 °C for 36 h. Figure 22
shows the typical SEM images of LNP powders synthesized by solid-state reactions
[125]. Structural characteristics of particle synthesized by the ammonium-hydrogen-
phosphate route were studied in detail using analytical electron microscopy. Results
are shown in Fig. 23. The high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) images indicate that the
grown LiNiPO4 is well-crystallized in the olivine structure without any indication of
crystallographic defects such as dislocations or misfits.

The absence of redox peaks when LNP was heated under argon suggests that this
material has a very low intrinsic electrical conductivity and hence, additional treat-
ments such as carbon coating are required for LNP to exhibit Li insertion/deinsertion.
Indeed, Rissouli et al. [67] determined that the electrical conductivity of LiNiPO4 was
2–3 decades lower than that for LiCoPO4 and LiMnPO4 (Fig. 18). Such a poor
electronic conductivity has been recently confirmed by ac measurements on nano-
crystalline powders [131]. Herle et al. [126] have pointed out that LiNiPO4 exhibits a
percolating nano-network of metal-rich phosphides (i.e. Ni3P, Ni2P, or NiP3)
responsible for enhanced conductivity. Magnetic anisotropy in Li-phosphates and the
origin of their magneto-electric properties have been investigated [125, 132, 133].
Magnetic properties of LCP and LNP show that antiferromagnetic M–O–
M superexchange interactions couple the spins closely in planes parallel to (100)
[133] with a Néel temperature TN = 21 K. The magnetically ordered phases and spin
dynamics of magnetoelectric LiNiPO4 have been studied in magnetic field as high as
17.3 T along the c axis and up to 16 T along the a- and b-axis [134]. Vaknin et al.
reported the commensurate-incommensurate magnetic phase transition in magneto-
electric single crystal LiNiPO4 [135]. Local environment and bonding strength of
cations were studied by vibrational spectroscopy, i.e. Raman and FTIR [125, 136].

The information available about the electrochemical performance of LNP is very
limited. Few reports have shown that LNP is not electrochemically active when it is

Fig. 22 SEM images of LiNiPO4 samples synthesized by a the ammonium-hydrogen-phosphate
route, and b the lithium-dihydrogen-phosphate route
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charged over 5.2 V [137–139, 149]. However, Wolfenstine and Allen [121] men-
tioned the electrochemical activity of LNP powders prepared by SSR method under
high purity argon with addition of a thin layer of carbon coat. The voltammetry
displayed an oxidation peak at *5.3 V and a reduction peak at *5.1 V.

Recently, Dimesso et al. [123, 150] have reported the preparation of LNP and LCP
by a Pechini assisted sol–gel process that provides material exhibiting redox peaks at
*5.2 and*4.9 V versus Li0/Li+, respectively. Mg-substituted LNP/graphitic carbon
foams composite was also synthesized by the same method that shows a discharge
capacity of 126mAh g−1 at C/10 rate by substituting 0.2Mg forNi [151].Modifications
of the local structure and lattice parameters in LiFe1−yNiyPO4 (0 < x < 1) olivine-type
solid solutions have been studied by X-ray absorption spectroscopy (XAS) [152, 153].
Results indicate ordering of Li in the M1 site, and of Fe and Ni in the M2 site of the
olivine structure. Ni doping is found to induce an anisotropic shrinking of the unit cell
with bothFe andNi six-coordinatedwith oxygens, occupying distorted octahedral sites.
LiNi1−xCuxPO4 (0 < x < 0.99) samples were successfully synthesized by non-aqueous
sol–gel method followed by microwave (MW) annealing were found to be electro-
catalysts towards oxygen reduction which is apparently due to nanosized particles as
obtained via MW annealing [152]. The solid solution LiNixFe1−xPO4 (0 < x < 1)

Fig. 23 a HRTEM image of LiNiPO4. The well-resolved lattice fringes indicate the crystallinity
of the sample. The measured values of the lattice fringe spacing are indicated. Inset shows the FFT
of the HRTEM image indicating the direction in which the crystallite was examined and lattice
planes contributing to the diffraction. b, c SAED patterns of LiNiPO4. The assignments of
diffraction maxima and the direction of view are indicated
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synthesized via a solid-state reaction under Ar ambient shows lattice parameters fol-
lowing theVegard’s lawbut the formation of agglomerates reduces the specific capacity
that cannot exceed 45 mAh g−1 [153].

8 Concluding Remarks

The use of lithiated frameworks has revolutionized the concept of lithium
rechargeable batteries for high-power sources applied to hybrid electric vehicles
(HEVs) and plug-in hybrid electric vehicles (PHEVs). To date, most interest has
been focused on the LiFePO4 phase, which is already in commercial use. In this
chapter, we have provided the state-of-the-art of olivine (orthophosphate) com-
pounds used as positive electrodes for the new generation of Li-ion batteries. The
successful application of lithium iron phosphate has triggered great interest in the
R&D of high-power batteries with remarkable safety concerns despite the fact that
all these materials are insulators. Other olivine LiMPO4 (M=Mn, Ni, Co) com-
pounds, which have been identified as potential high-voltage cathode, are creating
intensive studies both from scientific and technological points of view and some of
the more prominent follow-up activities have been briefly discussed. Unfortunately
these materials all suffer from a number of drawbacks that must be overcome before
they can compete with LiFePO4. The limitation in capacity attributed to the dif-
fusion-limited transfer of lithium across the two-phase interface LiMPO4–MPO4 as
end members without much solubility has been overcome with reducing the particle
at the nanometer scale and by painting them with conducting carbon. For example,
LiMnPO4 has poorer Li-ion conductivity than LiFePO4, LiNiPO4 also exhibits
extremely poor electronic conductivity and extremely low charge/discharge
capacity. Nevertheless, the use of nanosized solid-state materials not only improves
the power density, but also facilitates Li-ions insertion/extraction in/out of the
storage materials, which improves the cycle life of these batteries. LiCoPO4 (4.8 V)
and LiNiPO4 (5.2 V) with higher operating voltage are appealing for increasing the
energy density. Owing to this, large room for improvements in the performances in
Li-cells of LCP and LNP is expected by assessing the synthesis route, the coatings,
the doping/substitution and the electrolyte additives in order to boost its ability to
reversibly cycle lithium. However, the use of these cathodes requires challenges in
the development of more stable and robust electrolytes.
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Layered and Spinel Structural Cathodes

Ying Chun Lyu, Jie Huang and Hong Li

Layered and spinel materials have been used successfully as intercalation-type
cathode active materials in commercial Li-ion batteries. The physical and chemical
properties, electrochemical reactions, structure evolution mechanisms, stability and
safety issues have been widely investigated. Based on comprehensive fundamental
researches, since 1980s, their electrochemical performances are improved contin-
uous after various modifications, such as doping, surface coating, forming solid
solution and composite, controlling morphology, size and crystallinity. Here, basic
features of layered and spinel materials are summarized.

1 Introduction

In order to achieve excellent electrochemical performances in lithium ion batteries,
several requirements on cathode materials should be satisfied [1]:

1. The material should contain Li+ ions and work as Li source, providing both the
Li+ transferred between the cathode and anode, and the expend for SEI on the
surface of the anode;

2. It should offer a high electrode potential for a high output potential;
3. The electrode potential should be stable for a stable output potential;
4. High capacity and high energy density;
5. High Li+ diffusion coefficient, highly stable electrode interface for high rate

performance;
6. High structural stability during cycling, for perfect cycle performance;
7. High electronic conductivity and ion conductivity;
8. Low price and environmental-friendly.

Actually, it is difficult for one material system to satisfy all requirements
simultaneously. For various applications, the developers need to consider the
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preferential performance targets and the strategy for meeting the minimum
demanding. The exploring of the cathode materials is a balance of art. Up to now,
only three types of cathode materials have been used and purposed by a few
scientists.

In 1980, John B. Goodenough’s research group at Oxford University discovered
the usefulness of LiCoO2 as an intercalation electrode for lithium ion batteries [2].
In 1984, Thackeray et al. found that LiMn2O4 spinel can be used as a cathode
material for lithium ion batteries [3]. In 1997, LiFePO4 was developed as a choice
for cathode material by Goodenough [4]. Based on these findings, layered com-
pounds LiMO2, Li1−xM1+xO2, spinel compounds LiM2O4, LiNi0.5Mn1.5O4, and
olivine compounds LiMPO4 (M = transition metal elements such as Fe, Co, Ni and
Mn) become the most important three families applied in lithium ion batteries.
Figure 1 and Table 1 show the electrochemical properties of the major cathode
materials in commercial use [5]. In this chapter we will summary the layered and
spinel compounds, while the olivine compounds are discussed in Chap. 4.

Table 1 The properties of commercial positive electrode materials [5]

LiCoO2 NCM NCA LiMn2O4 LiFePO4

Structure Layered Layered Layered Spinel Olivine

Voltage (V) 3.7 3.6 3.6 3.8 3.4

Capacity
(mAh g−1)

140–
200

160–190 180–
200

100–120 150–165

Life (cycles) 500–
1000

500–
3,000

500–
2,000

500–3,000 1000–20,000

Price High Medium High Low Low

Safety Medium Good Good Good Excellent

Application
area

3C 3C, HEV,
EV

EV, 3C HEV, EV,
stationary

HEV, EV,
stationary…

NCM refers to LiNixCoyMnzO2, x + y + z = 1, NCA refers to LiNi0.8Co0.15Al0.05O2

Fig. 1 The major cathode
materials for Li-ion batteries
and their properties [5]
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2 Layered Structural Cathodes

2.1 Early Studies on Layered Cathodes

Layered cathode materials were developed since the birth of the rechargeable
lithium batteries. The first use of layered materials was dichalcogenides. TiS2 was
considered as the most appealing consideration as an energy storage electrode [6,
7]. Titanium disulfide has a hexagonal close-packed sulfur lattice with the titanium
ions in octahedral sites between alternating sulfur sheets. The TiS2 sheets are
stacked directly on top of one another, giving the sulfur anion stacking sequence
ABAB, as shown in Fig. 2. It forms a single phase with lithium over the entire
composition range of LixTiS2 for 0 ≤ x ≤ 1 [8]. Figure 3 shows the typical
insertion/removal galvanostatic cycle for a Li/TiS2 cell [6]. Most of other di-
chalcogenides are also electrochemically active, and show similar single phase
behavior with lithium intercalation, such as TaS2, MoS2 [9], so do the diselenide.
But VSe2 is an exception, showing a two-phase behavior [10].

Layered oxides with the same structures as the layered dichalcogenides were
studied, such as, V2O5, V3O16, CrO3, Cr8O21, MoO3. V2O5 has a layered structure
with weak vanadium-oxygen bonds between the layers, and it reacts by an inter-
calation mechanism with lithium: xLi + V2O5 = LixV2O5. Another vanadium oxide
that has received much attention is LiV3O8, which has a layered structure composed
of octahedral and trigonal bipyramidal ribbons that can be swelled just like other
layered compounds and can be intercalated by lithium.

Although LiV3O8 contains a lithium ion in the lattice, it still needs to be dis-
charged first to be lithiated due to the feature of V5+. Alkali-metal compounds of the
oxides of manganese, cobalt, chromium, and others had been extensively studied by
a number of groups. The structures of these layered oxides and chalcogenides were
extensively studied in the 1970s. Whereas lithium only occupies octahedral sites in
the strictly layered materials when the Li/transition-metal ratio is unity or less, the
larger alkali ions often occupy trigonal prismatic sites.

Fig. 2 The structure of
layered TiS2
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2.2 Layered LiCoO2 Compounds

Goodenough recognized that LiCoO2 had a structure similar to the layered struc-
tures of the dichalcogenides and showed that the lithium could be removed elec-
trochemically, thus making it a viable cathode material [2]. SONY combined the
LiCoO2 cathode with a coke anode to make the first successful Li-ion battery [11],
which now dominates the lithium battery market. Li-ion batteries are much safer
than Li metal batteries. During the development of Li-ion batteries, a series layered
metal oxides with a general formula of LiMO2 (M = Transition metal elements such
as Co, Ni and Mn) were found. In these materials, the lithium ions and transition
metal ions occupy the alternate (111) planes of the rock salt structure, as shown in
Fig. 4. The structure with MO2 layers allows a reversible extraction/insertion of
lithium ions from/into the lithium layer.

Fig. 4 Schematic diagram of the layered LiMO2 (M = Transition metal elements such as Co, Ni
and Mn) structure

Fig. 3 Discharge/charge curve of Li/TiS2 cell. Curvea open circuit voltage obtained on discharge
(solid dots) of TiS2 and recharge of (hollow dots) LiTiS2, curve b voltages on discharge at 10 and
4 mA, and curve c voltage on discharge after 1000 cycles at 4 mA. A mixture of finely divided
TiS2 and Teflon (9 to 1 by weight) was hot-pressed into a stainless steel grid of area 2 cm2 [6].
Copyright 1977 by AAAS
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The theoretical capacity of LiCoO2 is 274 mAh g−1. In a commercial cell, during
the delithiation of LixCoO2 (0.4 < x < 1), it undergoes a solid solution reaction with
three distinct phase transition processes as shown in Fig. 5 [12]: The first phase
transition is shown to be the first order (coexisting phases are observed for
0.75 ≤ x ≤ 0.93), involving a significant expansion of the c-lattice parameter of the
hexagonal unit cell. The phase has a delocalized-electron type behavior, and a
metal–non-metal transition is strictly associated to the energy change because of the
Mott transition [13, 14]. The other two transitions are situated slightly above and
below x = 0.5 and they are caused by an order/disorder transition of the lithium
ions. After that it undergoes an irreversible transition to monoclinic phase [15, 16].
Van der Ven et al. [17, 18] calculated the phase transition at low Li content
(0 ≤ x ≤ 0.5). As shown in Fig. 6, with more Li delithiation, O3 phase transforms to
(1) a mixture of O3 and a stage two phase (A six-layer unit cell with adjacent CoO2

sandwiches stacked with O1-CoO2 and O3-LixCoO2.) called H1-3; (2) H1-3 phase;
and (3) a mixture of H1-3 and O1. This has been approved by in situ XRD
measurements [19]. This irreversible transition often leads to the reduction of the
electrochemical properties, so LiCoO2 is usually cycled with an upper cutoff
voltage of about 4.2 V with respect to lithium metal. Charge-discharge cycling with
this upper cutoff corresponds to repeatedly extracting and inserting about 0.5 Li per
LiCoO2 and gives a specific capacity of about 140 mAh g−1. HAADF-STEM
images show that during charging the phase irreversibly changes from O3-type in
pristine LiCoO2 to O1-type LixCoO2 (x ≈ 0.50) after the first electrochemical Li
extraction and back to O2-type LixCoO2 (x ≈ 0.93) rather than to O3-stacking after

Fig. 5 a Unit cell constants a-(i), c-(ii), and cell volume-(iii) as a function of lithium concentration
x in LixCoO2. Combined with the electrochemical results, (i), (ii), and (iii) determine a global
phase diagram-(iv) for LixCoO2; b outlines for the monoclinic (solid) and hexagonal (dashed) unit
cells [12]. Copyright 1992 by The Electrochemical Society
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the first electrochemical lithiation [20]. This discovery makes a connection between
the two separated LiCoO2 phases, i.e., O2 and O3 systems (shown in Fig. 7).

The diffusion coefficient in LixCoO2 was calculated from the first-principles
method by Van der Ven et al. [21]. They suggested that lithium ions can hop
according to two migration paths depending on the local environment around the
hopping ion. Furthermore, it was found that the activation barrier for a particular
hopping mechanism depend strongly on the local lithium-vacancy configuration.
Kinetic Monte Carlo simulations predict that lithium diffusion in LixCoO2 is
mediated by divacancies even at high lithium concentrations where the

Fig. 6 Calculated
intercalation voltage curve of
LixCoO2 as a function of Li
concentration at T = 30 °C
[17]. Copyright 1998 by The
Electrochemical Society

Fig. 7 Phase diagram of Li1−xCoO2 (0 ≤ x ≤ 0.50) nanoparticle [20]. Copyright 2012 by
American Chemical Society
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concentration of divacancies is low. The simulations have also shown that the
strong concentration dependence of the activation barrier results in a diffusion
coefficient that spans several orders of magnitude with lithium concentration as
shown in Figs. 8 and 9.

To obtain a higher capacity from LiCoO2, one must charge it to a potential above
4.2 V to use more than 0.5 Li per LiCoO2. However, charge-discharge cycling
using a higher upper cutoff voltage often results in rapid capacity fade, thought to
be caused by the structural instability of LixCoO2 with x < 0.5, side reactions with
electrolyte at high potentials [12] and the problem of cobalt dissolution in typical
electrolytes [22].

First principles calculations show that the structural stability of LiCoO2 upon
deep lithium extraction is strongly associated with the electronic structures of
Co-3d, which is very flexible and can be exhibited as different electronic config-
urations [23]. In LiCoO2, Co

3+ is non-magnetic and holds the (t2g↑)3 (t2g↓)3 elec-
tronic configuration. Upon lithium deintercalation, some Co3+ ions lose one
electron and become Co4+ with (t2g↑)3 (t2g↓)2 configuration. Both structures are
stable since the distortion of the CoO6 octahedron is small, and thus these structures

Fig. 8 Lithium migration
paths in LixCoO2 determined
with the elastic band method.
The triangular lattice
corresponds to the lithium
sites and the filled circles are
lithium ions. The largeempty
circles are oxygen ions above
the lithium plane and the
smallempty circles are oxygen
ions below the lithium plane
[21]. Copyright 2001 by The
American Physical Society
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do not contribute much to the instability. On the other hand, oxygen vacancy is one
of the important reasons to the structural instability. Upon high voltage charging of
LiCoO2, oxygen release is observed from experiments and oxygen vacancies are
formed in the lattice. It is found that spin flip occurs to the electronic structure of
Co-3d close to oxygen vacancies. Co3+ holds the (↑)4 (↓)2 electronic configuration
and magnetizs with 2 μB magnetic moment. Furthermore, some Co3+ obtain one
electron and become Co2+ near the oxygen vacancy. In these cases, the charge
distribution around the Co atom is not symmetric and the local structure is obvi-
ously distorted, which can further accelerate the process of the structural degra-
dation (Figs. 10, 11 and 12).

There are three different structures in LiCoO2 materials: the most important is
O3 type (O in ABC stacking) as discussed above [24], O2 type (O in ABAC
stacking) [25] and spinel [26] LiCoO2 also exist, since synthesis precursors, syn-
thesis temperature, heat-treatment time and cooling rate could be attributed to
different cation and oxygen arrangements in the layered materials, showing in
Fig. 13. In this chapter, if without special mention, all the discussions below are
based on O3-LiCoO2.

Fig. 9 Energy along the migration path in different lithium vacancy environments determined
with the elastic band method. Refer to Fig. 8 for the corresponding lithium-vacancy environments.
a Migration of an isolated vacancy at x = 11/12. b Migration of an isolated lithium according to a
tetrahedral site hop (TSH) at x = 1/12. c Migration of a lithium ion into a divacancy according to a
TSH at x = 10/12 [21]. Copyright 2001 by The American Physical Society
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LiCoO2 synthesized at high temperature (>800 °C) adopts the O3 layered
structure as shown in Fig. 14. The O3-LiCoO2 obtained by the high temperature
procedure exhibits excellent electrochemical properties and has been commercial
used in Li-ion batteries since 1991. Nowadays, it is still used in electronic market,
for example in wireless communications and laptop computers. In contrast, syn-
thesis at lower temperature (*400 °C) results in a lithiated spinel LiCoO2 phase
with cation distribution of [Li2]16c[Co2]16dO4 [27]. It is usually designated as
LT-LiCoO2, showing poor electrochemical properties. When heating the
LT-LiCoO2 sample to high temperature (>800 °C), the cation ions will reorder and
convert into O3 phase. Another variety of LiCoO2 is O2 layered structure

Fig. 10 Co-3d projected density of states of Co3+ in LiCoO2. The triplet and duplet of the d-orbit
are denoted as t2g and eg, respectively. The Fermi level is set to 0 eV [23]. Copyright 2012 by ESG

Fig. 11 Co-3d projected density of states of Co4+ ions in LixCoO2 along the Co–O bond direction
(a) and c-vector direction (z-axis) of the lattice (b). The five “d-orbitals” in (b) is not really
corresponding to the split of an octahedral crystal field. The triplet and the duplet of the d-orbital
are denoted as t2g and eg, respectively. The Fermi level is set to 0 eV [23]. Copyright 2012 by ESG
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synthesized by ion-exchange from P2-Na0.70CoO2 [25]. O2-LiCoO2 is a metastable
phase [28], Fig. 14 shows the XRD patterns of O2-LiCoO2 during thermal treat-
ments at different temperatures [28]. It transforms to well-crystallized O3-LiCoO2

irreversibly when heated up to 400 °C [29]. Electrochemical properties of the
O2-LiCoO2 phase are competitive with those of the conventional O3-LiCoO2 and
their DSC measurements indicate that the O2-LiCoO2 system charged to 4.2 V is
about as safe as the O3 one at the same potential [30]. But the synthesis is really
difficult.

Coating or annealing can improve the properties of LixCoO2 at high voltage by
forming a more stable surface or by decreasing the active surface area. Using a
ZrO2 or Al2O3 coating, Cho et al. showed that LiCoO2 can deliver a capacity near
170 mAh g-1 with little capacity loss during the first 70 cycles between 2.75 and
4.4 V [31, 32]. The understanding of the coating mechanism was argued for a long
time. Cho et al. think that the thin solid solution film of LiCo1−xMxO2 (M = Zr, Al,
Ti, B) at the surface effectively suppresses the lattice-constant changes during

Fig. 13 The three different oxygen packings of LiCoO2 [27]. Copyright 1993, Elsevier B.V.

Fig. 12 Co-3d projected density of states of Co3+ ions (a) and Co2+ ions (b) next to an O vacancy
in Li0.75CoO2. The project is along the Co–O bond direction. The Fermi level is set to 0 eV [23].
Copyright 2012 by ESG
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electrochemical cycling and thereby suppresses phase transitions. Chen and Dahn
[33] argued that ZrO2 coating had no effect on the expansion of LixCoO2 during
charge or discharge, but it may inhibit side reactions involving oxygen loss from
LixCoO2 to the electrolyte and hence improve the cycling stability. Based on in situ
synchrotron XRD studies, Liu et al. [34, 35] announced that the phase transitions of
surface coated LixCoO2 from O3 to H1-3, and finally to O1 during charge are still
clearly recognizable, but the surface coating make these phase transitions revers-
ible. This agrees well with Chen’s results [19]. At the same time, modifying the
surface of the LiCoO2 particle may be helpful to suppress the release of oxygen,
which always leads to instability of the interior structure and decomposition of the
electrolyte [36]. Besides ZrO2 and Al2O3, other coating strategies include AlPO4

[37], AlF3 [38] and MgO [36] etc. Moreover doping such as Mg [39, 40], Al [40]
and Ti/Mg double substitution [41] is also demonstrated as another effective
method to improve its cycleability for high voltage application. The addition of a
little of the redox-inactive element reduces the capacity fading on cycling, this inert
element prevents the complete removal of all the lithium and thus minimizes
possibly structural collapse [1].

LiCoO2 has high theoretical density and tap-density. This makes it the highest
volumetric energy density cathode materials. Recent efforts on improving its
reversible capacity to 220 mAh/g have made by surface coating and doping
enhance its value further. Shaking its top one position in the market seems more
difficult, even for the high gravimetric capacity Li-rich layered compounds.

Fig. 14 Expansion of the first
Bragg reflection of the XRD
patterns observed for the
samples obtained after
different thermal treatments of
O2-LiCoO2 [28]. Copyright
2001, Elsevier B.V.
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2.3 Layered LiNiO2 Compounds

Another well-known LiMO2 family member is LiNiO2. Its crystal structure also
belongs to the hexagonal system with cell constant of a = 2.88 Å and c = 14.18 Å. Its
working voltage is about 3.7 V and theoretical capacity is 275 mAh g−1. Nickel is
more abundant and cheaper than cobalt, so LiNiO2 was planned to be developed to
replace expensive LiCoO2 for battery applications. But two disadvantages of LiNiO2

exist: the first drawback of practical application is the anti-sites of Li/Ni in the pristine
material. During synthesis, there is a tendency toward loss of lithium and reduction of
some Ni to the +2 oxidation state. The Ni2+ migrates to Li+ 3a sites, because of the
small size difference between Li+ (0.9Å) and Ni2+(0.83Å) [42]. Another drawback of
practical application is its thermal instability with low lithium concentration, which
relates to exothermic oxidation of the organic electrolyte with the collapsing de-
lithiated LixNiO2 structure. It should be mentioned that the second lithium can be
inserted either chemically or electrochemically into LiNiO2, as in Li1.8Ni1+yO2,
which is a mixture as expected of “LiNiO2” and “Li2NiO2” [43]. Substitution of Mg
for Ni in LiNi1−xMgxO2 was adopted to provide a partial solution to the safety
concern on LiNiO2. A number of investigations also show that the partly substitution
of small amount of Mn, Co and Al for Ni in LiNiO2 can also enhance its thermal
stability. The most commonly used electrode material related to LiNiO2 is
LiNi0.8Co0.15Al0.05O2, which will be discussed in Sect. 2.7.

2.4 Layered LiMnO2 Compound

Layered LiMnO2 has been expected as a very attractive material from an eco-
nomical and environmental point of view. LiMnO2 has two structures: ortho-
rhombic structure (space group: Pmmn) and rhombohedral structure. Orthorhombic
LiMnO2 is a thermodynamically stable structure. Ion-exchange technique was used
to obtain layered LiMnO2 [44]. It exhibits a small monoclinic (C2/m) deformation
from the ideal rhombohedral structure due to Jahn-Teller distortion of Mn3+. It is
thermodynamically unstable, and unable to synthesized directly because of the
low-spin state of Mn3+ in LiMnO2 [45].

Both orthorhombic and rhombohedral LiMnO2 will transform into a spinel
structure during cycling and its poor crystallinity of this phase leads to poor elec-
trochemical properties and a spinel-like drop in the voltage profile. Owing to the
same cubic-close-packed (ccp) sublattice of oxygen ions adopted by layered
LiMnO2 and spinel LiMn2O4 phases. This conversion from layered to spinel-like
structure is not difficult. It requires only cation diffusion and this is a common
phenomenon in almost all the layered structure cathode materials.

To inhibit the transformation, other layered Li–Mn–O materials with non-ccp
close-packed structures, such as, Li2/3[Li1/6Mn5/6]O2 with an O2 type structure, are
synthesized by ion exchange from Na2/3[Li1/6Mn5/6]O2 (P2 structure). It exhibits a
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different oxygen sublattice from orthorhombic, rhombohedral LiMnO2 and spinel
Li2Mn2O4 or LiMn2O4 [46]. Unfortunately, the electrochemical performance of
Li2/3[Li1/6-Mn5/6]O2 is compromised because of its poor crystallinity caused by
stacking faults. The partial substitution of the manganese ions by cobalt, iron, or
nickel is found to significantly increase the electronic conductivity of LiMnO2.

2.5 Layered LiNi0.5Mn0.5O2 Compound

There are more than three transitional metal elements (Ni, Co, Mn) for forming
layered transition-metal oxides with the α-NaFeO2 structure, [47]. To improve the
performance of LiNiO2 and avoid the presence of toxic and expensive of Co ions,
the approach of mixing the LiNiO2 and LiMnO2 with 1:1 ratio, LiNi0.5Mn0.5O2 was
reported in 1992 by Dahn et al. [48], but it did not receive much attention because
of poor electrochemical behavior. This system was revisited in 2001 by Ohzuku
et al. [49]. In LiNi0.5Mn0.5O2, Mn becomes the structure stabilizer and Ni the
electrochemically active ion. Ni and Mn ions have valence +2 and +4 oxidation
states respectively [50], so in principle, it should be free from either a transition into
a spinel-like phase or any Jahn-Teller distortion of Mn3+ during charge and dis-
charge. Mn could suppress the migration of Ni to the Li layers in LiNi0.5Mn0.5O2.
The precise details of the structure of LiNi0.5Mn0.5O2 are complex. Long-range
order has been detected by TEM, NMR etc. [51, 52]. The ordered arrangement of
Mn, Ni and Li in the metal layer that satisfy the available experimental evidence is a
“flower” pattern illustrated in Fig. 15 [53]. The Li ions in the flower pattern are
surrounded by a hexagonal ring of Mn ions. The rings of Mn in turn are surrounded
by a larger ring of Ni so that no nearest neighbor Li–Ni contacts exist in the TM
layer. During charge and discharge, the nickel ion cycles between Ni2+ and Ni4+,
Mn remains inactive throughout normal operating cell voltages [52, 54]. It shows

Fig. 15 Transition metal layer in LiNi0.5Mn0.5O2 showing the flower pattern. Li is represented by
the large gray circles, Mn by small white circles, and Ni by black circles [53]. Copyright 2004,
Elsevier B.V.
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200 mAh g−1 of rechargeable capacity with relatively small irreversible capacity
and low polarization and little capacity fading even after 100 cycles at a low rate
[55]. Partial exchange of Li and Ni ions is always observed LiMn0.5Ni0.5O2 made
by a conventional high-temperature synthesis. It contracts the space through which
Li can move, resulting in a low-rate cathode material. XRD results show an 8–9 %
displacement of Li+ and Ni2+ between 3a and 3b sites when a structural model
based on R-3 m is assumed [56]. This cation disorder impedes the kinetics of Li
diffusion as described above for LiNiO2.

The structural changes accompanying the removal of Li from a number of this
material have been investigated. LiMn0.5Ni0.5O2 has a higher thermal stability.
Yang et al. show that the charge–discharge process of LiNi0.5Mn0.5O2 above 2 V is
accompanied by a reversible phase transition between H1 to H2, similar to the
LiNiO2 system. However, the formation of the H3 phase that occurs at voltages
above 4.3 V in the LiNiO2 system is suppressed [57]. So it can get a high capacity.
Other advantages of LiNi0.5Mn0.5O2 are lower thermal runaway, better structural
thermal stability than LiCoO2 or LiNiO2, and greater inhibition to reaction with
electrolytes in the charged state [55]. Cycled LixNi0.5Mn0.5O2 (x = 0.2, 0.9) also
shows a higher onset temperature of oxygen release and reduces oxygen loss
compared to Li0.3NiO2 and Li0.3Ni0.7Co0.15Al0.15O2 as a result of increased struc-
tural stability [58]. But the anti-site mixing is thought to be a thermodynamically
favored feature of the ion ordering and thus intrinsic to the structure. Simple
manipulation of conditions during direct synthesis is not likely to result in a
near-ideal layered structure. Kang et al. [59] have successfully synthesized
LiNi0.5Mn0.5O2 with very little intralayer disordering by ion-exchange from
NaNi0.5Mn0.5O2. It displays an exciting combination of high rate and high capacity
(183 mAh g−1 at 6 C rate), shown in Fig. 16. Yang et al. also reported that excess
lithium could be intercalated to LiNi0.5Mn0.5O2, this introduces possibly the phase
Li2Ni0.5Mn0.5O2 [52, 57].

2.6 LiNi1−y−zMnyCozO2 (NMC)

Substitution of Co for Ni and Mn in LiMn0.5Ni0.5O2 can also be used to reduce the
Li/Ni exchange and improve the rate performance [60]. Although the use of Co
increases the cost and reduces the safety of LiMn0.5Ni0.5O2 materials, Co substitution
can also increase the electronic conductivity. Figure 17 shows the dependence of the
charge-discharge rate capability of LiMn0.5−xCo2xNi0.5−xO2 on Co content.

Ternary transition metal component systems of Li–Ni–Mn–Co–O
(LiNixMnyCozO2 with x + y + z = 1 or NMC) has been developed as a cathode
active material. These materials are firstly introduced for cathode materials by Liu
et al. in 1999 [61]. NMC compounds have the same structure as LiCoO2 [62]. Ni,
Co and Mn ions are in a random distribution in 3b sites. The Li/Ni anti-site can still
be found in the compounds. Commonly, in the XRD patterns, if the value of the
intensity ratio of (003)/(104) peaks are larger than 1.2, and the peaks of (006)/(012)
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and (018)/(110) are pronounced splitted, they indicate a well-developed layered
structure [26]. The most representative composition is LiNi1/3Mn1/3Co1/3O2

reported in 2001 by Ohzuku and Makimura [63]. It provides a somewhat higher
capacity than LiCoO2 below 4.3 V versus Li+/Li (typically about 160 mAh g−1

compared to 140 mAh g−1 of LiCoO2). In LiNi1/3Mn1/3Co1/3O2, and other com-
pounds having the general formula LiNixCo1−2xMnxO2, which can be considered as

Fig. 16 a XRD patterns of solid state reaction (SS)-LiMn0.5Ni0.5O2 (top) and ion exchange (IE)-
LiMn0.5Ni0.5O2 (bottom). b First charge/discharge curves of SS-LiMn0.5Ni0.5O2 and
IE-LiMn0.5Ni0.5O2 with the voltage window of 3.0–4.6 V at C/20 rate. c The discharge curve at
various C rates for IE-LiMn0.5Ni0.5O2 (top) and SS-LiMn0.5Ni0.5O2 (bottom) [59]. Copyright
2006, AAAS

Fig. 17 Dependence of the
charge-discharge rate
capability of LiMn0.5
−xCo2xNi0.5−xO2 on Co
content. Assuming that the
discharge capacity at C/7 is
100 %. [60] Copyright 2004
by The Electrochemical
Society
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a solid solution of LiNi0.5Mn0.5O2 and LiCoO2, Ni, Co, and Mn adopt valence
states of +2, +3 and +4 respectively. Co is reversibly oxidized from Co3+ to Co4+ at
the higher potentials while Ni is oxidized from Ni2+ to Ni4+ at low potentials during
cycling. However, there is no change of oxidation number of Mn at Mn4+ during
lithiation/delithiation processes [62, 64]. Therefore, manganese provides structural
stability. Also, the absence of trivalent manganese suppresses manganese dissolu-
tion. Neutron and X-ray power diffraction has shown that there is Ni ions in the
lithium metal layers [64]. The cobalt reduces the number of nickel ions in the
lithium layer.

The material also shows a small volume change during lithiation/delithiation
processes, actually zero-volume change can be seen in x = 0–0.67 in the formula of
Li1−xNi1/3Mn1/3Co1/3O2 [65]. The material shows good rate capability and excellent
safety properties at a high state of charge, compared to LiNiO2, LiCoO2 and
LiNi0.8Co0.15Al0.05O2 [65]. Capacities in excess of 200 mAh g−1 can be achieved
when cells are charged to higher voltage limits, although this usually results in
diminished cycle life [66].

The synthetic methods have a significant impact on the performance of the
layered cathode materials, especially for the binary or ternary compounds. NCMs
are prepared from a homogeneous mixed solution of Ni, Mn and Co precursors.
Spherical particles of three component hydroxide or carbonate are obtained by
co-precipitation, followed by calcination with Li2CO3 or LiOH·H2O [67].
Preparing spherical NCM precursors with specific molar ratio has developed as a
professional production in industry now.

Besides LiNi1/3Mn1/3Co1/3O2, Ni-rich compositions (x > 1/3), such as
LiNi0.5Mn0.3Co0.2O2, LiNi0.4Co0.2Mn0.4 etc. also attract much attention for their
good electrochemical performance. The electrochemical behavior of a number of
different compositions over a range of current densities have been studied, and two
of these studies identified the LiNi0.4Co0.2Mn0.4 material as having the highest
capacity and maintaining its capacity on cycling. All these compounds show higher
thermal stabilities compared to the Co-free compounds, and they are gradually
replacing LiCoO2 in consumer batteries (in some cases, a mixture of the two are
used as the cathode) and is under consideration for some vehicular applications. Up
to now, Ni-rich NCM phases, such as LiNi0.8Co0.1Mn0.1 and LiNi0.6Co0.2Mn0.2, are
attractive due to their high energy densities, but still suffers from instability of
oxygen. Further efforts are needed.

2.7 LiNi1−y−zCoyAlzO2 (NCA)

A part of the nickel in LiNiO2 can be replaced by cobalt and aluminum. Cobalt assists
in ordering the structure, that is keeping the nickel in the nickel layer, and aluminum,
being redox inactive, prevents the complete removal of all the lithium, thus addi-
tionally stabilizing the structure and preventing any phase changes that might occur at
very low or zero lithium content. NCA with more than 80 % Ni contents delivers
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higher specific capacity than LiCoO2 does, showing good cycleability and better
structural stability due to no cation exchange of Ni with Li in the Li layers.

However, NCA has safety problems related to oxygen evolution at overcharge
situations. Figure 18 shows the different phase-distributions and the phase transition
path of Li0.15Ni0.8Co0.15Al0.05O2 during heating [68]. The overcharged
Li0.15Ni0.8Co0.15Al0.05O2 has a multiple phase of layered, spinel and rock salt from
bulk to surface. During heating, the surface structures propagate towards to the
core, and the rocksalt phase becomes the dominant structure due to the migration of
Ni cations to the original Li sites at high temperature. Fortunately, the structure
stability can be enhanced by surface modifying such as coating [69] and doping
[70], just like LiCoO2.

NCA is a promising cathode material for next generation lithium ion batteries,
and it has attracted considerable attention. In 2005, Sony and Hitachi have applied it
in their new lithium ion batteries. NCA has become the cathode materials in Li-ion
batteries for Tesla, provided by Panasonic.

Fig. 18 Schematic of the mechanism of thermal decomposition of the overcharged
Li0.15Ni0.8Co0.15Al0.05O2 cathode during heating. The left side shows phase propagation from
the surface to core for the overcharged particle. The right side shows the changes in crystal
structure and cation distribution [68]. Copyright 2013 by John Wiley & Sons
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2.8 Other Layered Oxides

LiFeO2 (R-3 m structure synthetised by ion exchange of NaFeO2) would be an ideal
low cost cathode material, but it is not suitable for lithium ion batteries due to low
and highly sloping voltage profiles and poor cycling properties [71]. It can be used
as additive to improve high-temperature cycling performance of LiCoO2 [72].
LiCrO2 [73, 74] and LiVO2 [75] are also impossible due to irreversible migration of
Cr or V into Li layers in surface regions after further charging (oxidation) (LiVO2

can be used as anode for Li-ion batteries). Li2MnO3 can be considered a layered
structure similar to LiCoO2 with the formula of Li[Li1/3Mn2/3]O2. xLi2MnO3-
(1 − x)LiMO2 (M = Ni, Co, Mn), referred to a compound between Li2MnO3 and
LiMO2 (M = Ni, Co, Mn), is another promising oxide cathode material for high
capacity lithium ion batteries [76]. This will be discussed in Chap. 20.

3 Spinel Structural Cathodes

Another alternative to LiCoO2 is spinel LiMn2O4 by Thackeray et al. in 1984 [3].
LiMn2O4 has the cubic spinel structure (space group Fd-3m) with a lattice

parameter of a = 8.2449 Å at room temperature. The structure of LiM2O4 spinel is
shown in Fig. 19. As discussed in 2.3, the anion lattice contains cubic close-packed
oxygen ions and is closely related to the α-NaFeO2 layer structure, only differing in
the distribution of the cations among the available octahedral and tetrahedral sites.

Mn ions still occupy the octahedral site but 1/4 of them are located in the Li
layer, leaving 1/4 of the sites in transition metal layer vacant. Li ions occupy the
tetrahedral sites in Li layer that share faces with the empty octahedral sites in the
transition metal layer. The structure is based on a three-dimensional MO2 host and
the vacancies in transition metal layer ensure the three-dimensional Li diffusion
pathways. In stoichiometric LiMn2O4, half of the manganese exists as Mn3+ and the

Fig. 19 Crystal structure of
spinel LiM2O4 [5]
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other half as Mn4+, with the ions distributed randomly throughout the crystal at
room or elevated temperature. LiMn2O4 exhibits an operating voltage of 4.1 V and
its theoretical capacity is 148 mAh g−1 [3]. The reversible capacity is about
140 mAh g−1. Li ions can also reversible inset in the LiMn2O4 structure with a
*3.0 V potential despite working on the same Mn4+/Mn3+ redox couple caused by
a cooperative Jahn-Teller orbital order on Mn3+ ions (see Fig. 20) [77, 78].

Although LiMn2O4 spinel and its derivatives show promising features as the
cathodes of high-power lithium batteries for transportation applications, a slow
capacity fade has been encountered in the high- voltage range, particularly at ele-
vated temperatures (>50 °C) [79]. The capacity loss can be attributed to several
possible factors [80]:

1. an instability of the organic-based electrolyte at the high voltages reached when
charging cells,

2. a slow dissolution of the LixMn2O4 electrode into the electrolyte (as Mn2+)
according to the disproportionation reaction: 2Mn3+ → Mn4+ + Mn2+,

3. the onset of the Jahn-Teller effect in deeply discharged LixMn2O4 electrodes
(i.e. at x ≈ 1).

To solve these problems, three approaches were adopted to increase the average
manganese-ion valence marginally above 3.5 to decrease the amount of Mn3+:

1. synthesizing stoichiometric spinels of general formula Li1+δMn2−δO4, i.e. by
replacing some manganese with lithium. For example, when δ = 0.05 the spinel
has the formula Li1.05Mn1.95O4 in which manganese ion valence is 3.56,

2. replacing a small amount of manganese with a univalent metal cation such as
Mg2+ or Zn2+. For example, when δ = 0.025 in LiMgδ/2Mn2−δO4 manganese ion
valence is 3.54 (note that this is a non-stoichiometric spinel with a slight cation
deficiency),

3. synthesizing defects (cation-deficient) spinels Li1−δMn2−2δO4, for example,
Li0.975Mn1.95O4 (δ = 0.025) in which manganese ion valence is 3.60.

The instability of the structure is another problem of LiMn2O4. A phase tran-
sition has been observed slightly below room temperature from cubic to

Fig. 20 a Two quadrants of the cubic spinel structure, b V(x) profile of LixMn2O4 [78]. Copyright
2012, Springer
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orthorhombic phase [81]. This is attributed to charge ordering of Mn3+ and Mn4+

ions as a result of cooperative interactions between Jahn–Teller-distorted Mn3+ ions
on the octahedral site. The presence of oxygen vacancies, which can be introduced
by altering the synthesis conditions and starting reagents [82], leads to a higher
proportion of Mn3+ relative to Mn4+, which affects the degree of Jahn–
Teller-induced ordering. For example, a tetragonal spinel phase (space group I41/
amd) has been observed in LiMn2O4−δ above room temperature [83, 84]. Mn3O4

containing 1/3 soluble Mn2+ ions and tetragonal LiMn2O4−δ have been directly
observed on the surface of LixMn2O4 [85]. So it is important to stabilize the surface
structure of LiMn2O4 at both pristine and charged states. This material has been
plagued by self-discharge when left under full charge, particularly at elevated
temperatures; however, this problem may have been solved by switching from the
fluoride-containing LiPF6 salt, which can generate HF in the presence of traces of
moisture, to salts such as LiBOB [86].

Like LiCoO2, to improve the electrochemical performances at elevated tem-
perature and the storage performance, different methods of doping and coating have
been attempted. Among them, Al doping and LiAlO2 (or Al2O3) coating are
excellent [87]. Sun et al. [87] developed a sol-gel method for LiAlO2 coating to
improve its electrochemical performance at elevated temperatures. The capacity
retention of LiAlO2-modified spinel LiMn2O4 is more than 94 % after 500 cycles at
room temperature and more than 90 % after 200 cycles at 55 °C at 1 C
charge-discharge rate (shown in Fig. 21). The improved electrochemical perfor-
mance of surface-modified spinel LiMn2O4 is attributed to the protection effect of
the surface solid solution shell while the improved stability of crystalline structure
is assigned to the entrance of Li+ and Al3+ into the spinel crystalline structure. An
alternate solution pioneered by the Korean school is to coat the surface of the spinel
particles with materials such as ZrO2 or AlPO4, which are believed to act as getters
for any HF. LiMn2O4 core with LiMxMn2−xO4 (M = Ni, Co) shell can improve the
cycle stability attributed to the suppression of Jahn–Teller distortion on the surface
of spinel LiMn2O4 particles during cycling [88–90].

Fig. 21 Cycling behaviors of
the samples at room
temperature. Comparison of
cyclability of LiAlxMn2−xO4

with LiMn2O4 at 1 C rate
[87]. Copyright 2003 by The
Electrochemical Society
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When 1/4 Mn is replaced by Ni2+, all the Mn will be displaced as Mn4+.
LiNi0.5Mn1.5O4 shows the best overall electrochemical performances among the
above. The voltage of these materials can be raised to more than 4.7 V, therefore the
energy densities are highly improved [91]. This will be discussed in Chap. 19.

LiMn2O4 is ideal as a high-capacity Li-ion battery cathode material by virtue of
its low toxicity, low cost, the high natural abundance of Mn, high rate performances
and excellent cyclic performances. It is suitable for large scale power batteries used
for EVs, e-bike, power grid and power tools.

4 The Combination of Layered and Spinel Cathode

Several works have been reported on the mixed spinel LiMn2O4 and layered LiMO2

composite cathode materials [92–95]. The mixing can decrease the manganese
dissolution of LiMn2O4 and capacity fading [92]. The storage performance of
LiMn2O4 spinel at high temperatures can also be improved [93]. It is suggested that
the mixed electrode is considered to be a quite promising positive electrode material
to be applied for lithium-ion batteries. The mixture of LiMn2O4 with NCM is also
used widely in EV batteries.

Another approach to combine the two structure is forming core–shell structured
particles. The highly stable spinel phase can used to enhance the thermal stability of
the layered structure [96–98]. A heterostructured Li[Ni0.54Co0.12Mn0.34]O2 cathode
material, with Li[Ni0.54Co0.12Mn0.34]O2 as core and Li1+x[CoNixMn2−x]2O4 as
shell, possesses both high energy density and safety. [99] The material demon-
strates reversible capacity of 200 mAh g−1 and retains 95 % capacity retention
under the most severe test condition of 60 °C. In addition, the amount of oxygen
evolution from the lattice in the cathode with two heterostructures is reduced by
70 %, compared with the reference sample. Layered LiCoO2 and LiNi1−xCoxO2 are
also used for coating to improve the structure stability of LiMn2O4 at elevated
temperature [100–104].

5 Summary

Significant progress in cathode materials for lithium ion batteries has been made in
the past decades. So far, layered and spinel cathode materials still occupy the large
ratio in battery market and industry applications. LiCoO2 has been successful in
consumer electronic devices, in which volumetric energy density is the preferential
factor. But cobalt is nocuous the price of cobalt is expensive. Many efforts have been
attempted by researchers to avoid its weakness. Among them, NCM and NCA are
the most successful candidates, for high capacity and low price. Nowadays, with the
success of improving the stability of LiCoO2 at high voltage, LiCoO2 may get
the second success in high capacity and high energy density use in near future.
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Surface modified LiMn2O4 will continue its success in large scale energy storage
filed, such as smart grid and uninterrupted power supply. In spinel cathodes, high
voltage LiNi0.5Mn1.5O4 has been deeply researched in laboratory and tested in
industry. Maybe it will be used in commercial application for high energy density
lithium ion batteries after solving challenges in high voltage electrolyte or solid
electrolyte.
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Polyanion Compounds as Cathode
Materials for Li-Ion Batteries

X.B. Wu, X.H. Wu, J.H. Guo, S.D. Li, R. Liu, M.J. McDonald
and Y. Yang

The development of high energy density Li-ion batteries depends on finding
electrode materials that can meet increasingly stringent demands, in particular
cathode materials [1, 2]. Cathodes are not only the primary factor producing the
working potential of Li-ion batteries, but also determine the number of Li ions (i.e.,
the practical capacity) which can be utilized. Due to LiFePO4 having succeeded as a
prime example of high powered Li-ion battery material, polyanion-type compounds
have attracted wide interests in the field of cathode research for the last two dec-
ades. Although polyanion compounds exhibit disadvantages of weight and volume
(i.e., they have smaller theoretical gravimetric or volumetric capacities) compared
with layered oxide compounds, their inherent advantages are also clear. They have
very stable frameworks that provide long-term structural stability, which is essential
for extensive cycling and combating safety issues. In addition, the chemical nature
of polyanions allows the monitoring of a given Mn+/M(n−1)+ redox couple through
the inductive effect introduced by Goodenough [3, 4], and gives rise to higher
voltage values versus Li+/Li0 than in oxides. Finally, a large number of atomic
arrangements and crystal structures can be adopted by polyanion compounds,
which have an extreme versatility with respect to cation and anion substitutions for
a given structural type.

In the last two decades, compounds with different polyanion groups such as
phosphates (PO4

3−), pyrophosphates (P2O7
4−), silicates(SiO4

4−), sulfates(SO4
2−),

borates (BO3
3−) as well as their fluorinated compounds have been widely investi-

gated in the literature. In this chapter, some recent studies of polyanion compounds
for use in Li-ion batteries are introduced and summarized. Some review papers in
this field can also be found in the literature [5, 6]. Here, we mainly focus on the
different polyanion compounds in use as cathode materials, except for olivine-type
LiFePO4 and its analogues.
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1 Silicates

As part of the wider group of new polyanion electrode materials that are lower in
cost, safer, and have a higher capacity than older compounds [7], “tetrahedral”
silicates with the formula Li2MSiO4 (M = Fe, Mn, Co, Ni, V) are an exciting area of
study that shows great promise. Not only do these materials display a high struc-
tural stability arising from the strong Si–O covalent bond, they are environmental
friendly, of low cost to produce and have a theoretical two electron exchange per
formula unit during cycling, which leads to a high theoretical capacity of about
330 mAh/g [8]. Due to these and other factors, orthosilicates have prompted sig-
nificant research efforts since 2000 [9]. The theoretical voltages of the redox pro-
cesses M2+/M3+ and M3+/M4+ were predicted in 2006 [10] with some of these
predictions later being experimentally confirmed [11]. However, despite intensive
research efforts having been devoted to this area, the hunt for a reversible two
electron reaction in Li2MSiO4 has thus far been met with limited success. Of the
different types of orthosilicate cathode materials, Li2MnSiO4 attracted the attention
of researchers when it was hypothesized that at moderate voltages, both lithium ions
in each formula unit could potentially be extracted [12]. This process would utilize
the Mn2+/3+ and Mn3+/4+ electrochemical couples for the extraction of the 1st and
2nd respective lithium ions in currently available electrolytes. A similar reaction is
also theoretically possible for the Fe and Co analogues, but in these cases, the Fe3+/4
+ and Co3+/4+ couples are predicted to be outside the voltage stability window of
common electrolytes, introducing a major complication [10]. The Ni analogue
Li2NiSiO4 has not yet been synthesized, but theoretical calculation predicts pro-
hibitively high lithium extraction voltages. With the voltage plateau for the second
Li-ion deintercalation at about 5.0 V, this compound’s working voltage is also
beyond the electrochemical window of standard electrolytes. Further narrowing
down of the viable options comes from the fact that Li2VOSiO4 is toxic, while Co,
Ni and V are scarce and thus expensive resources [13, 14], so research on Li2MSiO4

has mainly concentrated on Li2FeSiO4 and Li2MnSiO4.
The crystal chemistry of the family of Li2MSiO4 analogues remains quite

ambiguous, due to its rich polymorphism and hence the difficulties encountered in
obtaining single phase samples. Nyten et al. [8] performed Rietveld refinements on
a powder X-ray diffraction profile of pristine Li2FeSiO4 and from this proposed an
α-Li3PO4-based structure, crystallizing in the orthorhombic space group Pmn21
with lattice parameters a = 6.27 Å, b = 5.33 Å, and c = 5.01 Å. This structure’s
tetrahedral sites are generated by a distorted hexagonal close packing of oxygen
atoms and are one half occupied by cations, thus face sharing between pairs of
tetrahedral sites is avoided. There are 8 different polymorphs that are known for
these tetrahedral structures, which adopt a large variety of crystal structures related
to Li3PO4 polymorphs but show a different connectivity for each of the [SiO4],
[LiO4], and [MO4] tetrahedral units [15]. In addition, they exist in two main classes,
labeled α and β, which differ in their respective orientations of filled tetrahedra. All
the tetrahedra are aligned in the same direction in α phases, specifically
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perpendicular to the close packed planes, and share corners with each other. But for
β phases, the tetrahedra are arranged in groups of three with the central tetrahedron
pointing in the opposite direction to the outer two, with which it shares edges. The
difference between the α and β polymorphs corresponds to the temperature, where
low temperatures form α polymorphs and high temperatures form β polymorphs.
Both α and β structures can be further divided into different sub-variants, marked by
distinct distortions, orderings, etc. Due to these sub-variants having similar for-
mation energies, they can co-exist in fabricated Li2MSiO4 materials if reaction
conditions (temperature, pressure, and so on) are not carefully controlled. Pure
sub-variant structures have been obtained and characterized, with data shown in
Table 1.

To study the various structures of Li2MSiO4 polymorphs, different powerful
analytical tools have been put into use. Nishimura et al. utilized high-resolution
synchrotron XRD (HR-XRD) experiments to investigate the crystal structure of
Li2FeSiO4 that was synthesized by a ceramic-type process at 800 °C, with results
that the material had monoclinic symmetry with parameters a = 8.23 Å, b = 5.02 Å,
c = 8.23 Å, and β = 99.20° [16]. The refined crystal structure is shown in Fig. 1. This
was later confirmed by Boulineau and Sirisopanaporn who discovered and described
the crystal structure of a new metastable polymorph, obtained by rapid quenching at
room temperature from 900 °C [17, 18]. Furthermore, Armstrong et al. [19] found
that Li2FeSiO4 transformed from the P21/n structure to the Pmn21 structure after
cycling. Ex situ XRD study was also carried out on charged Li2FeSiO4 by Kojima
et al. [20] who found that upon the extraction of one Li+ ion, LiFeSiO4 transformed
into a new, ion-disordered (Li+ and Fe3+) structure, isostructural with pristine
Li2FeSiO4 in P21/n symmetry. The sizeable amount of conflicting reports on
structures and mechanisms may have resulted from differences in the sample
polymorphs, due to different synthesis temperatures or preparation methods, since as

Table 1 Unit cell parameters reported for polymorphs of Li2MSiO4 with M = Fe, Mn, Co.
Reproduced with permission from Ref. [13]

Space group a (Å) b (Å) c (Å) β (°)

Li2FeSiO4 Pmn21 6.26 5.32 5.01 90

Pmnb 6.285 10.659 5.036

P2lIn 6.2835 10.6572 5.0386 89.941

P2l 8.229 5.0200 8.2344 99.203

P2lIn 8.2253 5.0220 8.2381 99.230

Li2MnSiO4 Pmn21 6.31 5.38 4.96 90

Pmnb 6.3126 10.7657 5.0118 90

P2lIn 6.33 10.91 5.07 90.99

Li2CoSiO4 Pmn21 6.253 10.685 4.929 90

Pbn21 6.2599 10.6892 4.9287 90

Pmnb 6.20 10.72 5.03 90

P2lIn 6.284 10.686 5.018 90.60
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previously remarked upon, the presence or coexistence of various polymorphs is
sensitive to reaction conditions. Four possible Li2MnSiO4 forms have been con-
sidered, with the Pmnb, Pmn21 (β-Li3PO4 derivatives), P21/n (γ-Li3PO4 derivatives)
and Pn space groups. All four known ambient temperature polymorphs have Li, Mn
and Si cations in tetrahedral co-ordination in a distorted, hexagonally close-packed
oxygen array and differ only in the arrangement of the tetrahedra [21]. In addition,
the structures are all related to either the α- or β-Li3PO4 structures. The pair of
orthorhombic forms (Pmn21 and Pmnb) have two-dimensional pathways for Li-ion
diffusion while the two monoclinic forms (P21/n and Pn) are framework structures
with Li-ion positions interconnected in three dimensions, as shown in Fig. 2.
Dominko et al. [22] first synthesized Li2MnSiO4 via a modified Pechini sol–gel
synthesis route and found that Li2MnSiO4 crystallized with a slightly distorted
orthorhombic crystal structure. The phase of Li2MnSiO4 was quite pure, with a small
amount of observable impurities that included MnO and Li2SiO3. XRD profiling
revealed a Pmn21 space group, the same structure proposed for Li2FeSiO4, although
here with cell parameters of a = 6.3109 Å, b = 5.3800 Å, and c = 4.9662 Å [22].
A second orthorhombic form with Pmnb symmetry was calculated to have very
similar thermodynamic stability to the Pmn21 form, suggesting that it would be
challenging to prepare as a pure phase [23]. Recently, however, exactly that was
achieved [24]. Rietveld refinement of diffraction data from this phase pure
Li2MnSiO4 showed that this form displayed no Li/Mn site/anti-site disorder,

Fig. 1 Corner-shared FeO4–SiO4 one-dimensional chains in both a Pmn21 and b P21 polymorphs
of Li2FeSiO4. c Refined crystal structure of Li2FeSiO4. Reproduced with permission from Ref.
[14]. Copyright 2006, American Chemical Society
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potentially leading to good Li-ion diffusion properties supposed that a suitable
coating technique is found for this pure material. Politaev et al. [25] first synthesized
the high temperature form of Li2MnSiO4 with the monoclinic P21/n space group
(with parameters a = 6.3368[1]Å, b = 10.9146[2]Å, c = 5.0730[1]Å and β = 90.987
[1]°) at 1150 °C. Subsequently, other synthesis methods producing this structural
form were reported by Arroyoy de Dompablo et al. [23] (the sol-gel method) and
Mali et al. [26] (the hydrothermal method). Arroyoy de Dompablo et al. [27] pointed
out that the denser Pmn21 polymorph can be obtained via high-pressure and
high-temperature treatment of either the P21/n or Pmnb polymorphs or their
mixtures, but the Pmn21 form remains stable even at 80 kbar and 900 °C [27]. Due to
this dynamic, Li2MnSiO4 is usually described as an orthorhombic structure with the
space group Pmn21, with the MnSiO4 layer repeating along the a and c axes and the
LiO4 tetrahedrons linked together along the b-axis. In these layers, the SiO4

tetrahedrons and MnO4 tetrahedrons are connected by multiple points. Each Li ion
holds two MnSiO4 layers of the tetrahedron between these positions. In addition, the
other common orthosilicate cathode material, Li2FeSiO4, is isostructural with
Li2MnSiO4, also crystallizing with the Pmn21 space group but demonstrating better
stability during the charging and discharging processes. Recently ion-exchange from
Na2MnSiO4 was used to produce a novel metastable polymorph of Li2MnSiO4 that
adopted the Pn space group. This polymorph was unstable at elevated temperatures,
transforming into the stable polymorph above 370 °C. Amidst the proliferation of
details on various polymorphs, theoretical calculations were made on Li2MnSiO4 in
order to investigate the influence of the crystal structure on its electrochemical

Fig. 2 Crystal structures of the four known ambient pressure polymorphs of Li2MnSiO4:
a Pmn21, b Pmnb, c P21/n and d Pn. Li tetrahedra are shown in green, Mn tetrahedra in purple and
Si tetrahedra in blue, with red spheres representing oxygen atoms (Color figure online).
Reproduced with permission from Ref. [21]. Copyright 2014, Elsevier
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performance [28]. The results concluded that the average lithium intercalation
voltage for the two electron process was only slightly affected by the crystal
structure, with GGA + U calculated voltages (according to the reaction:
Host-Li2MnSiO4 ⟷ Host-MnSiO4 + 2Li) being 4.18, 4.19, and 4.08 V for
Pmnb, Pmn21 and P21/n polymorphs, respectively.

The crystal system of Li2CoSiO4 was shown to be orthorhombic with
space-group Pmn21 by Gong et al. [13]. The lattice parameters calculated for
Li2CoSiO4 samples prepared both by solution and by hydrothermal reaction were
a = 6.287(6), b = 5.353(1), c = 4.939(4) Å and a = 6.267(9), b = 5.370(8), c = 4.939
(4) Å, respectively.

Although novel cathode materials in the Li2MSiO4 family have attracted the
attention of researchers since 2000, the first notable cathode performance was
reported by Nyten et al. [8] in 2005. As with phosphate-based cathodes, the fam-
ily’s key drawbacks have been an extremely low electronic conductivity and slow
lithium ion diffusion, factors which are believed to be intrinsic to polyanion
compounds. To counter these limitations, analogous approaches for improving the
conductivity of LiFePO4 are also used with lithium orthosilicates. However, this
can be difficult as polyanion Li2MSiO4 materials possess very low intrinsic con-
ductivity (at room temperature, about 6 × 10−14 S/cm for Li2FeSiO4 and about
5 × 10−16 S/cm for Li2MnSiO4) [29, 30]. Electronic conductivity can be enhanced
to various extents by coating nanoparticles of active material with conductive
layers, typically carbon. This can also prevent the agglomeration of particles,
facilitating short reaction pathways for the insertion/removal of Li ions. The
application of materials with specific morphologies could enhance the structural
properties of the base material, improving their electrochemical performance. This
can also be modified by changing the source and content of the carbon applied.
Meanwhile, ionic conductivity can be improved by decreasing the particle size as
well as coating the active material. This leads to the general wisdom that improving
the electrochemical performance of Li2MSiO4 entails adjusting various preparation
processes to control the particle size and introducing surface coating techniques to
increase the conductivity.

Li2FeSiO4 was the first of the silicates family to be synthesized and character-
ized, by Nyten et al. [8]. Although the theoretical capacity of Li2FeSiO4 is high
(333 mAh/g), coming from two Li ions per formula unit, the first work on the
compound reported an initial charge capacity of only 165 mAh/g that eventually
stabilized at around 140 mAh/g, indicating that less than one Li+ ion per formula
unit was being effectively extracted. Correspondingly, it was hypothesized that with
carbon coated and nano-sized particles, the intrinsically low conductivity of silicate
materials could be overcome. A voltage profile of this material cycled at 60 °C is
plotted in Fig. 3. The observed lowering of the potential plateau from 3.10 to
2.80 V during the first cycle was explained by Nyten et al. as a structural rear-
rangement to maximize stability, in which some of the Li ions (in the 4b sites) and
Fe ions (in the 2a sites) become interchanged [31].
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Muraliganth et al. [32] synthesized nanostructured and carbon-coated Li2FeSiO4

and Li2MnSiO4 via a microwave-solvothermal approach. The nanosphere-like
morphology of the resulting Li2MSiO4/C nanocomposite material is shown in
Fig. 4, with Fig. 4a giving a particle diameter of approximately 150 nm. However,
upon examination of the magnified SEM image shown in Fig. 4b, it becomes
apparent that the larger nanospheres are the result of an agglomeration of smaller
nanoparticles of Li2FeSiO4, in turn with an average particle size of around just
20 nm. This microwave-solvothermal synthesis method created a structure similar
to what Nyten et al. observed, with characteristics such as an oxidation peak shift
also in evidence, although the particle sizes were smaller. This decrease in particle
size had the effect of lowering the inherent lithium ion diffusion path length, with
the reversible capacity greatly benefiting from this improved morphology, reaching
150 mAh/g at 25 °C as shown in Fig. 5.

Dominko et al. [33] prepared Li2FeSiO4 samples by three different synthesis
techniques (hydrothermal synthesis, modified Pechini synthesis and Pechini syn-
thesis). The obtained samples demonstrated some interesting differences in mor-
phology and particle size, as seen in Fig. 6, but fewer impurities were found in the
samples that did not contain any in situ carbon or were prepared via hydrothermal
synthesis.

Lv et al. [34] prepared Li2FeSiO4 samples by a novel sol-gel synthesis method.
SEM images of the resulting Li2FeSiO4/C composite are shown in Figs. 7a and 8b.
As can be seen in the image, the particles are micron-sized with irregular shapes,
which can be attributed to interconnection between the carbon frameworks formed
during the heat treatment. However, as with other reports, at a higher magnification
(Fig. 7b) the large particles can be seen to consist of smaller nanosized spheres,

Fig. 3 A voltage profile of pristine Li2FeSiO4 cycled at 60 °C at a C/16 rate, using 1 M LiTFSI in
EC:DEC 2:1 electrolyte. Reproduced with permission from Ref. [8]. Copyright 2005, Elsevier
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Fig. 5 a Charge-discharge profiles recorded at a cycling rate of C/20 and at 55 °C together with
voltage-capacity graphs of Li2FeSiO4/C and Li2MnSiO4/C at different cycling rates (b),
demonstrating their rate capabilities. Reproduced with permission from Ref. [32]. Copyright
2010, American Chemical Society

Fig. 4 a Low and b high magnification FE-SEM images of the Li2FeSiO4/C nanocomposite
material. c Low and d high magnification FE-SEM images of the Li2MnSiO4/C nanocomposite
material. Reproduced with permission from Ref. [32]. Copyright 2010, American Chemical
Society
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these being 40–50 nm in diameter and having a uniform size distribution. TEM
imagery (Fig. 7d) confirms that the Li2FeSiO4 particles are in the size range of 30–
50 nm and are tightly connected by carbon. The HRTEM image in Fig. 7e addi-
tionally indicates that the Li2FeSiO4 material is highly crystalline and coated with
carbon. This type of structure is likely to enhance electrochemical performance,
especially at high current densities. It was also found that when cycling at room
temperature, Li2FeSiO4 could deliver a reversible high capacity that corresponded
to more than one lithium ion extracted per formula unit by charging to the relatively
high voltage of 4.8 V. In the same work, ex situ Mössbauer was used to find
significant oxidation of Fe3+ to Fe4+ when lithium ions were deintercalated from the
novel Li2FeSiO4/C composite that was obtained using a solution polymerization
approach, with testing performed up to 4.8 V versus Li+/Li0.

In order to maximize the charge capacity, a strategy was developed to promote
Li+ diffusion in polyanion cathode materials such as 0.8Li2FeSiO4/0.4Li2SiO3/C
with the incorporation of Li2SiO3 as a lithium ionic conductive matrix [35]. It was
shown that the presence of Li2SiO3 separates the Li2FeSiO4 particles into small
domains of a few nanometers and provides a fast Li+ diffusion channel, bolstering
diffusion in the 0.8Li2FeSiO4/0.4Li2SiO3/C composite. As a result, the composite

Fig. 6 SEM micrographs of Li2FeSiO4 samples corresponding to a hydrothermal synthesis
(HTS), b modified Pechini synthesis involving heating at 700 °C (MPS700), c modified Pechini
synthesis involving heating at 900 °C (MPS900) and d Pechini synthesis (PS-Li2FeSiO4).
Reproduced with permission from Ref. [33]. Copyright 2008, Elsevier
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material showed enhanced electrochemical performance and delivered a capacity as
high as 240 mAh/g (corresponding to 1.44 electrons exchanged per active
Li2FeSiO4 formula unit) together with good cyclic stability at 30 °C, as can be seen
in Fig. 8. Nevertheless, as was predicted by theoretical calculations, a slow capacity
decay can be observed in the data at a smaller potential window, due to irreversible
structural rearrangements. A similar result was achieved by in situ X-ray absorption
near edge structure (XANES) research on Li2Fe0.5Mn0.5SiO4, where the Fe3+/4+

redox couple was found to be involved in the electrochemical reaction at high
voltages and to also contribute to the observed high capacity [36]. Further explo-
ration of the Fe3+/4+ couple would be very interesting and could lead to the sub-
stantial increase in capacity of some iron based polyanion cathode materials.

In related work, the electrochemical mechanism of Li2FeSiO4 with the reversible
extraction/insertion of more than one Li+ from/into the structure has been studied by
techniques such as in situ synchrotron XANES and X-ray diffraction (XRD) by

Fig. 7 a SEM imagery of Li2FeSiO4/C, b magnification of a particle from (a), c the EDX result
and elemental C, Si, Fe, and O mappings, d TEM imagery, e HRTEM and f its corresponding FT
image. Reproduced with permission from Ref. [34]. Copyright 2011, Royal Society of Chemistry
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Lv et al. [37], as seen in Fig. 9. The in situ XRD/XANES study together with
density functional theory (DFT) calculations demonstrate that the two plateaus
observed during charging of Li2FeSiO4 can be ascribed to two different two-phase
transformation processes, one in the voltage range of open circuit potential (OCP)
—4.1 V versus Li+/Li0 and the other from 4.1–4.8 V versus Li+/Li0. From OCP to
4.1 V versus Li+/Li0, the reaction is Li2Fe(II)SiO4 (α) → LiFe(III)SiO4

(β) + Li+ + e−, in which Fe2+ ions are oxidized to Fe3+ ions and the crystal structure
transforms into a charged LiFeSiO4(β). When the electrode is then charged to
voltages above 4.1 V versus Li+/Li0, more Li+ will be extracted through the fol-
lowing two-phase reaction: LiFe(III)SiO4 (β) → LiyFe(III)yFe(IV)1−ySiO4 (γ) + (1
−y) Li+ + (1−y) e− (0 ≤ y < 1).

Fig. 9 Schematic of the electrochemical mechanism of Li2FeSiO4 during the charging process.
Reproduced with permission from Ref. [37]. Copyright 2013, American Chemical Society

Fig. 8 a The charge/discharge profiles of the initial three cycles of 0.8Li2FeSiO4/0.4Li2SiO3/C,
cycled at a current density of 10 mA/g and at 30 °Cin a voltage range of 1.5–4.8 V versus Li+/Li0.
b Cycling performance of 0.8Li2FeSiO4/0.4Li2SiO3/C at current densities of 10, 100, 500 mA/g
and at 30 °C in a voltage range of 1.5–4.8 V versus Li+/Li0. Reproduced with permission from Ref.
[35]. Copyright 2012, Royal Society of Chemistry
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In addition to various preparation processes and surface coating techniques, the
calcining temperature plays an important role in the formation of particles in a
cathode material and thus its electrochemical performance. Li2MnSiO4 was syn-
thesized with an all-acetate precursor sol-gel method under reducing atmospheres of
600, 700, and 800 °C by Belharouak et al. [38]. Under their experimental condi-
tions, the Li2MnSiO4 samples contained impurities such as MnO at 600 °C and
Mn2SiO4 and Li2SiO3 at 800 °C, while the sample prepared at 700 °C was in a pure
phase with a structure analogous to the Li3PO4 orthorhombic phase. Li et al. [39]
synthesized Li2FeSiO4/C cathodes by combining the wet-process method with a
solid-state reaction. Of note is the fact that the primary particle size increased as the
temperature increased from 600 to 750 °C. The Li2FeSiO4/C sample that was
synthesized at 650 °C demonstrated good electrochemical performance and an
initial discharge capacity of 144.9 mAh/g, with the discharge capacity remaining at
136.5 mAh/g after 10 cycles.

As part of the wave of new polyanion-based cathode materials, the Li2MSiO4

family remains attractive due to its low cost, environmentally friendly components
and high theoretical capacity. However, it is also faced with many scientific issues
that need to be explored and clarified with a combination of experimental and
theoretical approaches. In particular, special attention should be paid to the stability
of oxygen coordination of polyhedral environments of transition metal ions in
Li2MSiO4 and delithiated Li2−xMSiO4. As Fe

2+, Fe3+ and even possibly Fe4+ can
be found to be stable in tetrahedral coordination, it is unsurprising that Li2FeSiO4

possesses both high thermal and cyclic stability. In terms of the lithium intercalation
voltage, of the various analogues in the Li2MSiO4 family, Li2MnSiO4 is the best
candidate for taking full advantage of the two electron process. However, joint
computational and experimental work has demonstrated that the crystal structure of
Li2MnSiO4 has a tendency to collapse after the removal of lithium, forming a
MnSiO4 structure built by edge-sharing Mn4+ octahedra. This suggests that the poor
cycle performance of Li2MnSiO4 is perhaps caused by the instability of Mn4+

coordination. An irreversible phase transformation in Li2MnSiO4 during delithia-
tion can arise when Mn ions rearrange their oxygen coordination upon oxidation.
Thus, it could be very interesting and worthwhile to explore the synthesis and
testing of Li2MSiO4 compounds with transition metal ions in octahedral oxygen
coordination.

2 Fluorophosphates

In 2003, Barker et al. [40] first reported on the use of the fluorophosphate LiVPO4F
as a Li-ion battery cathode material. LiVPO4F is isostructural with the mineral
tavorite, LiFePO4·OH [41], and it has a triclinic structure with the space group P-1.
The structure of LiVPO4F is a three-dimensional framework that is built up from
PO4 tetrahedra and VO4F2 octahedra. Lithium ions are statistically distributed in the
two available crystallographic sites. A small inflection is observed in the charge
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curve, which indicates that two energetically nonequal reactions exist. This is due to
the formation of an intermediate phase, Li0.67VPO4F [42]. However, in the dis-
charge data, a single differential capacity peak can be seen, corresponding to a
two-phase reaction mechanism. The average discharge voltage of LiVPO4F is about
4.2 V versus Li+/Li0, 0.3 V higher than that of Li3V2(PO4)3 because of the inductive
effect of fluorine. By optimizing preparation conditions, the reversible capacity can
be as high as 155 mAh/g with a small voltage polarization, which is very close to
the theoretical capacity of 156 mAh/g [43]. Additionally, long-term cycling stability
was achieved for LiV0.96Mn0.04PO4F, with a capacity retention of 90 % after 1000
cycles [44]. LiVPO4F exhibits high ionic conductivity but poor electronic con-
ductivity [45]. This can be countered through suitable carbon coating procedures,
and with these LiVPO4F shows excellent rate performance. Furthermore, the
thermal stability of LiVPO4F in a charged state is even better than that of LiFePO4

[46]. The high energy and power densities, long-term cycling stability and high
thermal stability of LiVPO4F make it a competitive cathode material for
large-format Li-ion batteries.

Since the demand for higher energy density Li-ion batteries has led to a search
for cathode materials with higher capacities and working voltages [47], in addition
to LiVPO4F, attention has been directed toward fluorophosphates of the form
A2MPO4F (A = Li, Na; M = Fe, Mn, Co, Ni) as materials with strong potential [48–
54] Introducing the F− anion allows fluorophosphates to exchange two electrons per
formula unit and achieve a higher capacity. Furthermore, the higher electronega-
tivity of fluorine compared to that of oxygen increases the ionicity of M–X bonds
and their redox plateau. Figure 10 compares the theoretical energy densities of
phosphates and fluorophosphates. It can be seen that the theoretical energy densities
of fluorophosphates are about twice that of phosphates, bolstering the case for
fluorophosphates as promising high energy density cathode materials for Li-ion
batteries.

Fig. 10 Comparison of the
theoretical energy densities of
Li2MPO4F and LiMPO4

(M = Fe, Mn, Co, Ni)
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Figure 11 shows the different crystal structures of fluorophosphates of the form
A2MPO4F. There are three main different crystal structures: a layered structure as
seen in Na2FePO4F and Na2CoPO4F, a “stacked” structure used by Li2CoPO4F and
Li2NiPO4F, and a 3D tunnel structure as displayed by Na2MnPO4F. The transition
metal ions for all three of these crystal structures are located in the center of the
MO4F2 octahedra, coordinated with four oxygen ligands and two fluorine ligands.
However, the connection type of the octahedra differs from structure to structure,
mixing face-shared and corner-shared in the layered type, edge-shared in the
“stacked” type and corner-shared in the 3D type [50]. The origin of the different

Fig. 11 Crystal structure of Na2FePO4F: a view along [010] and along [100]. b The crystal
structure of Li2CoPO4F and c the structure of Na2MnPO4F. The transition metal octahedra are
shown in blue, phosphate tetrahedra in yellow, and alkali ions in green (Color figure online).
Reproduced with permission from Ref. [50]. Copyright 2010, American Chemical Society
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crystal structures found in fluorophosphates of the form A2MPO4F lies in the
matching between the radii of the alkali metal ions and the interstitial formed by the
MO4F2 octahedra. Therefore, the crystal structure of these materials should be able
to be regulated by cation doping.

In 2007, Ellis et al. [49] first reported on Na2FePO4F as a hybrid Li-ion battery
cathode material. Na2FeO4F has an orthorhombic structure with the space group
Pbcn and is isostructural with Na2FePO4OH [55], Na2MgPO4F [56] and
Na2CoPO4F [57]. The layered framework of Na2FePO4F facilitates the
two-dimensional migration of Li/Na ions, thus enabling the material to exhibit
excellent rate performance [50]. The sloping charge/discharge profiles for
Na2FePO4F in hybrid Li-ion batteries indicate solid solution electrochemical
behavior. In subsequent cycling, Li ions become more and more predominant in the
mixed Li/Na insertion process, due to the excess of lithium in the cell. The pro-
cesses of Li/Na exchange spontaneously occur at the open circuit voltage in a
hybrid Li-ion battery, which results in an open circuit voltage drop from 2.960 to
2.905 V versus Li+/Li0. In addition, the oxidation of Na2FePO4F to form NaFePO4F
leads to a 3.7 % unit-cell volume contraction. This value is much smaller than that
resulting from the oxidation of LiFePO4 to FePO4, and thus represents a lower
strain deintercalation process. Unfortunately, only 0.8 Li could be reversibly
inserted/removed from this material as originally synthesized. However, in 2011,
our group adopted the sol-gel method of preparing the Na2FeO4F/C nanocomposite
[53]. This produced Na2FePO4F that was capable of delivering a reversible capacity
as high as 182 mAh/g (corresponding to 1.46 electrons exchanged per formula unit)
along with good cycling stability. The more than one electron exchanged per for-
mula unit indicates the feasibility of a second alkaline ion being reversibly
deintercalated/intercalated, accompanied with the Fe3+/4+ redox couple.

Manganese-based materials often exhibit higher redox potentials than iron-based
materials. In the hopes of achieving further increases in energy density,
Na2MnPO4F has become attractive to researchers. The open anionic framework of
Na2MnPO4F suggests a possible cationic migration pathway [54]. However, during
testing, Ellis et al. [50]. could not achieve any electrochemical activity in
Na2MnPO4F, nor even charge to 5.0 V versus Li+/Li0. In response, they claimed
that a reduction in the particle size to reduce the ion transport length may be
feasible, in order to detect some activity in Na2MnPO4F. Later, our group carefully
controlled the particle size and added a uniform carbon coating, being the first to
achieve electrochemical activity in Na2MnPO4F [53]. Later, Kim et al. [58] also
successfully synthesized Na2MnPO4F that showed electrochemical activity, by the
solid-state method. An ion-exchange method was used to prepare Li2MnPO4F,
which is isostructural with Na2MnPO4F. The discharge capacities of Na2MnPO4F
and Li2MnPO4F are 120 and 140 mAh/g, respectively, corresponding to one
electron exchange per formula unit. However, both Na2MnPO4F and Li2MnPO4F
show significant polarization during charge and discharge processes. Recently, our
group used spray drying followed by a high-temperature sintering method to syn-
thesize a Na2MnPO4F/C nanocomposite that exhibits a more than one electron
exchange per formula unit in a Na-ion battery [59]. Zheng et al. [60] used DFT
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calculations within the GGA + U framework to study the structure and electronic
properties of Na2MnPO4F. The voltage plateaus of extracting 0.5 and 1.0 Na are at
3.71 and 3.76 V against Na, respectively. However, the voltage of the extraction of
the second Na ion is 4.76 V against Na, which is higher than the stability window of
commonly used electrolytes. In addition, the energy gap of Na2MnPO4F is about
3.68 eV, which leads to poor electronic conductivity. Therefore, carbon coating
should be commonly adopted in order to improve the electrochemical performance.

Na2MnPO4F exhibits a discharge plateau at about 3.9 V against Na, which is
higher than that of Na2FePO4F in a hybrid Li-ion battery. However, both
Na2MnPO4F and Li2MnPO4F show significant polarization during charge and
discharge processes. In order to take advantage of Fe-based and Mn-based mate-
rials, the Na2Fe1−xMnxPO4F solid solution material is a good choice. Recham et al.
[61] used the ionthermal method to synthesize Na2Fe1−xMnxPO4F. When the
manganese content is increased to 0.25, the structural changes from a layered
structure to a 3D tunnel structure. This is because the ionic radius of Mn2+ is larger
than that of Fe2+, so in order to minimize the M-M repulsive interactions, the
structure morphs from an edge-shared to a corner-shared framework that exhibits a
larger M-M distance. However, when manganese content increases, the electro-
chemical performance of Na2Fe1−xMnxPO4F rapidly decays. Our group used a
sol-gel method to synthesize a Na2Fe1−xMnxPO4F/C nanocomposite [53]. The
resulting Na2Fe0.3Mn0.7PO4F material exhibited a distinct plateau at *4 V against
Na along with a high reversible capacity and good cycling performance. Thus,
Na2Fe1−xMnxPO4F was shown to be able to combine the high working voltage of
Mn-based materials with the high electrochemical activity of Fe-based materials as
LiFe1−xMnxPO4 materials have done, and have become a promising Li-ion battery
cathode material.

In 2005, Okada et al. [52] reported Li2CoPO4F as a high voltage Li-ion battery
cathode material. The crystallization process of Li2CoPO4F involves two steps, first
forming LiCoPO4 and then reacting with LiF to form Li2CoPO4F [62, 63]. Thus,
the synthesis process often also includes two steps [52, 62, 64]. Wang et al. [63]
used LiF as the only lithium source when preparing Li2CoPO4F, however, the
as-obtained Li2CoPO4F was carbon free and could only cycle at low current den-
sity. Our group optimized the synthesis conditions and prepared a Li2CoPO4F/C
nanocomposite with a reversible capacity of 138 mAh/g [65]. Furthermore, this
Li2CoPO4F exhibits excellent rate capability, with an 86 % retention of the capacity
at 1 C achieved at 20 C. However, Li2CoPO4F suffers from poor cycling perfor-
mance, due to a high working voltage and the powerful catalytic effects of cobalt.
Techniques such as employing a high voltage electrolyte, surface modification and
using film-forming electrolyte additives have been applied to improve the cycling
performance [63, 66, 67]. Our group used Li3PO4 coating and the LiBOB elec-
trolyte additive to stabilize the electrode/electrolyte interface [67]. With the proper
modifications, the Li2CoPO4F cathode material can show excellent long-term
cycling performance, with an 83.8 % capacity retention after 150 cycles at a 1 C
current rate, as shown in Fig. 12.
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In the first charge process, Li2CoPO4F suffers from an irreversible structural
change, which results in unit-cell volume expansion. The “modified” framework is
then expected to favor lithium ion transport because of the larger interstitial space
[68]. In practice, Li2CoPO4F exhibits excellent rate performance, and shows
structural stability in subsequent cycling, as demonstrated by ex situ XRD exper-
iments [65]. Because of this, Li2CoPO4F has joined the ranks of promising high
energy and power density cathode materials for Li-ion batteries that also have
considerable cycling stability.

3 Pyrophosphates

The series of LixMP2O7 and M2P2O7 (M = V, Cr, Mn, Fe, Co, etc.) compounds, a
subset of the pyrophosphate family, has had much of its early interest centered on
the investigation of its interesting crystal structure. The LiMIIIP2O7 (Fe, Mn, Co, V,
etc.) compounds form cage structures, where the framework is composed of PO4

tetrahedra and MO6 octahedra that share corners. Li atoms with a tetrahedral
coordination are located at voids in the framework [69]. In an early study, LiFeP2O7

employed as a Li-ion battery cathode showed a relatively limited capacity, but its
average discharge voltage of 2.9 V versus Li+/Li0 was slightly higher than that of
another iron-based polyanion cathode, Li3Fe2(PO4)3 [70]. However, there is no
obvious advantage for LiFeP2O7 compared to LiFePO4, due to the inherent

Fig. 12 Long-term cycling stability of the Li3PO4-coated Li2CoPO4F electrolyte with LiBOB
additive. The inset gives the corresponding dQ/dV versus voltage plots at different cycles. The
voltage range is 2–5.2 V versus Li+/Li0. The current density is 143 mA/g. Reproduced with
permission from Ref. [67]. Copyright 2011, Royal Society of Chemistry
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limitations of using a single-electron redox reaction. Ramana et al. [71] have
reported the structure and electrochemical performance of LiFe1.5P2O7, demon-
strating that the material has a stable structure for the first cycle with the potentials
of the redox peaks at 3.33 and 3.22 V versus Li+/Li0.

A new pyrophosphate compound with the formula Li2FeP2O7 and a
three-dimensional P21/c structure (Fig. 13a) was first reported by Nishimura et al.
[72] as a promising cathode material. It presented reversible voltage plateaus at
3.5 V versus Li+/Li0, higher than the 3.4 V exhibited by LiFePO4. Interestingly, its
remarkable electrochemical activity can be realized without a complex synthesis
process. In addition, its potential theoretical capacity would reach 220 mAh/g if a
Fe4+/Fe2+ two-electron reaction could occur. Further understanding of the electro-
chemical reaction mechanisms occurring upon cycling in the Li2FeP2O7 electrode
for Li-ion batteries is crucial to account for its electrochemical characteristics and a
prerequisite to investigating the possibility of more than one Li+ per formula unit
being extracted/inserted. However, there is ongoing debate on these
charge/discharge reaction mechanisms. Kim et al. [73] demonstrated that the
charging process of a Li2FeP2O7 electrode in a Li cell is mainly controlled by a
two-phase reaction with some degree of single-phase behavior occurring before the
two-phase reaction, while Shimizu et al. [74] proposed that the (de)lithiation pro-
cess in Li2−xFeP2O7 consisted of a single-phase solid-solution mechanism with
small volume change during battery cycling.

As a useful modification method, carbon coating has been proven to be an
effective method for improving the electrochemical performance of Li2FeP2O7 [75].
In addition, Barpanda et al. [76] developed an eco-efficient splash combustion
synthesis method for Li2FeP2O7/C nanocomposite. This method is also applicable
to the preparation of the family of Li2(Fe1−xMnx)P2O7 and Li(Fe1−xMnx)PO4

(x = 0–1) nanocomposites.
In order to clarify influencing factors of electrochemical behavior, it is necessary

to further study the crystal structure of the material, underlying defects, and

Fig. 13 a Galvanostatic charge–discharge characteristics of Li2FeP2O7. The inset shows the
capacity as a function of discharge rate. b Crystal structure of Li2FeP2O7. Reproduced with
permission from Ref. [72]. Copyright 2010, American Chemical Society
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transport properties on an atomic scale. For detailed structural analysis, XRD and
neutron powder diffraction are known as powerful tools. Studies have confirmed
that Li2FeP2O7 crystallizes in a monoclinic unit cell with the space group P21/c. It
was also found that there are three different transition metal sites and five different
Li sites in the Li2FeP2O7 crystal structure [73]. When using advanced simulation
and neutron diffraction techniques to investigate the local structure, defect chem-
istry and lithium-diffusion pathways in the crystal structure of lithium transition
metal pyrophosphates, research confirmed that Li/Fe antisite defects existed along
with a quasi-two-dimensional (2D) Li-ion diffusion channel along the bc-plane, as
shown in Fig. 14 [77]. However, different occupancies of Li5 sites have led to
different results. When there are partial occupancies of Li5 and M3 occurred at Li5
sites in the pyrophosphates, the Li+ diffusion pathways form a 3D network from
two continuous but not interconnected 2D pathways [78]. The magnetic structure of
this pyrophosphate Li2FeP2O7 was reported by Barpanda et al. [79] from neutron
powder diffraction measurements, revealing that the magnetic moments of Fe1 and
Fe3 sites are parallel to [100] while the moment of Fe2 sites is in the ac-plane.

Early in 2008, Adam et al. [80] reported the synthesis of Li2MnP2O7 by a
two-step solid state method. This compound exhibits a novel tunnel structure, with
the presence of Mn2O9 units and lithium cations arranged in the form of [Li2O5]

∞

and [Li2O6]
∞ layers, as shown in Fig. 15. Unlike with Li2FeP2O7, electrochemical

activity in Li2MnP2O7 was hardly ever observed until 2012. By adding carbon
black to form smaller particles, Tamaru et al. [81] found Mn3+/Mn2+ redox activity
centered at 4.45 V versus Li+/Li0when cycling at 40 °C. This is the highest
achievable voltage reported so far for the Mn3+/Mn2+ redox couple among all
Mn-based cathode materials. By way of comparison, the redox potentials obtained
by ab initio calculations for the Mn3+/Mn2+, Mn4+/Mn3+, Fe3+/Fe2+, and Fe4+/Fe3+

redox couples in Li2MP2O7 compounds are located at 4.47, 5.3, 3.8, and 5.2 V
versus Li+/Li0, respectively [82].

Li2MnP2O7 attracts much interest because of the presence of environmentally
benign manganese and the high potential of the Mn3+/Mn2+ redox couple at 4.45 V

Fig. 14 The calculated paths for long-range Li+ migration: a viewed along the a-axis; b viewed
along the c-axis, Reproduced with permission from Ref. [77]. Copyright 2012
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versus Li+/Li0, which is still compatible with most commonly used electrolytes.
However, in practice the actual capacity has only reached around 60 mAh/g at best,
due to the large lattice distortions induced by Jahn-Teller active Mn3+ ions and the
compound’s very low electronic conductivity [81]. Mn2+ substitution into a parent
material Li2FeP2O7 was successfully employed by Furuta et al. [83] to form a
solid-solution between pyrophosphate phases of Fe and Mn, with lattice parameters
increasing along with the manganese content. It was found that the introduction of
Mn into the pyrophosphate structure may stabilize the two distinct Fe3+/Fe2+ redox
reactions by Fe ions in octahedral and trigonal-bipyramidal sites, hence shifting the
Fe3+/Fe2+ redox potential upward to close to 4 V versus Li+/Li0. Regarding other
materials, further study on the novel Li2MxFe1−xP2O7 (M = Mn, Co, Mg) family of
compounds was carried out, revealing that the higher Fe3+/Fe2+ redox potential was
caused by stabilized edge sharing local structural arrangement and an associated
larger Gibbs free energy in the charged state, as shown in Fig. 16 [84]. Kim et al.
[73] reported for the first time that Li2−xCoP2O7 electrodes are electrochemically
active, with a redox potential of 4.9 V versus Li+/Li0 and delivering a reversible
capacity approaching 85 mAh/g. Although the reversible capacity of the Li2CoP2O7

electrode suffers seriously from electrolyte decomposition, the development of a
high voltage electrolyte is anticipated to assist in realizing its potential performance.
This prospect offers exciting opportunities for the development of next generation
cathode materials for Li-ion batteries.

The novel solid solution pyrophosphate Li2Fe1/3Mn1/3Co1/3P2O7 shows advan-
tageous properties as compared to single-component analogues and other multi-
component polyanion compounds [85]. Li2Fe1/3Mn1/3Co1/3P2O7 follows a
single-phase process for Li insertion/extraction with an extremely small volume
difference of *0.7 % between the fully charged and discharged states. Generally, a
larger strain during the charge/discharge process may lead to electrode materials
undergoing large volume changes and destabilizing the contact between electrode
and current collector, greatly limiting the cycling life and rate capability. Compared

Fig. 15 Projections of the crystal structure of Li2MnP2O7 a along [100] and b along [010].
Reproduced with permission from Ref. [80]. Copyright 2008, Elsevier
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to the Li2MxFe1−xP2O7 (M = Mn, Co, Mg) family of compounds,
Li2Fe1/3Mn1/3Co1/3P2O7 provides high potential from the mixed redox reactions of
active Fe, Mn and Co ions without much specific capacity loss.

Li-ion battery safety is a matter of crucial importance for many applications, and
cathode materials with high thermal stabilities will contribute to overall battery
safety. Since pyrophosphates are usually generated by the removal of oxygen from
phosphates at high temperatures, pyrophosphates tend to be more thermally stable
than their phosphate counterparts. Researchers have very closely studied the high
temperature behaviors of the delithiated states of Li2FeP2O7 and Li2MnP2O7 [85]. It
was shown that all of the delithiated states could withstand higher temperatures than
their olivine counterparts (FePO4 and MnPO4). In particular, both Li2FeP2O7 and
its partially delithiated compounds were stable up to 600 °C. Similarly,
Li1.4MnP2O7 was stable up to 450 °C [86]. Materials such as these will contribute
to future efforts to design high voltage cathode materials with high thermal
stabilities.

New iron-based mixed-polyanion compounds with the formula LixNa4−x
Fe3(PO4)2(P2O7) (x = 0–3) were synthesized via a topotactic ion-exchange of the
Na cation to the Li cation within the lattice, by refluxing in a solution of LiBr [87].
The new compounds contained three-dimensional (3D)-sodium/lithium paths that
were supported by P2O7 pillars in the crystal. The combined (PO4)

3− and (P2O7)
4−

polyanion groups, which provided a new crystal framework that could accommo-
date the naturally abundant Fe redox centers as well as lithium ions, exhibited fast
and stable cathode activity in Li-ion batteries. Electrochemical measurements
showed that about 92 % of the theoretical capacity was obtained at a C/20 rate, with
an average voltage of 3.4 V versus Li+/Li0. Battery operation at higher current
densities showed that 75 % of the initial capacity could be delivered at a 1 C rate
and 60 % even at a 2 C rate.

Fig. 16 Schematic description of the free energy difference between starting and delithiated
materials. Reproduced with permission from Ref. [84]. Copyright 2012, American Chemical
Society
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4 Carbonophosphates

In 2011, Hautier et al. [88] reported on a series of new mixed polyanionic com-
pounds with the formula Li3MCO3PO4 (M = Fe, Mn, Co) as possible cathode
materials for Li-ion batteries. Ab initio high-throughput computing and screening
results suggested several novel carbonophosphates as potential high capacity
(>200 mAh/g) and specific energy (>700 Wh/kg) cathode materials [89]. This class
of compounds has the potential to retain the safety characteristics of LiFePO4 while
having a theoretical specific energy that is almost 50 % greater [90, 91].

Chen et al. [92] reported that the high-throughput computational approach using
DFT could obtain details on several material properties including voltage, structural
stability and so on. The resulting computed Li-extraction voltages (versus Li+/Li0)
for the Li3MCO3PO4 compounds are shown in Fig. 17. The Fe-(Fe2+/Fe3+: 3 V),
Mn-(Mn2+/Mn3+: 3.2 V and Mn3+/Mn4+: 4.1 V), and Co-(Co2+/Co3+: 4.1 V) based
compounds are predicted to be electrochemically active in a voltage range suitable
for today’s electrolytes. In addition, their sidorenkite structures are more likely to
remain stable upon the extraction of multiple Li+ ions, as evidenced by the very low
volume changes predicted: 1.1 % for Fe (after one lithium removed) and 2.4 % for
Mn (after 2 lithium removed), compared to a volume change of 4.6 % for LiFePO4,
4.9 % for Li3V2(PO2)3, and 7 % for LiFe(SO4)F. As it is accepted that large volume
changes are detrimental to electrode cycling, the small values exhibited for these
sidorenkite structures favors them as promising electrode materials [93].

Both Li3FeCO3PO4 and Li3MnCO3PO4 have been synthesized through Li–Na
ion-exchange from the stable sodium compounds Na3MPO4CO3 (M = Mn, Fe), as
the lithium-containing carbonophosphates are not thermodynamic ground states
[89]. ICP results show that ion-exchange was almost fully completed for the Fe
sample, with the elemental ratio being Li:Na:Fe:P = 2.95:0.08:1.01:0.95. However,
the elemental ratio for the Mn sample was Li:Na:Mn:P = 2.67:0.63:0.96:1, indi-
cating that a fairly stable phase exists close to this composition, preventing further

Fig. 17 Voltages for the 2+/3+ (blue circles) and 3+/4+ (red triangles) redox couples for the
delithiation of Li3MCO3PO4 in the sidorenkite crystal structure (M = Fe, Mn, Co, Ni) (Color figure
online). Reproduced with permission from Ref. [92]. Copyright 2012, American Chemical Society
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Na exchange. Neither a longer exchange time, higher exchange temperature nor
repeated exchanging could significantly increase the Li:Na ratio in the final product.

TEM and synchrotron XRD results have revealed that the Li3MCO3PO4 struc-
ture transforms from monoclinic to triclinic after ion exchange [89, 92]. Ab initio
computations have also shown that the lowest energy structure of the Li compound is
approximately the same as its Na precursor, as shown in Fig. 18. In the Li com-
pound, the polyhedral are slightly turned and tilted so that the 2-fold axis and mirror
plane present in the P21/m space group are lost and only the inversion symmetry is
preserved, giving the computed cell P1 symmetry.

The first electrochemically active Li3FeCO3PO4 was reported by Chen et al. [92]
with a reversible capacity of around 110 mAh/g while cycled at a C/5 rate at room
temperature, which matches the theoretical capacity of 115 mAh/g. Moreover,
capacity of about 100 mAh/g was obtained at between 2 and 4.5 V in subsequent
cycles. The plateau at 3.0 V in the voltage curve is consistent with the theoretically
computed voltage for the Fe2+/Fe3+ redox couple in this structure. As for its Mn
counterpart, the discharge capacity of Li2.67Na0.63Mn0.96CO3PO4 was only
*50 mAh/g, but two voltage “plateaus” were observed, consistent with compu-
tationally predicted voltages for the Mn2+/Mn3+ and Mn3+/Mn4+ redox couples (3.2

Fig. 18 Structure of
Na3MPO4CO3 (M = Mn, Fe)
viewed from [001] (a) and
[010] (b). Transition metal
octahedra are purple, PO4

tetrahedra are blue, CO3

planar triangles are black, Na1
are green balls and Na2 are
yellow balls (Color figure
online). Reproduced with
permission from Ref. [92].
Copyright 2012, American
Chemical Society
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and 4.1 V, respectively). To further investigate the redox activity of Mn, XANES
experimentation was carried out on the samples. The results showed that not only
was the Mn2+/Mn3+ redox couple active, the Mn3+/Mn4+ couple was also partially
active, corresponding to the two voltage plateaus observed on the voltage profile.

In order to combine the high theoretical capacity of Li3MnCO3PO4 with the
good cycling performance of Li3FeCO3PO4, in 2013, Matts et al. [94] reported a
Li3Fe0.2Mn0.8CO3PO4 material with a rather good electrochemical performance.
First, Na3Fe0.2Mn0.8CO3PO4 was synthesized via a hydrothermal synthesis method.
Next, Li3Fe0.2Mn0.8CO3PO4 was made from its sodium-containing precursor via a
Li–Na ion-exchange method [92]. XRD patterns and ICP analysis showed that the
Li–Na ion exchange was carried out almost (>99 %) to completion [94]. The now
ion-exchanged compound Li3Fe0.2Mn0.8CO3PO4 was tested as a Li-ion cathode at a
rate of C/50 at room temperature in a 2.00–4.75 V window. The voltage versus
capacity data for one of these tests is shown in Fig. 19a. On charging following the
first cycle, a distinct plateau can be seen near 3.0 V, which is the predicted voltage
of the Fe2+/Fe3+ couple and near that of the Mn2+/Mn3+ couple. However, both the
charge capacity and discharge capacity drop significantly over the first 4 cycles,
from 284 to 120 mAh/g and from 143 to 108 mAh/g, respectively. After the fourth
cycle the charge and discharge capacities remain relatively constant, and drop only
5 mAh/g over the next 20 cycles, as seen in Fig. 19b.

Despite performance that is well under theoretical values, this demonstrates a
significant improvement over the performance of Li3MCO3PO4 (M = Mn, Fe),
withthis doped compound exhibiting higher discharge voltages and better cycling
performance. These results lead to new opportunities to improve the performance of
novel carbonophosphate cathode materials by doping and structural tuning.

Fig. 19 Voltage profile (a) and capacity retention (b) of Li3Fe0.2Mn0.8CO3PO4 cycled between 2
and 4.75 V and at a rate of C/50. Reproduced with permission from Ref. [94]. Copyright 2013, The
Electrochemical Society
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5 Sulfates

Multiple bimetallic sulfates with the formula Li2M(SO4)2 (M = Fe, Mn, Co) have
been proposed as new polyanionic Li-ion battery cathode compounds since the
discovery of LiFePO4 as a promising positive electrode material [5, 95, 96]. The
Fe-based Li2Fe(SO4)2 exhibits an open circuit voltage of 3.83 V versus Li+/Li0,
which is the highest potential ever obtained for the Fe3+/Fe2+ redox couple in an
iron-based, fluorine-free compound, and is only matched by the triplite phase of
LiFe(SO4)F [97, 98]. This finding has not only paved the way for the development
of a totally new class of fluorine-free compounds but could also reveal fundamental
structure–property relationships in Li-ion cathode materials.

In the early 1990s, Touboul et al. [99, 100] first mentioned the existence of
anhydrous lithium metal sulfate compounds, with the formula Li2My(SO4)1+y
(y = 0.5 with M = Zn, y = 1 with M = Co, Ni and Zn and y = 2 with M = Mg and
Mn). However, they were unable to produce a phase-pure sample and could not
determine the exact structures of the compounds.

In 2012, Tarascon et al. [101] reported on the preparation and electrochemical
characterization of Li2M(SO4)2 (M = Fe, Co, Mn), which are attractive new elec-
trode materials for Li-ion batteries. As previously mentioned, the iron compound
was noted for displaying an open circuit voltage of 3.83 V versus Li+/Li0, involving
one lithium ion per formula unit and the Fe3+/Fe2+ redox couple [98]. Phase pure
Li2M(SO4)2 (M = Fe, Co, Mn) compounds were prepared by a three-step process.
First, stoichiometric amounts of Li2SO4 and MSO4 were thoroughly mixed using a
Spex Miller 8000M, with the resulting powder next pressed into a pellet. Finally,
the pellet is annealed at 325 °C for 12–48 h, either under air (M = Co, Mn) or in a
quartz tube sealed under vacuum (M = Fe) [102].

Li2M(SO4)2 (M = Fe, Co) has been fully indexed to the monoclinic unit cell with
the space group P21/c [98, 102]. The structure, as shown in Fig. 20 for M = Fe and
Co, consists of isolated MO6 (M = Fe, Co) octahedra linked through shared oxygen
vertices with surrounding SO4 tetrahedra. Figure 21a and the inset of Fig. 21b
illustrate the Fe compound from a different perspective, with the remainder of
Fig. 21b giving its electrochemical results, displaying the unusually high voltage
plateau. Each octahedron is linked to six SO4 tetrahedra which are oriented in a star
or pinwheel pattern when viewed along the a-axis. Conversely, each SO4 group is
only bound to three MO6 octahedra, with the fourth corner of the non-shared
tetrahedron pointing to an open channel where lithium ions reside. Later, in 2013,
Reynaud et al. [102] reported that Li2Mn(SO4)2 crystallized into the same structure
as the iron and cobalt compounds, which was confirmed by Rietveld refinement of
the XRD data.

The plateau in the voltage-composition trace on charge and discharge suggests a
two-phase intercalation process, as confirmed by PITT measurements [98]. During
the first charge of Li2Fe(SO4)2 to 4.5 V versus Li+/Li0, nearly 1 Li+ ion per formula
unit is removed from the structure. On discharge only 0.86 Li+ ions per formula unit
are reinserted, giving a reversible capacity of around 88 mAh/g of active material as
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compared to the theoretical specific capacity of 102 mAh/g. Subsequent
charge/discharge curves neatly superimpose on each other, with steady capacity
retention upon cycling. Moreover, the 85 % capacity retention at a 1 C rate also
reflects the excellent rate capability of the material.

In contrast, neither the Co nor the Mn phases present any electrochemical
activity up to 5 V [103]. As DFT calculations have predicted the redox potential of
Li2Co(SO4)2 to exceed 5 V in the tavorite and marinite structures, the problem is
likely that electrolytes that function in such a high voltage region are not currently
available for these compounds [104]. Regarding Li2Mn(SO4)2, its theoretical
potentials should range from 4 to 4.6 V, a voltage domain fully accessible by

Fig. 20 Rietveld refinements of a Li2Fe(SO4)2 and b Li2Co(SO4)2. Black circles, red lines and
blue lines represent the observed, calculated and difference patterns, respectively. Reproduced with
permission from Ref. [98]. Copyright 2012, Elsevier

Fig. 21 a Structure (view perpendicular to [100]) and b electrochemical properties of the marinite
Li2Fe(SO4)2 phase. Reproduced with permission from Ref. [103]. Copyright 2014, American
Chemical Society
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present electrolytes [104, 105]. However, a rapid decrease in electrochemical
activity is observed on the voltage profile, making it an inappropriate candidate for
a Li-ion battery electrode materials.

Moreover, magnetic properties of the marinite phases of Li2M(SO4)2 (M = Fe,
Co, Mn) and Li1Fe(SO4)2 were proposed in order to aid the investigation of their
magnetic structures [102]. In 2013, Reynaud et al. [102] reported on the
temperature-dependent magnetic susceptibilities of the four marinite compounds
and used low-temperature neutron powder diffraction to determine their magnetic
structures. The Li1Fe(SO4)2 was prepared by chemical delithiation from Li2Fe
(SO4)2. The macroscopic magnetic properties of these four compounds were
determined by a SQUID magnetometer in both ZFC and FC conditions and under
10 kOe. As shown in Fig. 22, all compounds show the cusps of a long-range
antiferromagnetic ordering. Li2MnII(SO4)2 and Li2Fe

II(SO4)2 present typical anti-
ferromagnetic behavior, with the ZFC and FC curves superimposed. The ZFC and
FC curves of Li1Fe

III(SO4)2 deviate at temperatures below TN, which may result
from either a ferromagnetic impurity or some ferromagnetic/ferrimagnetic contri-
butions. A similar behavior is observed with Li2Co

II(SO4)2, having a nonlinearity in
the moment versus applied field data, as the curves recorded under a field of 100 Oe
lead to magnetization larger than expected from the value obtained at 10 kOe.

Low-temperature NPD measurements were also performed on the four target
compounds and Rietveld refinement patterns were obtained, in order to determine
the magnetic structure of each compound. A symmetry analysis was then performed
using Bertaut’s method [106, 107] to determine all possible spin configurations
compatible with the crystal symmetry of the nuclear structure, as shown in Fig. 23.
The ground-state magnetic structures of the four compounds were finally

Fig. 22 Temperature
dependence of the magnetic
susceptibility (χ) for four
marinite compounds,
measured under
zero-field-cooled
(ZFC) conditions with a field
of 10 kOe and between 300
and 2 K. Reproduced with
permission from Ref. [102].
Copyright 2013, American
Chemical Society
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established, with all magnetic structures able to be explained by three negative
super-super-exchange paths, in agreement with Goodenough–Kanamori–Anderson
rules.

A careful study of the crystal structures of these compounds would help to
determine the cause of the increased potentials observed and confirm that marinite
structures of the form Li2M(SO4)2 (M = Co, Fe, Mn) are future positive electrode
materials for Li-ion batteries with great promise.

6 Fluorosulfates

In 2010, Tarascon et al. [108] proposed the fluorosulphate LiFeSO4F as a novel
3.6 V Li-ion battery cathode material. Owing to the higher electronegativity of
sulphur compared to phosphorus, the replacement of phosphate groups by sulfates
can improve the open circuit voltage, as demonstrated by isostructural NASICONs
[109]. However, to balance the overall charge, adding another anion such as
fluorine anion is required. In addition, due to the inductive effect of the F− anion,
the substitution of F− can further increase the working voltage. In 2002, Piffard
et al. [110] reported on the lithium fluorosulphate LiMgSO4F with high Li-ion
conduction. The authors concluded that “Lithium ion conduction in LiMgFSO4

suggests that isostructural transition metal analogues, LiMSO4F (M = Mn, Fe, Co),
would be important for redox extraction/insertion of lithium involving MII/MIII

oxidation states”. Unfortunately, fluorosulphates suffer from thermal instability at

Fig. 23 Nuclear and magnetic structures of a Li2Co(SO4)2, b Li2Mn(SO4)2, c Li1Fe(SO4)2, and
d Li2Fe(SO4)2. Magnetic moments are represented by vectors through the 3D metal atoms. Yellow
vectors represent positive moments while orange vectors represent negative moments. For the sake
of clarity, Li atoms are omitted (Color figure online). Reproduced with permission from Ref. [102].
Copyright 2014, American Chemical Society
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high temperatures as well as the fact that the sulphates are highly soluble in
commonly used electrolytes, which has resulted in research stagnation.

Until 2010, Tarascon and co-workers successfully prepared LiFeSO4F by a
non-aqueous solvothermal method. LiFeSO4F powder was synthesized by a
two-step process. First, the dehydration of FeSO4·7H2O was used to prepare
monohydrate FeSO4·H2O under vacuum. Secondly, as-prepared FeSO4·H2O was
mixed with LiF and placed in a polytetrafluoroethylene liner bomb, using
EMI-TFSI as the reacting media. The role of the ionic liquid is to shift the dehy-
dration of FeSO4·H2O to higher temperatures and to allow FeSO4·H2O and LiF to
react at those higher temperatures. LiFeSO4F is also insoluble in the ionic liquid.
The resultant formation of LiFeSO4F is based on a topotactic reaction where F−

replaces the OH− and Li+ replaces H+ from the water molecule. The crystal
structure of LiFeSO4F is isostructural with LiMgSO4F [110]. FeO4F2 octahedra are
corner-shared with fluorine ligands along the c axis to form chains. The chains
share corners with SO4 tetrahedra to form a three-dimensional structure. Thermal
gravimetric analysis indicates that LiFeSO4F is thermally unstable and starts to
decompose at around 450 °C. However, this level of thermal instability might not
be an issue for many practical battery applications, supposing that no serious side
reactions happen. LiFeSO4F shows a voltage plateau at 3.6 V and about 0.85 Li per
formula unit can be re-inserted during discharge, corresponding to a reversible
capacity of about 130 to 140 mAh/g. It also exhibits steady capacity retention in
subsequent charge/discharge cycles. Furthermore, increasing the charge/discharge
rate does not increase the polarization of the material, indicating that the LiFeSO4F
cathode material possesses excellent rate capability. Conductivity measurements
show that the values of the ionic and electronic conductivities are 7.0 × 10−11 and
5.2 × 10−11 S/cm, respectively. Ab initio molecular dynamics studies demonstrate
that LiFeSO4F operates electrochemically with three-dimensional lithium diffusion
[111]. The 3D diffusion channel framework for LiFeSO4F is speculated to have less
defects than the 1D structure of LiFePO4, allowing the material to exhibit an
acceptable rate capability without having to carefully control the particle size and/or
apply a carbon coating. In situ XRD measurements suggest that LiFeSO4F
undergoes a two-phase reaction process during charge/discharge processes, which
is in accord with the flat charge/discharge curves.

In order to increase the energy density, using a manganese-based fluorosulphate
can be a good choice, due to the higher redox voltage of Mn compared to Fe.
However, LiMnSO4F does not have a tavorite structure but a triplite structure,
which does not show any electrochemical activity. Interestingly, substituting in just
5 % manganese in LiFeSO4F can cause its structure to change from tavorite to
triplite [97]. Figure 24 compares these two structures. For both, the MO4F2 octa-
hedra are coordinated with four oxygen ligands and two fluorine ligands. However,
the MO4F2 octahedra are linked together by edge-sharing in the triplite structure,
while corner-sharing is used in the tavorite structure. Also, the fluorine atoms in the
triplite structure are in cis configuration, but in trans configuration in the tavorite
structure. Furthermore, Li and M in the triplite structure are randomly distributed in
the metal sites. An increase in manganese content for LiFe1−xMnxSO4F in the
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triplite configuration causes the cation disorder of Li and M to become more
serious. As shown in Fig. 25, the tavorite phase of LiFe0.9Mn0.1SO4F shows similar
charge/discharge curves to tavorite LiFeSO4F, but with slightly decreasing dis-
charge capacity due to the electrochemical inactivity of manganese. The triplite
phase of LiFe0.9Mn0.1SO4F exhibits a reversible capacity of 0.7–0.8 Li+ per formula
unit during cycling, with a working voltage of 3.9 V. This is the highest Fe2+/3+

redox voltage that has thus far been reported for this class of Fe-based inorganic
compound. It can be seen that triplite LiFe0.9Mn0.1SO4F shows a larger polarization
than the tavorite phase, indicating slow kinetics during charge/discharge processes.
This phenomenon arises from the cation disorder of Li and M in the triplite that
hinders the efficient diffusion of lithium. When the manganese content is increased
to 40 %, LiFe1−xMnxSO4F does not show any electrochemical activity, due to Mn
obstructing the diffusion tunnels. In situ XRD measurements suggest a two-phase
Li insertion-extraction mechanism which is in agreement with charge/discharge
curves. Also, triplite LiFe0.9Mn0.1SO4F exhibits excellent cycling performance and
high structural stability. The volume change is only 0.6 % between lithiated and
delithiated triplite phases, while it is a substantially higher 10.4 % for tavorite
phases. The small volume change of the triplite structure makes it much more
suitable to industrial application.

Fig. 24 The crystal structure
of the triplite (a) and tavorite
(b) structure type.
Reproduced with permission
from Ref. [97]. Copyright
2011, Macmillan Publishers
Limited
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Zinc substitution for iron in LiFe1−xZnxSO4Fcan also force the tavorite phase to
change to the triplite phase and exhibit a working voltage of 3.9 V. When the content
of zinc further increases, the structure of LiFe1−xZnxSO4F changes to the sillimanite
phase with a redox voltage of 3.6 V [112, 113]. Tarascon et al. [112] and Huang et al.
[112, 113] used a traditional ceramic method to synthesize pure triplite LiFeSO4F
without substitution. The high working voltage of 3.9 V observable for triplite
LiFeSO4F makes it a competitive cathode material compared to LiFePO4, although
LiFeSO4F has a slightly lower theoretical specific capacity. However, triplite
LiFeSO4F also shows poorer electrochemical performance than tavorite LiFeSO4F.
Furthermore, the capacity quickly decays with an increase in charge/discharge
current. Experiments with chemical oxidation by NO2BF4 indicate that LiFeSO4F
cannot form a completely delithiation phase because of atomic disorder. In addition,
galvanostatic intermittent titration technique (GITT) measurements show that when
more than half of the Li is extracted from triplite LiFeSO4F, larger polarization

Fig. 25 Charge and
discharge curves for tavorite
(a) and triplite (b) phase Li
(Fe0.9Mn0.1)SO4F, at a C/20
rate. Reproduced with
permission from Ref. [97].
Copyright 2011, Macmillan
Publishers Limited
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results [114]. A core-shell model was proposed to explain this mechanism, where if
the lithium diffusion length increases through the core, the polarization increases.
Therefore, both careful control of the triplite LiFeSO4F particle morphology and the
use of conductive additives are needed in order to improve the material’s electro-
chemical performance.

The tavorite phase is obtained when an ionic liquid is used as the reacting media
or if a solid-state method is used with a slow initial heating rate. Conversely, the
triplite phase is obtained when using a solid-state method with a fast initial heating
rate [112]. Therefore, the polymorphs of LiFeSO4F that are present after prepara-
tion are strongly dependent on synthesis conditions. The EMI-TFSI ionic liquid can
restrain the dehydration of FeSO4·H2O and then promote the reaction between
FeSO4·H2O and LiF by topotactic conversion. Using a fast heating rate makes the
dehydration FeSO4·H2O form α-FeSO4, rather than proceeding by topotactic con-
version with LiF. The moisture in Teflon can solubilize LiF and then promote the
reaction between FeSO4 and LiF to form triplite LiFeSO4F. However, there is some
controversy about the transformation between the tavorite and triplite phases. Ati
et al. [112] claimed that LiFeSO4F is not able to transform from one phase to
another simply by extending the heat treatment time. However, Tripathi et al. [115]
and Radha et al. [116] have successfully achieved this transformation, from tavorite
to triplite, by using a longer reaction time in the experiment. Isothermal acid
solution calorimetry measurements indicate that LiFe1−xMnxSO4F with x < 0.2 in
the tavorite phase is more energetically stable than in the triplite phase. The cation
disorder in the triplite phase makes for a higher entropy than in the tavorite phase.
The TΔS term becomes more significant at high temperatures that act to stabilize the
triplite phase, and the entropy drives the formation of the disordered triplite
polymorph. The free energy change between tavorite–triplite phases during trans-
formation is almost zero by calculating configurational entropies using measured
enthalpies at room temperature, while it becomes exothermic at 500 °C. These
results indicate that both tavorite and triplite phases are thermodynamically stable at
room temperature, while the triplite phase is thermodynamically favored at high
temperatures. The transformation of LiFeSO4F from the tavorite phase to the triplite
phase is thus feasible by extending the heat treatment time, indicating that the
tavorite phase is only an intermediate in the reaction process. Figure 26 summarizes
the obtained phase as a function of cation radius and temperature.

Several works have been devoted to understanding the different working volt-
ages of the tavorite and triplite phases. The average metal to ligand bond lengths are
2.1034 and 2.1508 Å for the tavorite phase and triplite phase, respectively. A longer
bond length corresponds to a greater ionic character, and therefore a higher voltage
Fe2+/3+ redox couple as observed in the triplite [117, 118]. DFT + U calculations,
crystallographic and electrostatic analyses were used to further explain the voltage
increase [105]. The working voltage is closely related to the energy difference
between the lithiated phase and delithiated phase involved. The stabilization of the
lithiated phase and/or the destabilization of the delithiated phase leads to a high
voltage. Additionally, a shorter F-F distance means that there is more repulsive F–F
interactions in the triplite phase than in the tavorite phase. This difference
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corresponds to different configurations that are caused by the fluorine atoms around
transition metals in these two structures: the fluorine atoms lie in cis-configuration
for the triplite polymorph but in trans-configuration for the tavorite polymorph. The
lower number of repulsive F-F interactions in the delithiated tavorite phase lead to it
showing a higher stability than the delithiated triplite phase. However, by contrast
both the lithiated phases have very similar energies, because there are also more
attractive interactions to compensate for the increased amount of repulsive inter-
actions in the triplite phase. Therefore, the different working voltages of the tavorite
and triplite phases end up being strongly related to the different F-F distances.

7 Borates

Various structural forms of transition-metal borates have been considered as Li-ion
battery electrodes. Generally, transition metal borate families that have attracted
interest include MBO3, M2B2O5, M3B2O6 and LiMBO3 (M = transition metal)
[119–123]. Among these compounds, the first three types are uncompetitive in
energy density due to their low operating voltages on discharge, hindering their
application to lithium ion batteries. However, a new class of LiMBO3 has recently
gathered increasing research interest worldwide. Its crystal structure contains tri-
gonal planar BO3 building blocks, and since the BO3

3− group has a lower weight
than the PO4

3− group, the material has an advantage in terms of theoretical capacity
compared to some competitor materials. Furthermore, the B–O bond is weaker than
the P–O bond. This gives Li+ ions higher mobility in a LiMBO3 crystal compared to
those in a LiMPO4 crystal, resulting in a higher Li-ion conductivity. A structural

Fig. 26 A scheme which depicts the phases obtained under solvothermal reaction conditions (with
reaction time of 3 days) as a function of the average cation (M2+) radius. Cations with a lower
radius such as Ni2+ (0.69 Å) tend to result in formation of the tavorite structure while cations with
larger radii tend to adopt the triplite structure; for example, Mn2+ (0.83 Å) triplite can be
crystallized at temperatures as low as 230 °C. Cations with an intermediate radius (0.76–0.79 Å)
can be crystallized either as tavorite or triplite. Zn2+ and similarly sized ions (*0.72–0.76 Å)
remain sillimanite at least up to the higher bound of considered temperatures. Reproduced with
permission from Ref. [115]. Copyright 2012, Royal Society of Chemistry
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analysis of LiMBO3 (M = Mg, Mn, Fe, Co, Zn) compounds was reported by
Legagneur et al. [121] demonstrating that LiMBO3 compounds (M = Mg, Mn, Co,
Zn) primarily displayed a triclinic structure with the space group C2/c. In addition,
LiMnBO3 also stabilized into a hexagonal structure. This series of LiMBO3 com-
pounds have lately emerged as one of the more promising families of cathode
materials for next generation Li-ion batteries.

The crystal structure of LiFeBO3 contains the three-dimensional [FeBO3]n
n−

framework that consists of BO3 planar triangles and FeO5 trigonal bipyramids. The
FeO5 bipyramids use edge-shared connections to form single chains running along
the [−101] direction, as shown in Fig. 27. The planar BO3 groups link three pseudo
one-dimensional FeO5 chains via corner sharing. The possible Li diffusion path-
ways are parallel to the [001] direction. Many endeavors have been devoted to
realizing the large theoretical reversible capacity of the compound. However, the
achieved reversible capacities have been very low in initial reports. In 2010,
through avoiding surface exposure to air, Yamada et al. [124] managed a significant
performance improvement of LiFeBO3, which reached a capacity of >190 mAh/g at
around ca. 3 V versus Li+/Li0. The theoretical average voltage plateau that was
located at 3 V, as obtained from DFT calculations, was in accordance with the
experimental value. Carbon-coated synthesized LiFeBO3 also exhibited excellent
electrochemical performance due to the reduction of the crystallite size and the
limitation of exposure to air. Bo et al. [125] studied the degradation mechanism of
the nano-size LiFeBO3/C composite. It was demonstrated that the degradation of
nanoscale LiFeBO3 is caused by moisture/air reacting on the surface of the particles
and moving inward along a spherical front. This surface oxidation of Fe(II) changes
the original balance of charge, leading to Li loss. The degradation product has lower
ionic/electronic conductivity and exists on the surface of LiFeBO3 particles,
severely hindering the performance of the material. Tao et al. [126] proposed an
average “1Fe 2Li” structural model for LiFeBO3 powder, where Li atoms partially

Fig. 27 a Charge-discharge curves of LixFeBO3 measured at room temperature at a C/20 rate;
b crystal structure of monoclinic LiFeBO3. Reproduced with permission from Refs. [124, 126].
Copyright 2010, Wiley and 2012, The Royal Society of Chemistry
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occupy two split sites and Fe atoms are randomly located within a slightly elon-
gated ellipsoid.

LiMnBO3 crystallizes into two different polymorphs (hexagonal and monoclinic
phases) based on the heat-treatment temperature. The hexagonal and monoclinic
phases exist in lower and higher temperature regions, respectively. Kim et al. [127]
reported on the successful preparation of monoclinic and hexagonal LiMnBO3 by a
conventional solid state method. The as-synthesized monoclinic LiMnBO3 exhib-
ited a second cycle discharge capacity of 100 mAh/g with good capacity retention
over multiple cycles. By contrast, the hexagonal LiMnBO3 generally exhibited a
low discharge capacity above 1.5 V along with a very large polarization, indicative
of poor ionic/electronic transport within this phase [128]. However, carbon coating
together with nanostructuring have been considered effective methods to improve
the performance of the hexagonal LiMnBO3 [129]. The h-LiMnBO3/C nanocom-
posite prepared by a sol-gel method delivered a first discharge capacity of
136 mAh/g at a C/20 rate [129]. After the nano h-LiMnBO3/C was ball-milled
together with graphite oxide, followed by heat treatment at 200–250 °C under a
nitrogen atmosphere, the RGO/nano h-LiMnBO3 composite was obtained. This
material delivered a higher discharge capacity than that of the nano h-LiMnBO3/C
in the first 10 cycles, as shown in Fig. 28a, b. Li et al. [130] used in situ carbo-
thermal solid state synthesis to prepare carbon-coated monoclinic and hexagonal
LiMnBO3 composites, and then compared their electrochemical performance. Both
monoclinic and hexagonal LiMnBO3 exhibited good cycling stability (with a
reversible capacity of 86.7 and 78.5 mAh/g achieved after 40 cycles, respectively).

A complete solid solution of Li(MnxFe1−x)BO3 in monoclinic form was syn-
thesized by an optimized solid state reaction [131]. All samples exhibited reversible
electrode activity, with the reversible capacity decreasing as the Mn content
increased. Overall higher potentials were observed for manganese-substituted
materials. Nevertheless, the manganese-rich phases suffered from structural

Fig. 28 a Charge/discharge curves of RGO/nano h-LiMnBO3 at a C/20 rate. b Discharge capacity
as a function of cycle number for nano h-LiMnBO3 and RGO/nano h-LiMnBO3. Reproduced with
permission from Ref. [129]. Copyright 2013, Elsevier

Polyanion Compounds as Cathode Materials for Li-Ion Batteries 127



instability upon charging. The low Mn3+/Mn2+ redox activity in oxyanion com-
pounds was attributed to five 3d electrons in Mn2+ that were all in the up-spin state
hybridized with the O 2p state below the Fermi level, leading to a much larger
contribution from O2− to O− upon charging rather than that from Mn2+ to Mn3+.

Afyon et al. [132] found a new lithium-rich compound, Li7Mn(BO3)3, with a
network of MnO4 tetrahedra and BO3

3− units as characteristic features of a new
structure type. Interestingly, compared to other Mn2+ oxide compounds that typi-
cally consist of MnO6 octahedra, MO5 trigonal bipyramidal or square-pyramidal
geometry, this material has Mn2+ in tetrahedral coordination, a completely novel
observation. This tetrahedral coordination may help to stabilize the
boratev-manganate framework up to higher oxidation states Mnn+ with n > 4. The
carbon-coated Li7Mn(BO3)3 nanocomposite delivered approximately 154 mAh/g
within a potential window of 4.7–1.7 V at a 10 mA/g rate in the first cycle. From the
second cycle onwards, the charge/discharge capacities decreased gradually. The
irreversible capacity loss might be attributed to amorphization of the electrode
material, the formation of electrochemically inactive phases, contact losses owing
to volume changes or solid electrolyte interface (SEI) formation (Fig. 29).

That the electrochemical activity of LiCoBO3 is centered at 4 V was first
demonstrated by Yamashita et al. [133]. But the accessible capacity of this material
was only 30 mAh/g, which is much lower than the 1-electron theoretical capacity
(ca. 215 mAh/g). Reasons for the discrepancy included poor Li+ diffusivity, pro-
gressive Co dissolution and amorphization at the electrode-electrolyte interface.
The development of LiCoBO3 as a possible high-voltage cathode material for
Li-ion batteries should continue, with attention required at further optimization of
the synthesis conditions.

Fig. 29 a View of the crystal structure of Li7Mn(BO3)3 along the [001] direction, with B in green,
O in red and Li in black. b Charge/discharge curves of Li7Mn(BO3)3 (Color figure online).
Reproduced with permission from Ref. [132]. Copyright 2013, Wiley
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Carbonaceous Anode Materials

Yoong Ahm Kim, Yong Jung Kim and Morinobu Endo

1 Introduction

In the last decade, lithium-ion batteries (LIBs) have been commercialized as the
best energy storage devices due to high energy densities and high operation voltage
up to 3.6 V. The advantages of LIBs have supported the recent remarkable
development in cellular phones, personal computers and high speed CPU. In
addition, LIBs have been expected to become alternative energy sources for electric
vehicles. The applicability of the energy storage device strongly depends on the
constituent materials of electrodes. The diversity of the electrode materials causes a
necessity to examine many parameters in order to enhance the battery performance.
Up to now, carbon materials have been selected as anode materials of the com-
mercial LIBs with high specific capacity, good cyclic efficiency and long cycle life
[1, 2]. Moreover, the potential use of LIBs in electric vehicles requires superiority
in both energy density and power density [3–5]. The performance of Li-ion bat-
teries strongly depends on the thermal history and morphology of carbon materials
[6]. Carbon materials have a wide variety of microstructures, texture, crystallinity
and morphology. Thus, it is critical to design and choose the anode material [7, 8].
Among various carbon materials, two types of carbon materials (i.e., soft carbon
prepared by high-temperature thermal treatment at 2800 °C and hard carbon
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prepared at a low temperature around 1100 °C [9, 10]) have been generally used as
anode materials in commercial batteries.

This chapter reviews various carbon materials as promising candidates for anode
materials of LIBs. Moreover, nanosized carbon materials (e.g., carbon nanotube and
graphene) have been considered as alternative electrode materials or as additives to
increase the stability on the charge/discharge cycles. Moreover, demand and trend
in the market of LIBs are also described.

2 Battery Performances for Conventional Carbon
Materials

2.1 Typical Charge/Discharge Profile Dependent
on the Crystallinity of Carbon

Three types of charge and discharge profiles at the second cycle for representative
carbon and graphite materials are shown in Fig. 1. The shape of the profiles and the
capacity strongly depends on the category of materials and the thermal history for
preparation. Graphitic carbon shows a reversible capacity of 280–330 mAh/g, and
Li discharge/charge plateaus are clearly observed below 0.2 V. In the first cycle, all
types of carbon materials show the irreversible capacity. After the second cycle the
irreversible capacity is reduced, and the electrode exhibits stable cyclic properties.
Although the graphitic materials have some merits on discharge profile, the limited
capacity of Li storage by LiC6 stoichiometry can be said to be a main drawback.

Furthermore, the preparation of graphitic carbon materials requires high tem-
perature heat-treatment, which is disadvantageous in production cost. Non-graphitic
carbon heat-treated at around 700 °C shows excellent capacities over 1000 mAh/g
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at charge and 600 mAh/g at discharge. The high capacities of non-graphitic carbons
can be explained by (i) formation of Li2 molecules between layers [10], (ii) cluster
formation Li ions in nano-cavity [11], and (iii) hydrogen content of single graphene
layers [12]. In addition, Yazami and Munshi [13] suggested that the excess Li
capacity (more than LiC6) originates from Li multi-layers on graphite sheets. On the
other hand, Zhou et al. [14] suggested that Li–C–H bonds contribute to the excess
capacity. Although the mechanism causing the excess capacity is not thoroughly
clarified yet, it would have close relation with the nanostructure of carbon materials.
Non-graphitic carbons show different output properties from those of graphitic
carbons, i.e., somewhat constant and slightly inclined discharge potentials.

Figure 2 shows the second cycle charge capacity as a function of crystallite
thickness, Lc002, on various carbon-fiber and PPP-based-carbon electrodes [6].
Well-ordered graphite (Lc002 > 20 nm) and low crystalline materials (Lc002 < 3 nm)
have larger capacities. However, the intermediate crystallite sizes lower capacities
to the minimum at around 10 nm. Dahn et al. [12] reported a similar kind of
dependence of the charge capacity on heat treatment temperatures, and classified
carbon materials suited for commercial Li-ion batteries into three groups. In the
HTT-dependence of capacity, interestingly, the highly disordered PPP-700 carbon
(prepared by the heat-treatment at 700 °C) exhibits a large charge capacity of
680 mAh/g. As Lc002 becomes smaller than that of graphite crystal, the charge
capacity decreases monotonically until the Lc002 value reaches about 10 nm, which
is based on the Li+ intercalation of turbostratic carbon structures. On the other hand,
a different process of doping and undoping of Li ions may occur in Lc002 < 10 nm,
and is largely enhanced by decreasing the crystallite thickness. For Lc002 around
10 nm, both reaction processes occur incompletely, which might cause a minimum
in the capacity.
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3 Non-graphitic Carbons

The performance of Li ion batteries depends strongly on the crystalline structure
of carbon materials used for the anode electrodes [6, 15]. Especially,
Kovacic-method-based poly(p-phenylene) (PPP) carbons (see below for Kovacic
method) heat-treated at the low temperature of 700 °C are proved to possess a
superior Li storage capacity (more than 1100 mAh/g), which is three times higher
than that of well-ordered graphite-based first stage intercalation compounds. This is
also four times higher than the Yamamoto-method-based PPP carbons (see below
for Yamamoto method), which was obtained by the heat-treatment at the same
temperature (280 mAh/g) [16]. To enhance the cell capacities in Li-ion batteries,
different types of low-temperature carbonization and non-graphitizing carbons have
been extensively investigated for anode materials such as meso-carbon microbeads
[17] and phenolic resin [18]. A high excess of Li storage capacity (corresponding to
LiC3) in the range of 550–700 mAh/g has been reported [19]. However, the Li
storage mechanisms in such kinds of disordered carbonaceous systems are not yet
understood well, and the mechanisms might be largely affected by the structure of
the low HTT forms of carbons. These promising Li storage properties for anode
materials of Li-ion batteries have been considered to depend on the size of the
defective carbon networks, the amount of hydrogen bonded to the periphery of
carbons, and the coexisting nanopores. In such defective structures, Li is considered
to be stored as LiC2, to form nanoclusters in the pores and to be absorbed on a
single layer of carbons.

Figure 3 shows the charge/discharge profiles for PPP-based carbon, which was
heat-treated from 700 to 3000 °C. Two different PPPs have been used as precursors,
and synthesized by the Kovacic- and Yamamoto-methods [20, 21]. PPP from the
Kovacic method is prepared through a polymerization of benzene or of a
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benzene-derived reagent by using an AlCl3–CuCl2 catalyst. The polymerization is
promoted by the formation of benzene radicals. Therefore, the procedure leads to
the formation of long polymer chains with some structural defects such as
branching in ortho- or meta-positions. The Yamamoto-method PPP is prepared
from 1,4-dibromobezene by using a Grignard reagent and a transition metal cata-
lyst, resulting in a shorter polymer chain. In carbonization by heat treatment,
Kovacic-method-based PPP has provided higher yields, which is advantageous to
reduce the production cost.

Kovacic-method-based PPP carbons at the HTT below 2000 °C show a larger Li
insertion capacity than that of Yamamoto-method-based PPP carbons. On the other
hand, for the HTT above 2000 °C, Yamamoto-method-based carbons show a larger
battery capacity than that of Kovacic-method-based PPP carbons. These results
might be related to that Kovacic-method-based PPP carbons at the HTT below
2000 °C have more porous structure than Yamamoto-method-based PPP carbons.
As for anode materials in Li-ion batteries, the porous texture of
Kovacic-method-based PPP carbons could be useful for penetration of electrolytes
and Li ions. Furthermore, Kovacic-method-based PPP carbons heat-treated at 700 °
C show the largest insertion capacity. This might be related to the quinoid type of
plate-like graphene structure and the homogeneously developed disordered carbon
structure. Propylene carbonates (PC) are not likely to be proper for both types of
PPP carbons heat-treated over 2000 °C. During the first discharging of both samples
heat-treated at 3000 °C, irreversible capacity and long plateaus are observed at
about 0.8 V (SEI formation).

It is reported that polyaramid-based carbon, which is obtained from Kevlar (i.e.,
poly(p-phenylene terephthalamide)) [22, 23], can give an additional profit from the
viewpoint of manufacturing process. That is, stabilization step to maintain the
morphology of polyaramid fibers through carbonization is not required.
Advantageously as anode materials, furthermore, the porous texture of
polyaramid-based activated carbon fibers (ACFs) is large but the pore sizes are
restricted to be very small, i.e., micropores, which are expected to play a special
role in intercalation and deintercalation of Li ions. Figure 4 shows the galvanostatic
charge/discharge voltage profiles of Kevlar fibers which have treated by single and
two-step carbonization processes. Both carbons exhibit a higher charging capacity
than graphite (372 mAh/g) and the charge/discharge behavior similar to that usually
observed in nongraphitic carbons. The results obtained for the carbon fibers pre-
pared with an intermediate heating step are proved to be better than that of samples
without an intermediate heating step. Particularly, their discharge capacity at near
0 V (vs. Li/Li+) is notably high. Besides, their reversible capacity is higher than that
of the fibers prepared by the single-step pyrolysis process. The introduction of an
intermediate isothermal step in the pyrolysis process leads to both higher carbon
yields and higher amounts of micropores. The latter feature can justify the higher Li
insertion capacity of the fibers prepared by the two-step pyrolysis process [24].

Carbonaceous Anode Materials 139



3.1 Graphitic Carbons

Mesophase pitch-based carbon fibers (MPCFs) have widely been used as a filler for
carbon-carbon composite due to their excellent mechanical properties such as high
strength, modulus, etc. MPCFs have anisotropic structure, and it contributes to
mechanical, electrical, magnetic, thermal as well as chemical properties. These
anisotropies are directly related to the layered structure with strong intralayer
interactions and very weak van der Waals interplanar interactions between adjacent
graphene sheets. As a functional material, MPCFs with anisotropy-originating
chemical and physical properties have also been utilized for anode materials for
Li-ion batteries [25, 26]. The anode performance of synthetic carbons and graphitic
carbons in Li-ion batteries depends strongly on the precursor materials and the
synthesis conditions. Graphitic carbons have been attractive due to their good
irreversibility on repetitive charge/discharge cycles and the high amount of capacity
close to the theoretical value of LiC6. Figure 5 shows the typical charge-discharge
profiles of the graphitized MPCFs (a, b) and the artificial graphite electrode (c, d) at
a low rate of 0.25 mA/cm2. The charge profile for the graphitized MPCFs has one
short upper potential plateau at 0.2 V and two long potential plateaus at 0.1 and
0.07 V. The reversible capacity and the coulombic efficiency of the graphitized
MPCFs for the first cycle were 303 mAh/g and 94.5 %. The irreversible capacity for
the first cycle was 17.6 mAh/g. The reversible capacity and the efficiency during the
second cycle were 305 mAh/g and 99.0 %. As for the graphite, plateaus were
clearly observed as indicated by arrows. The capacity and the efficiency for the first
cycle were 359 mAh/g near x = 1 in LixC6 and 91 %. The irreversible capacity was

V
ol

ta
ge

 v
s.

 L
i/L

i+ /
V

0

1

2

3

200 400 600 800

Capacity/mAhg-1

V
ol

ta
ge

 v
s.

 L
i/L

i+ /
V

200 400 600 800

Capacity/mAhg-1

0

1

2

3

(a)

(b)

1st discharging2nd charging

1st charging

1st discharging
2nd charging

1st charging

Fig. 4 Galvanostatic
charge/discharge voltage
profiles of Kevlar-derived
carbon fibers prepared a in a
single step and b in two steps
with an intermediate heating
at 410 °C. Reproduced from
Ref. [23]

140 Y.A. Kim et al.



33 mAh/g. The reversible capacity was 360 mAh/g and the efficiency was 97.9 %.
Comparing the both electrodes, the maximum reversible capacity of the graphite is
larger than that of the graphitized MPCF due to the higher crystallinity. However,
the efficiencies for the graphitized MPCF are higher than those of the graphite.
Furthermore, MPCFs have excellent cell stability on the repetitive charge/discharge
cycles, which maintains 86 % of its initial capacity even after 400 cycles [26].

As another representative graphitic carbon, mesocarbon microbeads (MCMBs)
has been intensively investigated [17, 27], due to their comparable performance
with natural graphite [28]. Figure 6 shows the discharge curves (a) of the MCMBs
heat-treated at the high temperature ranging from 2000 to 2800 °C (200 °C
increment for each sample) and (b) of the MCMBs treated at the HTTs of 1000,
2000, 2300 and 2800 °C. The discharge capacity increases with increasing the
HTT, and shows longer plateau below 0.25 V. Ohzuku et al. [28] have reported that
the electrochemical deintercalation of Li in natural graphite proceeds below ca.
0.25 V. This suggests that the charge reaction of MCMBs below 0.25 V in
EC + DEC is the deintercalation of Li from the graphitic structure with the AB
stacking order. It is reasonable to consider that the graphitic stacking order has an
effect on the Li intercalation reaction. As for Li intercalation, the stacking of
grapheme layers along the c axis becomes AA stacking. However, the change to the
AA stacking will not be allowed in turbostratic structure because of the crystal
defects and residual strains. In graphitic carbons, thus, it is considered that the
crystallites of the graphitic stacking structure give the charge capacity only in the
potential range of 0–0.25 V.
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Since Li-ion batteries were commercialized by Sony, their energy density has
been improved by ca. 10 % every year to reach 2.5 times higher value than that of
the first commercial cell. Among the diverse carbon materials as anode candidates,
Hitachi Chemical Co. Ltd. [29–31] has developed a remarkable material, i.e.,
massive artificial graphite (MAG), for the anode in Li-ion battery, which has
realized the high capacity (362 mAh/g) comparable to the theoretical value of LiC6

(372 mAh/g). Some plateaus have been observed at 190, 95 and 65 mV in the
charge and at 105, 140 and 230 mV in the discharge, which imply the formation of
graphite intercalation compounds (GICs) by Li-intercalation and -deintercalation.
MAGs have spherical shape and isotropic structures with high crystallinity, which
can contribute to energy density. Compared to the other graphitic materials such as
natural graphite and graphitized mesophase, MAGs show good stability of the
discharge capacity with the increase of current density and electrode density. The
stability depending on current density and electrode density is attributed to pores
existing at the inside of the particles. The spaces inside the particles can be expected
to play a role of moderating the displacement of graphite lattice during charge and
discharge (insertion/desertion of Li ions).
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3.2 Heteroatom Incorporated Carbon Electrodes

Carbon materials, especially with low thermal history, usually include some
impurities. Heteroatoms also can be considered as the one of impurities.
Importantly, many results have reported that heteroatoms can be introduced into the
carbon lattice intentionally, which is defined as “doping” [32, 33]. Doping has been
used extensively in the past [34], mainly in order to change the distribution of
electrons between energy levels in the carbon materials, as well as to affect the
graphitization process and to modify the chemical state of the surface of the carbon
materials. The doping with boron (B), nitrogen (N) and phosphorous (P) has mainly
been investigated for graphite materials. Particularly, B-doped carbon materials
have been experimentally and theoretically investigated not only from fundamental
scientific aspects (e.g., electronic properties) but also for potential applications such
as high temperature oxidation protectors for carbon/carbon (C/C) composite and
anode materials of Li-ion batteries. B-doping generates electron acceptor levels [35,
36], so that the capacity has been expected to be enhanced. There have been many
reports about the preparation methods of B-doped carbons by co-deposition of
B-containing organic molecules in chemical vapor deposition (CVD).

Figure 7 describes the typical voltage profiles of the second discharge and charge
for the B-doped graphite cells. The samples were prepared from a mixture of the
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pristine material and boron carbide by heat-treatment at 2800 °C in argon atmo-
sphere. The long plateaus below 0.2 V correspond to the reversible intercalation of
Li in the graphitized pristine and the B-doped samples. It should be noted that the
second discharge/charge capacities of B-doped graphitizable carbon I (B-Graphite I,
Fig. 7a) and graphitizable carbon II (B-Graphite II, Fig. 7b) were slightly lower than
that of the pristine graphite. However, in the case of B-doped MPCFs, the second
charge capacity is larger than that of the undoped pristine (Fig. 7c). The reduced
charge capacity of the B-doped samples might be related to boron atoms occupying
the Li insertion active sites, such as edge-type sites in the graphite layers, which
would inhibit the Li insertion process. In the discharging cycle for B-doped sam-
ples, negligible shoulder plateaus are characteristically observed at about 1.3 V,
which may be caused by the induction of an electron acceptor level, so that Li
insertion yields a higher voltage compared to undoped samples [36]. It is interesting
that the irreversible capacity loss for some B-doped samples is lower than that of
the corresponding undoped samples. These results might be related to the redis-
tribution of the Fermi level of the B-doped samples, which is lowered by B-doping,
i.e., by the introduction of an electron acceptor to the lattice.

The contents of the B atoms doped have been investigated by X-ray photo-
electron spectrometry (XPS). Figure 8 shows boron 1s (B1s) peak at higher reso-
lution. The B1s peak appears in the B-doped samples, although the peak position
and shape are different depending on the samples. Particularly, the B1s peak of
B-Graphite I was split to three peaks at 185.6, 187.7, and 189.8 eV, which were
assigned to the binding energies (BE) originating from boron carbide and the boron
clusters substituted in graphite plane and incorporated with N atoms, respectively.
From these results, the appearance of the B1s peak of B-Graphite I near 190 eV
corresponds to the substitutionally incorporated B atoms into graphite lattice, which
preferentially make bonding with N atoms existing in the heat-treatment atmo-
sphere. It is also possible that the residual N atoms in the raw materials react with
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the boron carbide during the carbonization step and then form the boron nitride
and/or BCxN compounds during the graphitization step. These phenomena should
be taken into consideration for industrial process using Acheson-type furnace.
Consequently, the degradation of the Li insertion capacity observed in some kinds
of B-doped graphite might be highly related to the presence of B atoms in the form
of boron nitride and boron carbide. Also, the unexpected opposite effects of
B-doping could be related to the heterogeneous growth of the crystallites dimen-
sion, La, due to the boron acting as graphitization catalyst.

In order to demonstrate topological variation by B-doping, surface analysis by
scanning tunneling microscopy (STM) has been carried out [37]. Figure 9 shows
the contrast between the STM images of a three-dimensional surface plot with a
scan range of 5 nm and its sectional analysis of the pristine HOPG (a) and B-doped
HOPG (b) graphene surface. The surface graphene layer of the pristine HOPG with
a trigonal lattice shows a perfect superstructure with ABAB stacking as observed in
graphite. At the B-doped HOPG graphene surface, four substituted B atoms with
the highest intensity of the electron groups (Ⓐ–Ⓓ) are found in the image. Each
bright area consists of the B atoms with the highest electron density located in the
center of the six surrounding medium-intensity site that corresponds to carbon
atoms. Also, the electron density distributions of a substituted B atom and the
surrounding six carbon atoms appear in the three-dimensional surface plot (the inset
of Fig. 9b). The substituted B atom clearly shows the highest electron density in the
center. The six carbon atoms closest to the B atom also show a higher electron
density than the next neighbor β-site carbon atoms. This indicates that the substi-
tuted B atoms affect the electronic structure of the adjacent six β-site carbon atoms.
The substitution of B atoms, which are in an electron-deficient state compared to the
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carbon host, produces vacancies at the top of the valence π-band, resulting in an
increase in the density of states near the Fermi level. Due to the enhancement of the
density of states (DOS), the boron sites become brighter than the surrounding sites
in the STM lattice image. The effect is not restricted to the boron sites themselves
but extends to the surrounding carbon sites due to the delocalized nature of the
boron-induced defect.

As shown in the inset of Fig. 9a, the closest distance between the β-site carbon
atoms observed in the section analysis of the STM image is measured to be
0.246 nm for the pristine HOPG. The value is similar to the a0 spacing in the
graphite lattice. On the other hand, the distance between the boron and carbon
atoms located at the β-sites is 0.276 ± 0.005 nm, as is shown in the inset of Fig. 9b.
The distance is slightly longer than the corresponding distance of 0.246 nm in the
pristine HOPG. Turbostratic structures are found at the surface of B-doped HOPG.
As can be seen in Fig. 16b, some regions show a three-dimensional trigonal image
(spot image) of the superstructure (Fig. 9b-I) consistent with ABAB stacking. Some
regions show hexagonal (Fig. 9 b-II) or linear (Fig. 16b-III) images, indicating a
turbostratic stacking [38]. Thus, the substitution of B atoms in the hexagonal net-
work affects the stacking nature of the host material presumably because of the
lattice defects and strain associated with the B substitution.

Figure 10 shows a schematic model for B-substituted graphite. The average
distance between the boron and closest carbon (C1) atoms at β-sites is
0.276 ± 0.005 nm, as is described above. The bond distance between the boron and
adjacent carbon atoms is calculated to be 0.159 nm, and for the β-site the B–C
distance is 0.276 nm. The distance of C1–C1 measured in the STM is also 0.276 nm.
The C–C bond distance at the next β-site is evaluated to be the same as in HOPG
(0.246 nm). Therefore, the substituted B atom might be located at a slightly higher
position than the surrounding C atoms in the basal plane of HOPG. The substitution
of boron should slightly deform the flatness of basal plane. Hach et al. reported [39]
the similar results that the bond distance between B and C atoms is 0.154 nm for
B2C4H6 and 0.152 nm for B2C52H18. By restricting the bond length between the B–
C atoms obtained from Fig. 9b, our group has simulated the optimized structure of a
graphene sheet. As shown in Fig. 10b, an improper torsion angle (B at the apex) is
calculated to be 164°, while the original plane is almost flat with an angle of 179°. It
has been reported that the electronic structure is also modified largely by B-doping,
as shown by susceptibility measurement [40]. Thus, both atomically and elec-
tronically the graphite planes could be tailored by B-doping, which can contribute
to modifying and controlling the properties of graphite.

4 Carbon Nanotubes and Graphene

Carbon nanotubes (CNTs), which can be regarded as a representative of
nano-carbon architectures, have received much attention since the Iijima’s report of
1991 [41]. The interesting new allotropes of carbon, CNTs, are attractive materials
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for Li-ion batteries. In fact, the application widely extends to additive materials
enhancing the battery performances in cathode and anode. In this section, the
possibility of CNTs to batteries, including the practical application, is discussed.

4.1 Active Material of Electrodes

4.1.1 SWCNTs and MWCNTs

Feasibility of high Li capacity in battery application has been suggested and
investigated by many researchers. If all the interstitial sites (inter-shell van der
Waals spaces, inter-tube channels, and inner hollows) were accessible for Li
intercalation, CNTs could achieve tremendous amount of Li storage. CNTs can be
classified into two categories of SWCNTs and MWCNTs. Electrochemical inter-
calation of MWCNTs [42–56] and SWCNTs [57–66] has been actively investi-
gated. The CNTs can be regarded as promising materials in Li-ion batteries since
the large number of nanoscale sites for intercalation exceed those of the commonly
used graphite electrodes. CNTs generally have bundle structure due to Van der
Waals force existing between their graphene layers. Intertubular vacancies (typi-
cally denoted by B) can serve as the space for Li ion storage. This becomes a clue to
discuss the charge/discharge curves different from those of graphitic carbons.
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based on the measured dimensions of B–C1 and C1–C1. Reproduced from Ref. [37]
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Figure 11 shows representative curves for the charge/discharge of CNTs with Li
ions. Figure 11a shows the representative data of electrochemical intercalation on
arc-discharge MWCNTs, which were used without purification [66]. 1M solution of
LiClO4 in 1:1 (volume fraction) of EC (ethylene carbonate) and DMC (dimethyl
carbonate) was used as an electrolyte. After a long plateau around 0.75 V, the
voltage gradually dropped with the further increase of the Li insertion. The voltage
profile similar to that of non-graphitic carbon suggests that there is no stage tran-
sition as for graphite. Total amount of Li insertion was 500, and 250 mAh/g was
obtained by Li deinsertion. There was no drastic decrease of charge amount after
the second cycle. In some reports, a reversible capacity (Crev) of 100–640 mAh/g
has been observed, which depends on the sample processing and annealing con-
ditions [65, 66]. In general, well-graphitized MWNTs, such as synthesized by
arc-discharge methods, have a lower Crev than those prepared by CVD methods.
Structural studies [67, 68] have shown that alkali metals can be intercalated into the
inter-shell spaces within the individual MWNTs through defect sites. Figure 11b
shows typical charge/discharge profiles of SWCNTs, which indicate higher
reversible and irreversible capacities than those of MWCNTs. SWCNTs have
shown the remarkably high capacity of 2000 mAh/g (Li5.4C6) in fully lithiated state
and the Crev of 600 mAh/g (Li1.6C6). Ball-milling process is considered to be an
effective method to improve the crucial difference of capacity between the charge
and discharge of CNTs. Gao et al. [60] have reported the electrochemical properties
of ball-milled SWCNTs for Li ions. Figure 12 shows the charge/discharge curve
obtained from the ball-milled and then purified SWCNTs. Note that the Crev has
increased by 50 % to reach 1000 mAh/g. No drastic deterioration of capacity has
been observed by repetitive charge/discharge cycles. The mechanical process can
induce disorder in structure and cut strands of tubes. These structural and mor-
phological variations would be at least partially related to the kinetics of the
intercalation reaction, although the exact mechanism is not understood well.
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4.1.2 Double-Walled Carbon Nanotube (DWCNTs)

Double-walled carbon nanotubes (DWCNTs) consist of two concentric graphene
cylinders. DWCNTs, categorized different from both MWCNTs and SWCNTs, are
expected to exhibit mechanical and electronic properties superior to SWCNTs.
Endo et al. have suggested that DWCNTs have potential utility in the various
application fields [69–71]. DWNTs are expected to be more advantageous than
SWNTs due to the structural stability and different pore structure originating from
the features on bundling formation [70]. The pore structure characteristic of
DWCNTs can offer a much better adsorption field for H2 than SWNTs [72].
Furthermore, a thin paper comprised of DWCNTs could be an excellent candidate
of anode materials, because it offers a short path for Li ion transfer to improve rate
capability. Figure 13 shows a photograph of the DWCNT paper used as an elec-
trode (a), scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) images of a SWCNT paper (b, d), SEM and TEM images of a
DWCNT paper (c, e), and a high resolution TEM image of DWCNTs (f). The
fabrication of each nanotube paper is so easy that no binder is used. Figure 14
shows voltage-capacity curves obtained from the SWCNT and DWCNT papers.
Note that Li+ insertion into carbon materials takes place during discharging process,
because the electrode of the carbon materials is the cathode, and the counter
electrode corresponds to the Li metal. The features of their voltage profiles, which
monotonically decreased, are very similar to non-graphitic carbons. Although both
samples have very large Li-ion storage capacities (SWCNT; close to 2000 mAh/g,
DWCNT; ca. 1600 mAh/g) above 1500 mAh/g, the Crev values are 510 and
300 mAh/g for SWCNTs and DWCNTs, respectively. Such a big difference
between charge and discharge near 1000 mAh/g is attributed to electrolyte
decomposition and the formation of solid-electrolyte interphase (SEI). This is also
supported by the long plateau at ca. 0.9 V observed for both samples in the first
discharge.
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Fig. 13 a SEM images of SWCNT and DWCNT papers (b, c), Low-resolution TEM images of
SWCNT and DWCNT papers (d, e). It is noteworthy that both samples exist as structures with
large-sized bundles, cross-sectional images by high-resolution TEM, which are stacked in a
hexagonal array (f). Reproduced from Ref. [71]

-1500 -1000 -500 0 500
0.0

0.5

1.0

1.5

2.0

2.5

3.0

P
ot

en
ti

al
 (

V
 v

s.
 L

i/L
i+ )

Capacity (mAh/g)

Discharge (Li+ insertion) Charge (Li+ desertion)

DWNTs 
(1st cycle)

SWNTs
(1st cycle)

SEI formation

SWNTs
(2nd cycle)

DWNTs
(2nd cycle)

SWNTs
(1st cycle)

DWNTs
(1st cycle)

Fig. 14 Voltage profiles of highly pure and bundled single- and double-walled carbon nanotubes
for discharging and charging cycles. Reproduced from Ref. [71]

150 Y.A. Kim et al.



4.2 Additives to Anode and Cathode for Lithium Ion Battery

One-dimensional structure of CNTs makes it easy to form a net-work by the
entanglement due to their relatively large aspect ratios. Furthermore, the structural
integrity and its excellent electric conductivity make CNTs promising conducting
materials. The problematic drawback that CNTs have suffered from is high pro-
duction cost originating from low production efficiency, which seriously inhibits
their industrial application. However, SDK (Showa Denko K.K.) shows one
solution by accomplishing the mass production of MWNTs. MWNTs have been
synthesized by the decomposition of hydrocarbons, such as benzene and methane,
using transition metal particles as a catalyst at a growth temperature of 1000–1300 °C
[73–75]. Themass-produced but high-qualityMWNTs (i.e., commercial products are
graphitized) have one-dimensional morphology with highly preferred orientation of
the graphitic basal planes parallel to the fiber axis, which gives rise to excellent
mechanical properties and electrical and thermal conductivity. Therefore, MWNTs
have high possibility of application to fillers to both anode and cathode material in
Li-ion batteries by utilizing their high conductivity and surface-to-volume ratios. In
fact,MWNTs have been applied to commercial Li-ion batteries. To achievemaximum
battery performance, generally, electrodes used in a battery system are required to
possess sufficiently high electrical and thermal conductivity, mechanical strength
enough to sustain volume changes during the charge and discharge processes, and
favorable penetration of the electrolyte. Therefore, in the case that VGCFs are used as
electrode fillers, there are necessities not only to evaluate the basic properties of the
nanotube itself but also to characterize the packed state of the nanotubes. For example,
Fig. 15a shows the carbon anode sheet made up of synthetic graphite and MWNTs,

(a) Cu foil

MWCNT

5µm

(b)

Fig. 15 a SEM image for carbon anode sheet in a commercial cell, in which the carbon sheet was
made up of synthetic graphite. b SEM image of MWCNTs. An inset at the photo on the right
bottom shows the TEM photograph of single MWCNTs and the model based on computational
simulation. Reproduced from Ref. [76]
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which is used in a commercial cell. As seen clearly, theMWNTs interconnect well the
synthetic graphite powders with each other, contributing to the improvement of
electrical conductance and the reinforcement of the electrode. A typical SEM image of
MWNTs is shown in Fig. 15b. The inset in Fig. 15b shows a TEM image of a single
MWNTs and a drawing of its computational cross-section model.

The cyclic efficiency of a synthetic graphite (HTT = 2900 °C) anode as a
function of added amount of MWNT is shown in Fig. 16 [76]. As the addition of
MWNTs increases, the cyclic efficiency of the synthetic graphite anodes increases
continuously. Particularly, addition of 10 wt% MWNTs has maintained almost
100 % of cycle efficiency up to 50 cycles. At the high addition percentage, graphite
powder particles are interconnected by MWNTs to form a continuous conductive
network. Thus, the addition of MWNTs to anode materials improves the conduc-
tivity of the anode. In addition, MWNTs contributes to absorb and retain significant
amounts of electrolyte and to provide resiliency and compressibility to the electrode
structure. Therefore, the use of MWNTs as additives enhances the performance of
Li-ion batteries. Furthermore, as compared to conventional whiskers, relatively high
capability of VGCFs for Li-ion intercalation would also be beneficial for battery
performance.

The effectiveness of carbon nanotubes as conductive filler to cathode of lithium
ion batteries (Fig. 17) was demonstrated by adding small amounts of both carbon
nanotubes and acetylene blacks to LiCoO2-based active materials [77]. The merits
of using carbon nanotubes together with acetylene blacks as cathode fillers include
not only the enhancement of the electrical and the thermal properties of the elec-
trode, but also the enhancement of the density of the electrode and the shortening of
the electrolyte absorption time. We envisage that the use of carbon nanotubes as
multi-functional fillers will increase in both cathode and anode materials for lithium
ion secondary batteries.
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5 Conclusions

Modern society with the drastic development of mobile device and zero emission
vehicles has required further thin, light and small energy devices with higher energy
and power densities. Such demands will continue to generate many research
activities for the development of new cell materials and configurations. As was
mentioned in the above sections, many companies have developed the anode and
cathode materials with new concepts. This review has focused on carbon host
materials for anodes in all configurations of cells. The important thing is that the
effort to improve the battery performance should be made by multidisciplinary
approaches such as organic and inorganic chemistry, physics, surface science and
corrosion. Through the comprehensive study we can expect significant improve-
ments in energy density. The energy density of batteries is generally limited by the
low density of host materials and their defects. Fuel cells are expected to overcome
such a limited energy problem in the future. For the time being, however, Li-ion
batteries will have played an important role in high energy systems.
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Lithium Titanate-Based Anode Materials

Hailei Zhao

Graphitic carbon is the most widely used anode material in commercial Li-ion
batteries due to its low lithiation potential, long cycle life, abundant resources and
low cost. However, Li-ion batteries using graphite as anode material give rise to
rate, safety and life problems. During lithium intercalation/deintercalation process,
graphite undergoes a considerable volume change (*10 % [1]), which could cause
particle cracking and even peeling off of anode film from the current collector,
leading to gradual capacity degradation of the electrode [2, 3]. Safety concerns arise
when the cells experience fast charging, long-term cycling, or low temperature
charging owing to the propensity of formation of lithium dendrites, which is
induced by the low lithiation potential of the graphite anode (close to 0 V vs.
Li/Li+) and the low lithium ion diffusivity in the graphite lattice [4, 5]. As an
alternative anode material to carbon, Li4Ti5O12 has been extensively studied for the
potential use in large-scale Li-ion batteries. Li4Ti5O12 shows stable
charge/discharge platform at ca. 1.55 V versus Li/Li+, and possesses excellent
cycling stability and unique safety characteristic owing to its negligible volume
change and high redox potential upon Li-ion intercalation/deintercalation.
However, coarse Li4Ti5O12 exhibits poor rate performance because of its low
electronic conductivity and sluggish lithium ion diffusivity [6, 7]. In some cases,
especially when aging at elevated temperature or cycling in a long-term regime, gas
generation frequently occurs in Li4Ti5O12-based batteries [8]. In past decades, many
efforts have been devoted to overcoming these problems and significant advance-
ments have been achieved, which make Li4Ti5O12 viable for practical application in
batteries for various electrical energy storage, such as electric/hybrid
electric/plug-in hybrid electric vehicles (EV/HEV/PHEV), grid load leveling,
integration of renewable energy sources, etc.
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1 Lattice Structure and Electrochemical Characteristics

The Li4Ti5O12 compound has a defective spinel structure with cubic space group
Fd3m [9], where the 32e positions are occupied by oxygen atoms, the tetrahedral 8a
positions are taken by Li atoms and the octahedral 16d positions are shared by Ti
and Li atoms in a ratio of 5:1. Upon lithiation, Li atoms at the 8a sites are moved to
the 16c sites and the additional Li atoms fill the remaining 16c vacancies, resulting
in phase transformation from spinel structure of Li4Ti5O12 ([Li]8a[Li1/3Ti5/3]16dO4)
to rocksalt structure of Li7Ti5O12 ([Li2]16c[Li1/3Ti5/3]16dO4) [9, 10]. The two crystal
structures are illustrated in Fig. 1 [11]. The structural transformation generates only
a slight lattice contraction, from 8.3595 Å to 8.3538 Å [9] for Li4Ti5O12 and
Li7Ti5O12, respectively, corresponding to a volume shrinkage of about 0.2 %. Due
to the negligible volume change, Li4Ti5O12 is widely considered to be a “zero
strain” material for lithium insertion and removal. This gives active Li4Ti5O12

superior structural stability and guarantees the mechanical integrity of the electrode
by maintaining good Li4Ti5O12 particle contact with binder and conductive carbon
matrix during charge/discharge process, leading to an extremely long cycle
stability.

One mole of Li4Ti5O12 can uptake three moles of Li ions, corresponding to a
theoretical specific capacity of 175 mAh g−1. The electrochemical lithiation of
Li4Ti5O12 is commonly regarded as a two-phase process between Li4Ti5O12 and
Li7Ti5O12, which delivers a long and flat plateau at 1.55 V versus Li/Li+ [9, 10].
The typical charge/discharge curve of Li4Ti5O12 is depicted in Fig. 2 [12]. The high
redox potential makes lithium dendrite formation impossible, thereby averting the
safety hazards of negative electrodes that operate close to the potential of metallic
lithium [13]. Furthermore, the high operating potential of Li4Ti5O12 can effectively
avoid the formation of solid-electrolyte interface (SEI) film. Therefore, the

Fig. 1 a Li4Ti5O12 spinel structure. b Li7Ti5O12, rock salt. Blue (dark) octahedra represent
lithium, and green (light) octahedra represent disordered lithium and titanium (reproduced with
permission from [11])
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consumption of lithium from cathode material for the generation of SEI film can be
eliminated and the risk of SEI film decomposition at high temperature, which may
release heat thereby triggering the reaction of cathode with electrolyte and conse-
quently generating even large quantity of heat, can be decreased, making the
electrode possess high coulombic efficiency and good thermal stability [14].

2 Electronic Conductivity, Ionic Diffusivity
and Lithiation/Delithiation Mechanism

Li4Ti5O12 is insulating in character due to the large bandgap between the occupied
oxygen p-states and the empty Ti d-states. Literature reports a wide-ranging
bandgap width for Li4Ti5O12 from 1.8 to 3.8 eV determined by experiments [15–
18] to 1.7–2.3 eV calculated by ab initio [19–23]. The relatively low calculated
value compared to that experimentally determined is not surprising because density
functional theory (DFT) calculation tends to underestimate the bandgap of materials
[19, 24]. The large bandgap endows Li4Ti5O12 with a low electronic conductivity
<10−13 S cm−1 [25]. However, after lithium ions are inserted with concomitant
incorporation of electrons, the Ti d-states become partly filled, and the electronic
structure of Li7Ti5O12 changes to be metallic [26]. This means that Li4Ti5O12 is
insulating only at the beginning of lithiation process.

Ionic diffusivity of active materials is another factor dominating electrode
reaction kinetics. Li4Ti5O12 has a low Li ion diffusion coefficient on the order of
10−8–10−15 cm2 s−1 [27–31]. The huge difference in the reported Li ion diffusivities
of Li4Ti5O12 is attributable to the different testing methods and the different lithi-
ation depths of the employed electrode. The low electronic conductivity and poor

Fig. 2 Typical
charge-discharge curves of
Li4Ti5O12 versus Li for 1st,
20th, 40th and 60th cycles at
0.5 C (reproduced with
permission from [12])
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ionic diffusivity lead to poor rate performance of Li4Ti5O12 anode and thus limit the
practical and direct application of coarse Li4Ti5O12 in high-power batteries. To
overcome this problem, numerous methods have been devised to enhance the
electronic and/or ionic conductivities of Li4Ti5O12, including lattice doping, surface
coating, compositing and nanostructuring (see Sect. 3), with the eventual aim of
improving the rate-capability.

It is imperative to understand the lithium insertion and extraction mechanism
that affects the structural stability during cycling and the kinetic performance of the
Li4Ti5O12 electrodes. The electrochemical lithiation and delithiation of Li4Ti5O12 is
believed to occur through a two-phase reaction between Li4Ti5O12 and Li7Ti5O12,
which is responsible for the very flat voltage plateau around 1.55 V versus Li/Li+

[9]. The electrochemical lithium insertion in the voltage range of 1.0–2.5 V versus
Li/Li+ causes the filling of 16c sites and at the same time drives the original lithium
to migrate from 8a to 16c sites, leading to the full occupation of 16c sites in
Li7Ti5O12. The evacuation of lithium ion from 8a sites is most likely due to the
Coulombic repulsion between nearest Li ions occupying 8a–16c sites (separated at
a distance of 1.81 Å) [32]. The lithiation/delithiation process of Li4Ti5O12 can be
described by Eq. (1). Further lithiation gives rise to the partial re-occupation of 8a
site, resulting in the formation of Li8.5Ti5O12 at a low potential (ca. 0.05 V vs.
Li/Li+) accompanied by an approximately 0.4 % lattice expansion, which is con-
firmed by experiment and first principle calculation [26, 33, 34]. Although the
framework of [Li1Ti5]16dO12 is not changed upon lithium insertion down to low
potential, a structural distortion may be induced. The insertion of 4.5 mol lithium
per Li4Ti5O12 provides a theoretical capacity of ca. 262 mAh g−1, 1.5 times higher
than that of. Li7Ti5O12.

½Li�8a½ �16c½Li1=3Ti5=3�16dO32e
4 þ xe� þ xLiþ �

ca: 1:55 eV vs: Li=Liþ

ð1� xÞ½Li�8a½ �16c½Li1=3Ti5=3�16dO32e
4 þ x ½ �8a½Li2�16c½Li1=3Ti5=3�16dO32e

4

ð1Þ

The observation of co-occupied 8a and 16c sites in the lithiated intermediate
product Li4+xTi5O12 has led to reconsideration of the lithiation/delithiation mecha-
nism of Li4Ti5O12. Wagemaker et al., based on neutron and X-ray diffraction
measurements, suggested that the electrode reaction of Li4Ti5O12 is not a two-phase
reaction but a solid-solution process at room temperature, with 8a and 16c sites being
co-occupied. With increasing lithiation depth, the occupancy at 16c sites increases
while that at 8a sites decreases gradually. The real two-phase reaction between
Li4Ti5O12 and Li7Ti5O12 is only stable below 100 K [32]. The mixed occupation at
8a and 16c sites was also reported in a single-crystal study [35]. However, more
detailed investigation revealed that the solid solution can be described as well dis-
persed distinct domains with either 8a or 16c Li occupation. The domain’s length
scale is less than 10 nm at 373 K [36]. The two-phase character is clearly observed
by aberration-corrected scanning transmission electron microscopy (STEM) [37],
which shows a sharp, dislocation free coherent heterophase boundary (as illustrated
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in Fig. 3). This is beneficial for Li ion migration through the grain-boundaries and
thereby contributes much to the good rate-capability of Li4Ti5O12. The two-phase
mechanism for lithiation/delithiation usually corresponds to a poor rate-capability
due to the existence of strain and interfacial energy between the two phases.

Curved charge-discharge voltage profiles in high potential range (>1.55 V)
and extra specific capacity exceeding its theoretical value are commonly observed
for nanosized Li4Ti5O12 electrodes. This is believed to be associated with the
energetically favorable Li occupation at 16c sites near the surface region and high
accumulation of Li ions at the surface layer, because the surface environment helps
relax the strain caused by the repulsion between Li ions co-occupied at 8a and 16c
sites [38]. Deep lithiation can lead to a surface composition above that of
Li8.5Ti5O12 and therefore cause large structural distortion, or surface reconstruction
or even mechanical failure of a thin surface layer. These changes will passivate the
particle surface and deteriorate the electrochemical performance, especially the
rate-capability of Li4Ti5O12 electrodes. In addition, the surface structure variation of
nanosized Li4Ti5O12 can cause irreversible capacity loss, leading to a lower initial
coulombic efficiency. The surface structure of nanoparticles contributes more
fraction to the whole particle structure as compared to that of the bulk material.
Therefore, from the point of view of overall performance, there is an optimum
particle size for Li4Ti5O12 electrodes depending on the voltage windows, although
nanoparticles could significantly reduce the diffusion distance of Li ions. As lith-
ium ion diffusion conducts along the 16c-8a-16c pathway [39, 40], therefore, Li
occupation at 8a sites in addition to 16c sites will hinder the diffusion process and
further restrict the rate performance of Li4Ti5O12 electrodes.

Fig. 3 Interfacial structure in a chemically lithiated Li4Ti5O12 sample with approximately
0.15 mol Li insertion per formula unit along the [110] direction. a ABF image near the interface
between Li4Ti5O12 phase (region 1) and Li7Ti5O12 phase (region 2). The yellow (light) line
indicates the boundary of the interface. b Colored ABF image of the two phases near the interface,
where the 8a sites occupied in Li4Ti5O12 and the 16c sites occupied in Li7Ti5O12 are marked as
yellow (light) and black dots, respectively (reproduced with permission from [37])
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3 Advances in Performance Improvement

The superior structural stability endowed by the “zero strain” characteristics upon
lithiation/delithiation, the excellent safety feature ensured by the high redox
potential and the resource abundance in raw materials render the Li4Ti5O12 a
promising anode material of lithium ion batteries used for stationary energy storage
and electric vehicles. At the same time, the demand to further improve the unsat-
isfactory rate performance and resolve the gas generation issue of Li4Ti5O12

electrodes has motivated the design and preparation of Li4Ti5O12 materials with
novel particle morphology or chemical composition. With these efforts, great
progress has been made in optimization of electrochemical properties and better
understanding of electrode reaction kinetics of Li4Ti5O12 electrodes. Recently,
Li4Ti5O12 was found to be a good Na storage material, which make it be another
research hot-spot as electrode material making it another source of research activity
surrounding its possible use as electrode material for Na-ion batteries.

3.1 Rate-Capability

Rate-capability is one of the important electrochemical properties of batteries,
which ensures a high and stable delivery of electrochemical capacity under high
current density for the batteries. Many factors can affect the rate-capability of
electrodes, including active material features (electronic and ionic conductivity,
electrochemical activity, particle size and morphology), electrode recipe, and
electrode geometric dimension, etc. Here, we place an emphasis on the intrinsic
properties of Li4Ti5O12 active material that affect the electrochemical performance
under high current density environments.

3.1.1 Lattice Doping

Lattice doping is a common strategy to improve the electronic and ionic conductivity
of materials by producing effectively charged point defects and/or altering lattice
parameters. Donor dopingwith high valence elements substituting for Li (Mg2+, Al3+,
La3+,Ca2+, Zn2+, Sn4+) [25, 41–46] or Ti (Nb5+,W6+,V5+,Mo6+, Ta5+) [47–51] orO2−

(F−, Br−) [43, 52, 53] can yield mixed valence Ti3+/Ti4+ as charge compensation and
thereby generate n-type electronic conduction in Li4Ti5O12. The Mg substitution
increases the conductivity of Li4−xMgxTi5O12 by several orders of magnitude from
10−13 S cm−1 for x = 0 to 10−2 S cm−1 for x = 1 [25]. The rate capability of Li4Ti5O12

can be significantly improved by appropriate Ca substitution for Li sites, delivering a
specific capacity of*120 mAh g−1 at 20 C in the cut-off voltages of 2.5–1.0 V [44].
The Nb-doped Li4Ti4.95Nb0.05O12 exhibits an enhanced rate capability with a
reversible capacity of 135 mAh g−1 at 10 C and 127 mAh g−1 at 20 C [47].
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The generation of electronic defects by aliovalent ion doping can enhance the elec-
tronic conductivity of materials by increasing the delocalized electron concentration,
while the increase in lattice parameter by large size ion substitution or oxygen vacancy
generation can facilitate the lithium ion diffusion in lattice, both of which are essential
for a good rate-performance of electrode. It is reported that some dopants, such as Ru,
W, Sr and Zr, increase the lattice parameter of Li4Ti5O12, and therefore promote
lithium ion diffusion [17, 48, 54, 55]. In addition, the isovalent doping ofNa for Li [56,
57] and the Li substitution for Ti (Li excessive Li4+xTi5−xO12) [58, 59] have a positive
effect in improving the rate performance of Li4Ti5O12, which can be related to the
enlarged lattice parameter induced by large ion substitution or oxygen vacancy
generation.

Because the lithium ion diffusion in the lattice of Li4Ti5O12 during
charge/discharge process occurs via 8a-16c-8a route, the occupancy of foreign ions
at 8a site may affect the lithium insertion kinetics and even the specific capacity of
doped Li4Ti5O12 [41, 42, 60]. In spinel Li4Ti5O12, the same Li ions take two
different sites (8a and 16d) while the same 16d sites are occupied with two different
ions (Li and Ti). To elucidate the exact occupying site of the dopant ions in
Li4Ti5O12, especially for Li substitution, is extremely important for understanding
the doping mechanism and the resultant electrochemical performance variation. In
this regard, many advanced techniques are employed to probe the structural details
of the doped Li4Ti5O12 that should be responsible for the variation of the elec-
trochemical properties, including Electron energy-loss spectroscopy (EELS), X-ray
absorption spectroscopy (XAS), electron paramagnetic resonance (EPR), 7Li
nuclear magnetic resonance magic-angle spinning (NMR-MAS), inductive couple
plasma-atomic emission spectrometry (ICP-AES), neutron diffraction (ND) as well
as first principle calculation [17, 53, 60–63].

From the viewpoint of defect chemistry, either lower valence ion substitution for
Ti site or charge compensation substitution for both Li and Ti sites (co-doping)
cannot cause charged electronic point defects in Li4Ti5O12 for improving the
electronic conductivity. However, several reported works demonstrated that the
rate-capability of Li4Ti5O12 can be remarkably enhanced by low valence doping at
Ti sites, such as Li4Ti5−xMxO12 (M = Mn2+ [63], Al3+ [64], Sc3+ [65]), and charge
compensated co-doping for Li and Ti sites, such as Li4-x/3MxTi5−2x/3O12 (M = Cr
[22], Al [66]), Li3.9Ni0.15Ti4.95O12 [54] and Li3.95M0.15Ti4.9O12 (M = Al, Ga, Co)
[67]. The possible reason for the improvement is that these kinds of doping change
the electronic structure and narrow the band-gap energy, leading to a decreased
activation energy for electron conduction.

The substitution of elements with fixed valence for Ti in Li4Ti5O12 can com-
monly enhance the structural stability against the shock of high current density,
therefore, co-doping with two different elements, one with fixed valence for Ti and
another acting as donor dopant for Li or O, can be expected to yield a good
electrochemical performance under fast charge/discharge condition. The Mg, Zr
co-doped system Li3.95Mg0.05Ti4.95Zr0.05O12 displays excellent rate-capability and
cycling stability [68].
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Foreign element doping can sometimes cause the change of particle size because
it usually alters the total energy of the lattice, the specific surface energy of crystals
as well as the ion diffusion activities. Small particle size reduces the diffusion
distance of Li ions and provides more surface area to come in contact with the
electrolyte solution for electrode reaction, leading to an improved electrochemical
property, especially the rate-capability. Doping with Sr, La and Zr was reported to
decrease particle size and produce less particle agglomeration, which are part of the
reasons that contribute to the improved rate performance of Li4Ti5O12 [54, 69, 70].

In fact, the lattice ion doping may have influence on not just one aspect but
simultaneously several aspects of the properties of the host material, such as
electronic structure, point defect species and concentration, lattice distortion, lattice
energy and specific surface energy, which in turn exert effect on the electronic
conductivity, Li ion diffusivity, particle size and facet orientation. Therefore, the
improvement of electrochemical performance by lattice doping is usually a syn-
ergistic effect of several factors. To effectively regulate the properties of Li4Ti5O12,
it is important to distinguish the dominant factors and establish the correlation
among the dopant feature, electronic and lattice structure and electrochemical
performance.

3.1.2 Surface Modification

Carbon coating is a common approach to improve the electrochemical performance
of many electrode materials, including rate-capability and cycling stability. Owing
to its high electronic conductivity and good chemical stability, carbon layers can
remarkably enhance the electronic conductivity, increase interparticle contact, and
help to form a uniform SEI layer on active particle surface and thus diminish the
side reaction between the active material and electrolyte. In addition, the uniformly
coated carbon layer can extend the effective reaction interface between the active
particle and electrolyte, homogenize the current density and structural stress, and
thereby improve the rate capability and cycling stability of the electrode. The
carbon sources and carbon layer thickness have a strong impact on the physical and
electrochemical performance of carbon coated Li4Ti5O12/C electrodes [71–73]. The
commonly used carbon sources are glucose, sucrose, pitch, epoxy, polyacrylate acid
(PAA), citric acid (CA), maleic acid (MA), polyvinyl alcohol (PVA) and polyan-
iline (PANI) [73–78]. If the carbon coating is deposited via a CVD process, toluene
vapor carried by an inert gas is usually employed as the carbon source [72,
79]. When the carbon coating process is required to carry out at low temperature to
avoid the decomposition or vaporization of substance, acetylene is suggested.

The degree of graphitization of coated carbon has an effect on the electronic and
ionic conductivity of the coated Li4Ti5O12/C particles. Although high crystallinity
of the carbon layer corresponds to a high electronic conductivity, it is actually
unfavorable for lithium ion diffusion if the graphitic carbon grows with an orien-
tated plane along the particle surface [72, 80], as illustrated in the scheme of Fig. 4.
Therefore, there is a compromise between the electronic and lithium ionic
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conductivities when optimizing the carbon coating parameters. To avoid excessive
graphitization, high calcination temperature for carbon source pyrolysis should be
averted. Similarly, a thick carbon layer is not recommended from the point of view
of lithium ion diffusion (insertion/extraction). The optimized carbon layer thickness
is in the range of 0.7–5 nm [72, 80, 81]. Figure 5 shows the effect of carbon content
on the rate performance of Li4Ti5O12/C electrodes [77].

An in situ Raman study revealed that the defects and vacancies existing in the
carbon coating layer provide passages for lithium ion diffusion, and thus can pro-
mote the interfacial electrode reaction [77]. The N-doped carbon, when compared
with pristine carbon, shows better improvement in the rate capability and cycling
stability of Li4Ti5O12/C electrodes due to the enhanced electronic conductivity [79,
82, 83]. Other advantages of carbon coatings on Li4Ti5O12 include (1) limiting the
particle growth during calcination and thus shortening the lithium ion diffusion
distance during charge/discharge process [74, 75]; (2) reducing Li4Ti5O12 to gen-
erate Ti3+/4+ mixed valency on the particle surface, enhancing the electronic con-
ductivity [78, 84].

Fig. 4 Schematic illustration showing the effect of carbon coating on the electron and lithium ion
conductions on a surface of carbon coated Li4Ti5O12 (reproduced with permission from Ref. [80])

Fig. 5 Effect of carbon
content on the rate
performance of Li4Ti5O12/C
electrode (reproduced with
permission from Ref. [77])
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In order to achieve high tap density of Li4Ti5O12 powders, large secondary
particles composed of small primary particles are prepared. As shown in the work
reported by Zhu et al., nano-TiO2 was first coated with carbon by mixing with sugar
and calcining at 600 °C and then ball-milled with Li2CO3, followed by spray drying
and further calcining at 800 °C to obtain nanoprous micro-sphere LTO/C particles
[75]. Shen et al. proposed a novel strategy for preparation of core/shell structured
Li4Ti5O12/C nanoparticles via a simple solid-state reaction method by using metal
oxyacetyl acetonate as titanium and carbon sources [85]. Nanosized TiO2 particles
with a carbon coating was first formed during heating process and then lithium
(Li2CO3) diffused through the carbon layer to react with TiO2 in a limited space,
forming nano-sized Li4Ti5O12 coated with a thin and discrete carbon layer. This
specially synthesized Li4Ti5O12/C structure displays an excellent rate capability, ca.
53 % of the capacity at 0.2 C is delivered at 90 C. With a similar method, Wang
et al. prepared nano-sized Li4Ti5O12 particles with double surface modification
layers of Ti3+ and carbon with polyaniline (PANI) as a carbon precursor, which
prevents the Li4Ti5O12 particle growth during heat treatment and simultaneously
reduces the LTO particle surface to generate Ti3+-containing layer [78].

Besides carbon coating, metal nanoparticles are often employed to modify the
surface of Li4Ti5O12. The metal nanoparticles (e.g. Au [86], Ag [87, 88], Cu [89])
with a size range of 2–10 nm and highly dispersed on the Li4Ti5O12 particle surface
via a wet chemistry route can enhance the electrical contact between Li4Ti5O12

particles and the current collector, promoting the electrode reaction kinetics and
thereby improving the rate performance. As shown in Fig. 6, the Ag modified
Li4Ti5O12 nanocomposite delivers an excellent rate performance with a specific
capacity of 131 mAh g−1 at 30 C [88].

Surface modification with oxides is another strategy to improve the rate per-
formance of Li4Ti5O12 anode material. Feng et al. [90] reported a modification of
Li4Ti5O12 with an aqueous CrO3 solution, which leads to the generation of
Li2CrO4, Cr2O5 and anatase TiO2 on the Li4Ti5O12 particle surface. The first two
have a positive effect in improving the rate capability of Li4Ti5O12, resulting in a
capacity improvement of ca. 60 % from its original 80 to 130 mAh g−1 at 30 C.
CeO2 is also suggested as a suitable coating oxide for improving the rate perfor-
mance of Li4Ti5O12 electrodes, which could enhance both electronic and lithium
ionic conductivity because partial CeO2 enters the Li4Ti5O12 lattice as a dopant
[91]. The nominal compositions Li4Ti5CuxO12+x with two spinel phases
Li2CuTi3O8 and Li4Ti5O12 were synthesized by Wang et al. [92]. The component of
Li2CuTi3O8 is decomposed into Cu, Li2O and Li4Ti5O12 during the first lithiation
process, and the in situ generated Cu dispersing uniformly with Li4Ti5O12 promotes
the electron transport and improves the rate performance of the Li4Ti5O12-based
dual-phase electrode. TiN with high electronic conductivity is also employed as a
surface modification material to facilitate the electron transport and promote the
electrode reaction kinetics of Li4Ti5O12, which can be generated on the particle
surface of Li4Ti5O12 by simply thermal treating in NH3 atmosphere [93, 94].
Besides the formation of TiN, the surface of Li4Ti5O12 particles is reduced in NH3
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atmosphere during heat treatment, leading to the generation of partial Ti3+, which
can also contribute to the fast electrode reactions.

Heat-treating the sample in a hydrogen containing atmosphere at high temper-
ature [6] or immersing the sample in formaldehyde aqueous solution at room
temperature can also induce the reduction of Ti ions from Ti4+ to Ti3+, as confirmed
by XPS examination, and thereby increase the electronic conductivity of Li4Ti5O12

[95]. Wolfenstine’s work revealed that the electrical conductivity of Li4Ti5O12 can

Fig. 6 TEM images and electrochemical performance of Li4Ti5O12 and Li4Ti5O12/Ag composite
(reproduced with permission from Ref. [88])
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be increased from less than 10−9 to 10−5 S cm−1 after heat-treated in 3 vol.% H2/Ar
for 12 h at 800 °C [6]. Therefore, it is expected that high performance Li4Ti5O12

could be obtained by preparing or post heat-treating the materials in a reducing
atmosphere.

3.1.3 Compositing

Due to the extremely high electronic conductivity, graphene and carbon nanotubes
(CNT) are frequently incorporated into electrode materials, including Li4Ti5O12, to
enhance the rate performance. Either directly mixing with CNT or in situ growing
of Li4Ti5O12 on CNT can create Li4Ti5O12-based composites with a remarkably
improved rate capability [96–98]. In order to ensure a high electrical contact area,
the CNT is commonly employed together with amorphous carbon to enhance the
electrode performance. The Li4Ti5O12/C/CNT composite with a total carbon
amount of 6 wt.% was reported to exhibit a reversible capacity of more than
140 mAh g−1 at 10 C-rate [98]. Compared with CNT, graphene can deliver a even
greater improvement in rate performance and cycling stability of Li4Ti5O12 elec-
trodes due to its high aspect ratio, especially the flexible feature, which enables
good contact between graphene sheets and Li4Ti5O12 particles, allowing a fast
charge transfer process in the electrode reaction. Oh et al. [99] reported a
graphene-wrapped Li4Ti5O12 composite, which exhibits an excellent rate perfor-
mance with a reversible capacity of 147 mAh g−1 at 10 C and 105 mAh g−1 at
100 C. For the synthesis process, as illustrated in Fig. 7, the graphene oxide
wrapped TiO2 nanoparticles are preferentially prepared via an electrostatic inter-
action between graphene oxide (GO) and P25 (TiO2) nanoparticles in an acid
environment, which are then mixed with Li2CO3 and calcined at 850 °C in 4 %H2/
Ar, leading to the formation of Li4Ti5O12 particles tightly wrapped with graphene.
In the synthesis step, the graphene acts as a buffer to prevent the Li4Ti5O12 particle
aggregation by entangling the particles within the graphene sheets, while in the
electrode reaction step, it provides an electronic conducting network for fast elec-
trode reaction. Another interesting work was conducted by Shen et al. [100], where
the Li4Ti5O12 particles were in situ formed on graphene sheets with a controlled
size and a high loading density through a hydrothermal reaction. The Li4Ti5O12

nanoparticles anchored onto graphene can effectively prevent the restacking of
graphene sheets and provide void space for electrolyte well penetration. This kind
of structure offers an excellent rate performance of ca. 85 mAh g−1 at 60 C for 100
cycles (Fig. 8).

The tight contact between Li4Ti5O12 particles and reduced graphene oxide
(rGO) sheets after solvothermal treatment was shown by micro-Raman and X-ray
photoelectron spectroscopy studies, which revealed the formation of chemical
bonds and internal electron transfer between Li4Ti5O12 and graphene [101]. The
transfer of a π electron from the C6 unit of rGO to Li4Ti5O12 will cause the partial
occupation of the conduction band of Ti 3d t2g in the particle surface area, leading
to an enhanced charge transfer ability at the interface of Li4Ti5O12 and graphene.
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This kind of hybridization between Li4Ti5O12 and graphene was confirmed by first
principle calculation based on DFT [79], which revealed the existence of strong
bonding between the graphene coating layer and Ti-terminated Li4Ti5O12 surface.

With the aim of increasing the specific capacity and enhancing the rate capability
of Li4Ti5O12, various metals and metal oxides with lithium storability are applied to
composite with Li4Ti5O12, such as Sn [102], SnO2 [103], Fe2O3 [104] and CuO
[105]. Most of those composites delivered a high initial specific capacity in con-
comitant with an unsatisfactory cycling stability, due to the large volume change of
these active materials upon lithium insertion/extraction. A successful example for
the compositing of Li4Ti5O12 is the Li4Ti5O12-TiO2 composite, which delivers
remarkably enhanced electrochemical properties in terms of specific capacity,
cycling stability and rate capability when compared to pristine Li4Ti5O12. The
heterophase boundary between Li4Ti5O12 and TiO2 is considered to play an
important role in improving the electrochemical performance of Li4Ti5O12, which
may help to store electrolyte and offer more channels for Li+ ion
insertion/extraction reaction [106, 107]. A more rational mechanism of TiO2 in
improving the rate capability and reversible capacity of Li4Ti5O12 is its lithium
storability. TiO2 in the form of rutile or anatase is an active material towards Li-ion
storage with a theoretical capacity of ca. 336 mAh g−1 and a pair of redox potential

Fig. 7 Schematic for the effective graphene wrapping on individual LTO particles (reproduced
with permission from Ref. [99])
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at ca. 1.7 and 2.0 V, respectively [108, 109]. It is reported that TiO2 has fast lithium
ion diffusivity [110]. During the first lithiation process, Li-ions can preferentially
insert into TiO2 to form LixTiO2, in which the generated Ti3+ makes the LixTiO2

phase a highly conductive phase and therefore capable of promoting the electrode
reaction of Li4Ti5O12/TiO2 composites. Compared to the carbon coating layer, TiO2

not only provides fast lithium ion and electron transportation, but also offers a high
reversible capacity in the voltage range of 1.0–2.5 V, which endows the Li4Ti5O12/
TiO2 composite with high specific capacity, excellent rate capability and stable
cycling performance. Wang et al. prepared Li4Ti5O12 nanosheets with rutile-TiO2 at
the edges via a facile solution-based route [111]. The rutile-TiO2 as a coating layer
enhances the lithium ion and electron conductivity of Li4Ti5O12 and thus facilitates
the electrode reaction kinetics, leading to an excellent electrochemical performance
of high specific capacity and superior rate capability, as shown in Fig. 9.

Fig. 8 Capacity-voltage profile of Li4Ti5O12 (a) and Li4Ti5O12/GNS (b). Comparison of rate
capabilities of Li4Ti5O12/GNS with Li4Ti5O12 (c). Cycle performance of Li4Ti5O12/GNS electrode
at different current densities (d). GNS means graphene nano sheets (reproduced with permission
from Ref. [100])
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3.1.4 Nano-Structuring

The reversible capacity and cycling performance of Li4Ti5O12 are greatly influ-
enced by particle morphology. Reducing the geometrical size of particles is an
important strategy to improve the rate performance of electrode materials. The
small particle size provides a short distance for lithium ion diffusion and electron
transport, and more surface area for electrode reaction, ensuring fast
lithiation/delithiation kinetics and thereby a remarkably improved rate performance
of the electrode. Additionally, nanoparticles usually have various defects and
unsaturated coordination sites at the surface. As stated above, these defects
sometimes induce new lithium storage mechanisms [38] or provide sites for the
generation of conductive layers [79, 93, 94], and consequently contribute to some
the improvement of electrochemical performance of Li4Ti5O12. Nanostructured
Li4Ti5O12 with morphologies of nanosheets [112, 113], nanorods [114, 115],
nanotubes [116], nanowires [117], nanoflakes [118] and nanoflowers [119–121],
are designed and prepared via various routes, including solid-state, hydrothermal,
sol-gel, microwave, combustion, molten salt, sonochemical, rheological phase, and
spray pyrolysis, and improved electrochemical performance, especially
rate-capability, was demonstrated.

The synthesis route and starting materials have strong influence on the crystal
structure, particle morphology and therefore electrochemical performance of
Li4Ti5O12. Solvothermal techniques, including hydrothermal, is one of the impor-
tant methods of preparing nanoparticles. Because no long distance diffusion of ions
is required in the liquid phase, as is often encountered in solid-state reactions, the
product can be usually finalized by a low-temperature post heat-treatment after the
hydrothermal reaction, during which the intermediate product is subjected to the
decomposition of remaining organic groups and lattice rearrangement of Li4Ti5O12

particles. It is believed that the post heat treatment can improve the electrochemical
stability of electrode materials [122]. By varying the species and concentration of

Fig. 9 Electrochemical performance of LTO-RT-600 and LTO-600 NSs: a rate performance;
b cycle performance at 5 and 20 C. LTO-600 NSs and LTO-RT-600 refer to pure LTO nanosheets
and LTO nanosheets with a thin rutile-TiO2 terminated layer at the edges (reproduced with
permission from Ref. [111])
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surfactants and solvents, and controlling the pH value of solution, hydrothermal
temperature and soaking time, various nanoparticles with distinct morphologies can
be synthesized.

The Li4Ti5O12 nanoparticles with homogenous spherical morphology in size of
10–20 nm were synthesized via a solvothermal route by using titanium
tetra-isopropoxide and LiOH as the starting materials in a polyol medium at 235 °C,
combined with a subsequent treatment of 500 °C for 5 h in air [123]. The solvent
polyol is believed to play an important role in preventing particle agglomeration
and creating well-dispersed nanoparticles. Compared to the microsized Li4Ti5O12

(1–2 μm) prepared by solid state reaction, the synthesized nanoparticles exhibit
high specific capacity and excellent rate capability with a reversible capacity of 159
and 137 mAh g−1 at 30 C and 60 C, respectively. Feckl et al. reported a nanoscale
porous framework of Li4Ti5O12 composed of ultrasmall interconnected nanoparti-
cles in the size range of a few nanometers (3–4 nm), which delivers a capacity of ca.
175 mAh g−1 at 1–50 C and can maintain 74 % of the maximum capacity at an
extremely high rate of up to 800 C (corresponding to 4.5 s charge/discharge time)
without any decline for a thousand cycles (Fig. 10) [124]. Such a porously struc-
tured Li4Ti5O12 was synthesized in tert-butanol by a solvothermal route with
LiOtBu and Ti(OBu)4 as the starting materials in the presence of Pluraonic polymer
(P123). Their work demonstrates that besides the solvent, the similar reactivity of
the precursors is essential for the formation of a stoichiometric compound via a
solvothermal reaction.

Hollow structured Li4Ti5O12 particles were frequently reported to have a
remarkably enhanced rate performance and can be prepared by hydrothermal
reaction [119] or SiO2 microsphere-based template routes [125]. Electrospinning is
a simple, versatile, fast and inexpensive technology to produce one-dimensional
(1D) fibers at micro- or nanoscales. When combined with conventional sol-gel
processing, it offers the possibility to produce ceramic or organic/inorganic com-
posite fibers with either a solid, porous or hollow structure [126]. Li4Ti5O12/C fibers
were reported to be produced from the electrospinning technique [127, 128], in
which the Li4Ti5O12 nanopartices are coated with carbon or dispersed in carbon
matrix to form Li4Ti5O12/C 1D composite fibers. The unique structural character-
istics of those fibers with well dispersed dual-phase structure, nanoscale diameters
and high aspect ratios ensure a shortened distance for Li ion and electron transport
and provide more contact area with the electrolyte for electrode reaction, leading to
fast electrode reaction kinetics and therefore an excellent electrochemical perfor-
mance, with a specific capacity of more than 140 mAh g−1 achieved at a 10 C rate
[128] (Fig. 11).

Self-supported Li4Ti5O12 nanosheet arrays grown directly on conductive Ti foil
was prepared by hydrothermal reaction between Ti foil and LiOH solution [129].
The excellent stability of the well aligned self-supported Li4Ti5O12 nanosheet
enables the electrode to have flexibility while the advantages of good conductivity,
high surface area and shortened Li ion diffusion distance endow the electrode with
excellent electrochemical performance, a high capacity of 163 and 78 mAh g−1 at
20 and 200 C, respectively, and a capacity of 124 mAh g−1 after 3000 cycles at
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50 C. Recently, self-supported Li4Ti5O12/C nanotube arrays with uniform carbon
layers on inner and outer tube surfaces was reported by Liu et al., which were
directly grown on stainless steel foil via a template-based solution route [130]. The
structure schematic, SEM images and electrochemical performance of such elec-
trodes are shown in Fig. 12. The hollow structure expands the electroactive inter-
face for electrode reaction and reduces the distance for Li-ion diffusion, while the
carbon layer on the inner and outer surface of the tube enhances the electronic
conductivity. Such electrode exhibits outstanding cycling performance of ca. 7 %
capacity loss after 500 cycles at 10 C and excellent rate capability with a reversible
capacity of 135, 105, and 80 mAh g−1 at 30, 60 and 100 C, respectively.

Although nano-structured Li4Ti5O12 particles could provide outstanding rate
performance, the high specific surface area could induce high irreversible capacity
loss and the low tap density reduce the volumetric energy density of batteries.
Hollow structured particles especially cannot resist the high pressure rolling for

Fig. 10 HR-TEM images of nanosized Li4Ti5O12 heated at 400 °C (a) and 500 °C (b),
respectively. Multicycling stability at different rates (c) and at a rate of 100 C (d). The gray and
black symbols correspond to the samples heated at 400 °C and 500 °C, respectively. The open and
the filled symbols correspond to charge and discharge cycles, respectively. The cut-off potentials
are 1.0 V and 2.4 V versus Li. The thickness of the film is about 0.5 μm, corresponding to a
loading of about 0.14 mg cm−2 (reproduced with permission from Ref. [124])
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practical electrode preparation. An effective way to overcome these problems while
maintaining the excellent electrochemical performance is to fabricate hierarchical
structures with microsized secondary particles composed of nanosized primary
particles. The microsized particle increases the tap density while the nanosized
particle and the connected pores inside the microsized particle provide not only a
shortened distance for Li ion diffusion but also a percolative path for electrolyte
penetration, thus maintaining all the advantages of nanoparticles. Such Li4Ti5O12

particles with a nano-/micro-level combined structure were prepared by Amine
et al. via a colloidal solution method, which deliver a high specific capacity and
excellent rate-capability compared with microsized Li4Ti5O12 particles, and show
lower specific area impedance than microsized Li4Ti5O12 and carbon electrodes
when coupled with Li1+xMn2−xO4 cathode material [131]. Lin et al. [132] and Shen
et al. [133] prepared hierarchically porous Li4Ti5O12 microspheres with nanosized
primary particles and inside rich nanopores by using commercial TiO2 powders
with an average size of 10 nm and LiOH as starting materials via a

Fig. 11 a XRD pattern of 1D Li4Ti5O12@C nanofibers, all the main diffraction peaks are indexed
as spinel Li4Ti5O12 with Fd3m space group; b and c Low and high magnification SEM images of
the final annealed Li4Ti5O12@C hierarchical nanofibers, these hierarchical nanofibers have a
diameter of ca. 100–200 nm and are randomly oriented forming an interconnected fiber network;
d charge/discharge capacities of Li4Ti5O12@C hierarchical nanofibers over 1000 cycles at 10 C
(reproduced with permission from Ref. [128])
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hydro/solvothermal reaction route. These hierarchical particles exhibit excellent rate
performance and high capacity retention over long-term cycles. Especially, a high
tap density of 1.62 g cm−3 can be achieved for submicrospheres with a 60 mm
secondary particle size and 20–100 nm primary particle size [132]. Such
micro/nanoscale combined particles with high tap densities will find wide appli-
cation in practical high energy batteries.

Fig. 12 The structure schematic, SEM images and electrochemical performance of self-supported
Li4Ti5O12/C nanotube arrays electrode (reproduced with permission from Ref. [130])
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3.2 Gas Generation

Despite the various superiorities of Li4Ti5O12, there is still one obstacle that hinders
the practical application of Li4Ti5O12 as anode material in lithium ion batteries. It
suffers from continuous gas generation when aging or operating at elevated tem-
peratures, which damages the cycle and calendar life and poses a serious safety
issue for Li-ion batteries with Li4Ti5O12-based anodes [8, 134–138]. Gas
chromatography/mass spectrometry (GC/MS) examination reveals that the gener-
ated gas is composed primarily of H2 with a minority of CO, CO2, CH4, C2H4,
C2H6, etc. [136, 138, 139]. This phenomenon can occur in the beginning of the
formation cycle period and can be observed after several hundred cycles. The gas
generation in LTO-based chemistry is difficult to notice in small size cells or rigid
packaged cells due to the small amount of gas released but becomes more
noticeable in large scale soft-package cells. Three factors are considered to con-
tribute to the gas generation of Li4Ti5O12: lithiated Li4Ti5O12, lithium salt and
carbonate solvent [136, 140].

The lithium salt in electrolyte solvent was found to have an obvious impact on
the gas generation. Compared with LiPF6, LiBF4 salt releases less gas in
LTO-based batteries [136]. However, He et al. demonstrated that the lithium salt
has little impact on the gassing reactions [8], whereas the solvent plays the more
important role in the gas generation [8, 138]. They found that gassing reactions
include decarboxylation, decaronylation and dehydrogenation of solvents, which
are initiated not by PF5, a reaction product of LiPF6 with trace amount of water, but
by the (111) plane on the outermost surface of Li4Ti5O12 particles. The decom-
position product of solvents depends on the molecular structure [138]. According to
the results of IR and GC, linear carbonates produce mainly hydrogen and soluble
species, while cyclic carbonates generates alkylene gas, Li2CO3 and dilithium alkyl
carbonates. PC-contained electrolyte can form thicker/denser layer than the
EC-contained on Li4Ti5O12 surface, which can mitigate further decomposition of
the solvents and thus generate minimum gases. By comparing different solvents
with 1 mol L−1 LiPF6, Wu et al. revealed that DMC produces the maximum gases
while PC + DMC (1:1 in vol.) the minimum gases. Besides the gases, anatase TiO2

[8] and α-Li2TiO3 [141] are found as by-products on Li4Ti5O12 particle surface,
which may also exert influence on the cycling performance of Li4Ti5O12 electrodes.

Among the various reasons for gas generation, the main suspect should be the
lithiated Li4Ti5O12 (Li4+xTi5O12), which directly participates in the gas generation
reaction by transferring electrons from LTO to the electrolyte resulting in the
reduction of the electrolyte. The in situ XANES measurements on Li4Ti5O12

electrodes at high temperature reveal the continuous shift of Ti K-edge energy to
higher values during aging, implying the progressive increase in the average
valence of Ti ions, which is caused by the electron loss due to the self-discharge of
Li4Ti5O12 electrodes. Lower temperature leads to a longer transition time from Ti3+

to Ti4+. Because the reduction reaction is carried out at the particle surface of
Li4Ti5O12, the particle surface chemistry [8] and particle morphology [137] have an

176 H. Zhao



important influence on the gas generation. Cutting off the transport path of electrons
from Li4Ti5O12 to electrolyte by forming a smooth surface layer on Li4Ti5O12

should be an effective way to suppress the gas generation in LTO-based batteries.
He et al. reported that addition of vinylene carbonate to the electrolyte of 1 M
LiPF6/EC + DMC + EMC could facilitate the rapid formation of a protective SEI
film on Li4Ti5O12 electrodes [137]. The chlorosilane additive also has an obvious
effect in controlling the gas generation of Li4Ti5O12 electrodes in electrolyte of
LiPF6 in EC/EMC [136]. Another approach to form a protective layer on Li4Ti5O12

is to directly coat an inert layer onto Li4Ti5O12 electrode or particles before cycling.
The inert coating layer should be an electronic insulator but thin enough not to
impede the lithium ion transport. Atomic layer deposition (ALD) [136, 140] and
carbon coating techniques [142] are often employed to produce a protective thin
layer on Li4Ti5O12 electrode or particles, which can mitigate the gas generation
problem. The carbon coating can help to form successive SEI film on Li4Ti5O12

particles and thus prevent the gassing reaction between Li4Ti5O12 and electrolyte.
This has the added benefit in that the carbon coating can improve the rate-capability
of Li4Ti5O12 at the same time.

3.3 Performance as Anode Material for Na-Ion Battery

Apart from lithium-ion batteries, Li4Ti5O12 can also be used as an electrode
material for sodium-ion batteries. With the advantages of abundant and low cost of
sodium sources, sodium-ion battery is deemed as an alternative of lithium-ion
battery for large-scale energy storage applications [143]. Zhao et al. [144] first
reported that Li4Ti5O12 can be a Na-ion storage material, though the radius of Na
ion (1.02 Å) is ca. 34 % larger than Li ion (0.76 Å). The sodiation behavior of
Li4Ti5O12 is much more complicated and quite different from the two-phase
reaction of Li4Ti5O12/Li7Ti5O12 system. It usually presents a three-phase separation
mechanism [145], as described in Eq. (2), with a theoretical capacity of
175 mAh g−1.

2Li4Ti5O12 þ 6Naþ þ 6e� $ Li7Ti5O12 þ Na6LiTi5O12 ð2Þ

More detailed investigation reveals that the lithium insertion behavior into
Li4Ti5O12 is strongly particle size dependent [146]. A solid solution mechanism for
sodium insertion is found in nano-sized Li4Ti5O12 particles. The prepared
Li4Ti5O12 can deliver a reversible Na storage capacity about 155 mAh g−1 with an
average charge/discharge voltage of *0.9 V versus Na+/Na, as illustrated in
Fig. 13. Based on various in situ techniques, the Na+ ion apparent diffusion coef-
ficient in Li4Ti5O12 particles is estimated at around 10−16 cm2 s−1 [146, 147], which
is consistent with the result of DFT calculation [145]. The sluggish diffusion
kinetics of Na+ ions in Li4Ti5O12 necessitates the preparation of nanosized
Li4Ti5O12 particles for suitable use as anode material in sodium-ion batteries.
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Liu et al. [128] prepared Li4Ti5O12@C hierarchical nanofibers with tiny
Li4Ti5O12 nanoparticles embedded in carbon by an electrospinning technique,
which exhibited high and stable reversible capacity of about 162.5 mA h g−1 for
100 cycles at 0.2 C as anode material for Na-ion battery. The nanofiber shape
combined with uniformly distributed nanosized Li4Ti5O12 in carbon matrix offers
short transport distance for Na ion and electron transport, high contact area with
electrolyte, and good conducting phase percolation, ensuring excellent electro-
chemical properties.

A free-standing CNT/Li4Ti5O12/C composite nanofiber with Li4Ti5O12 nano-
particles and CNTs uniformly dispersing in a 1D carbon nanofiber matrix was also
reported to deliver a good rate capability as anode material for Na-ion batteries
[148]. Yu et al. [147] revealed the peseudocapacitive behavior of Li4Ti5O12 upon
Na ion insertion, especially for nanoparticles with sufficient surface defects, which
contribute much of the specific capacity and rate-capability without trade-off of
structural phase transformation.

4 Performance in Full-Cells

Because of the high safety, long cycling life and low cost, batteries with Li4Ti5O12

as anode materials are ready for practical applications in the fields of electrical
vehicles (EV) and large scale energy storage devices. However, the high redox
potential of Li4Ti5O12 results in some reduction of cell working voltage and thus the
energy density. This issue can be overcome by coupling Li4Ti5O12 anode with

Fig. 13 Elecrochemical performance of Li4Ti5O12 in sodium-ion batteries. The Li4Ti5O12

electrode with PVdF, NaAlg and Na-CMC as binder, respectively, was cycled in NaFSI/EC:DEC
electrolyte at a current rate of C/10 (reproduced with permission from Ref. [145])
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cathodes having relatively high redox potentials. Figure 14 displays the various
voltages of Li-ion cells with Li4Ti5O12 anode and different common cathode
materials [149].

Apparently, LiMn1.5Ni0.5O4 (LMNO) electrode offers the highest voltage of
3.2 V when combined with Li4Ti5O12 anode. The electrochemical performance of
Li4Ti5O12—containing batteries depends strongly on the match design of negative
and positive electrodes. Wu et al. [150] compared the electrochemical performance
of three cell designs with different LNMO-to-LTO (Li4Ti5O12) loadings
(positive-electrode limited, negative-electrode limited, and positive/negative
capacity ratio = *1) and demonstrated that the negative-limited LNMO/LTO full
cells delivered the best electrochemical performance, with 98 % of the first cycle
capacity after 1000 cycles. At the same time, the cells with Li4Ti5O12 limiting
capacity exhibits less limitation of electrolyte choice than the cells with LNMO
limiting capacity [151]. Actually, due to the high redox potential of LMNO, the
electrode/electrolyte interfacial reactivity at high potential is usually the dominating
factor for the electrochemical performance of LMNO/LTO cells [152, 153].
Recently, Kim et al. [154] reported a Ti-substituted cathode material LiNi0.5Mn1.5−x
TixO4 (LMNTO), which delivers longer cycle life, higher cell operating voltage,
higher coulombic efficiency and lower electrode polarization compared with Ti-free
LMNO when paired with LTO negative electrode. Besides, the Ti substitution can
improve the capacity retention of LMNTO/LTO cell at high temperature (45 °C).
The improvement is mainly ascribed to the retardation of electrolyte oxidation at the
cathode side.

Although LMNO provides high working voltage for LMNO/LTO cells, its high
redox potential (ca. 4.8 V vs. Li+/Li) imposes stringent requirements on electrolyte
systems. By contrast, LiCoO2, LiNi1/3Co1/3Mn1/3O2 and LiMn2O4 cathodes cou-
pling with LTO can operate well in most of the conventional electrolytes and thus
attracts more attention. In spite of the relatively lower working voltage, these
battery systems deliver much stable cycling performance. Toshiba’s SCiB™

Fig. 14 Voltage of Li4Ti5O12-based cells with different cathode materials. LMO—LiMn2O4,
LCO—LiCoO2, L333—LiNi0.33Co0.33Mn0.33O2, LFP—LiFePO4, LCP—LiCoPO4, LMP—
LiMnPO4 (reproduced with permission from Ref. [149])
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rechargeable battery with LTO as anode and LiNi1/3Co1/3Mn1/3O2 as cathode
exhibits excellent cycling stability with a capacity retention of 90 % after 10000
cycles and superior rate-capability taking only 6 min. to reach 80 % State of Charge
level [155]. With respect to olivine LiFePO4 (LFPO), owing to its intrinsic struc-
tural stability and electrochemical safety, the nanoengineered LFPO/LTO cell with
a working voltage of 1.9 V presents especially promising performance with
capacity loss rates of 0.003 %/cycle at 5 C rate after 200 cycles [156]. The mixed
metal compound LiMnyFe1-yPO4 (LMFP) has high redox potential at 3.6–4.1 V (vs.
Li+/Li), while it is not high enough to decompose the conventional electrolyte
solutions based on alkyl carbonate solvents. The full cell LMFP-LTO operates at
two potentials of 2.5 V (80 %) and 2 V (20 %) and shows good rate capability,
impressive cycling stability and high safety features, making it a competitive power
system in load leveling applications [157].

5 Conclusion

Li4Ti5O12 is a potential Li-ion battery anode material of for use in large-scale
energy storage, considering its high safety, excellent cycling stability, environ-
mental friendliness and low cost. Its intrinsic low electronic conductivity and
sluggish Li-ion diffusivity has driven research to design and prepare nanosized
particles with controlled morphologies with the aim of enhancing the
rate-capability. The gassing issue of Li4Ti5O12-based batteries is the main obstacle
that hinders its practical application. Surface coatings on Li4Ti5O12 electrode or
Li4Ti5O12 particles as well as employing effective additives for electrolyte are
potential approaches to form stable film on Li4Ti5O12 electrode to circumvent the
gas generation problem. The cathode materials, electrolyte systems as well as
capacity matching of the two electrodes impose important influences on the cycling
performance of Li4Ti5O12-based batteries.
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Alloy-Based Anode Materials

D. Pribat

1 Introduction/Context

Without lithium-ion batteries (LIBs), modern mobile devices and systems such as
lap top computers, tablets, smart phones and electric vehicles just would not exist.
Quite paradoxically, LIBs are also the weakest link of such devices and systems,
limiting their autonomy or their driving range. For instance, in order to increase the
available energy of portable electronic devices, manufacturers are now distributing
several batteries inside the casings, wherever they can find room, so that the owner
cannot even change those batteries by her/himself when they are out of order.
Actually, after more than 25 years of steady progress, LIBs seem to have reached
their asymptotic capacity values with the present combination of graphite at the
anode and insertion oxide or phosphate materials at the cathode. Progress is now
rather marginal, while new applications, particularly all-electric vehicles, necessi-
tate higher capacity systems in order to be competitive with vehicles propelled by
internal combustion engines. Such new applications are pushing the development of
novel electrode materials/configurations with (much) higher Li storage capabilities,
for both electrodes.

As we shall see in this chapter, Li can react with elements or compounds in
different ways, namely by means of insertion, alloying or conversion reactions.
When alloying or conversion reactions take place, they are usually accompanied by
a strong electrode volume change and restructuration, including bond breaking and
phase transformations. Schematically, the more Li can be packed in the host anode
material, the larger the volume expansion and the associated mechanical degrada-
tion problems upon repeated alloying–dealloying. Moreover, lithium alloys are
highly ionic (there are many Zintl phases) and consequently they are brittle and do
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not withstand mechanical stresses induced by volume changes. This also contrib-
utes to a rapid degradation and pulverization of the electrode as lithiation and
delithiation cycles are applied.

Over the past few years, research efforts have focused on the use of nano-
structured anode materials (nanoparticles, nanocrystals, nanowires, nanorods
etc., including complex core-shell and composite structures) in order to mitigate
the effects of volume change upon Li uptake. Nanostructured materials present
the add-on advantage of shorter diffusion distances for Li species, thus offering the
possibility to increase charging and discharging rates (i.e., battery power). This
chapter will essentially concentrate on such recent developments.

The chapter is organized as follows: after this short introduction, the next par-
agraph briefly shows why Li metal cannot be used as an active anode material.
Section 3 then establishes a list of attributes for a good anode. In Sect. 4, the
different types of Li reaction with elements and compounds are presented. Section 5
describes Li alloying with single elements, emphasizing column IV elements, then
column VI and column III, by order of importance. In Sect. 6, Li alloying with
intermetallic compounds and multi-element alloys is briefly presented. Conversion
reactions are discussed in Sect. 7, and section height presents a short conclusion.

2 Why Alloy/Conversion Anodes for Li-Ion Batteries?

Metallic lithium (Li, atomic number 3 and atomic mass 6.94 g) crystallizes in the
body centered cubic (bcc) system with a lattice parameter of 351 pm. This corre-
sponds to an atomic density of *4.597 × 1022 at/cm3, yielding a specific weight of
*0.53 g/cm3, which is the lowest of all metals. Li also exhibits the lowest redox
potential of the periodic table (−3.045 V against a standard hydrogen electrode).
Because of those properties, lithium should obviously be a first choice for anodes of
rechargeable lithium-based batteries. Unfortunately, Li tends to grow in the form of
dendrites when re-plated on the anode surface during battery charging [1] (even
when polymer electrolytes are employed, see Fig. 1), which after a number of
charge-discharge cycles can lead to short circuits between anode and cathode,
inducing risks of thermal runaway and fire.

Because of the above-mentioned security problems, Li metal has been replaced
by an insertion-type anode, resulting in the concept of Li-ion technology, where no
Li metal appears anymore [2]. Instead, Li ions are intercalated in host materials
exhibiting very different Li chemical potentials at either the cathode or the anode.
For most today commercial products, Li ions are shuttled back and forth between a
graphite anode and an oxide cathode (LiMO2, with M being a transition metal such
as Co, Mn or Ni) or a phosphate cathode (e.g., LiFePO4) as the battery is charged
and discharged (the so-called “rocking chair” operation). Graphite is an interesting
insertion material because it exhibits only a *10 % increase of the interlayer
graphite spacing (c-axis) and less than 1 % expansion in the basal graphite plane at
maximum Li insertion [3]. However, graphite can only store 1 Li for 6 carbon
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atoms (LiC6), which corresponds to a modest capacity of 372 mAh/g. This is the
main reason why other anode materials are currently being actively studied. Before
entering the heart of the subject, let us examine in the next paragraph what should
be the attributes of a good anode.

3 What Should Be the Attributes of a Good Anode?

The requirements for battery electrodes can vary according to the type of appli-
cation. For instance, thousands charge-discharge cycles are needed for an electric
vehicle (EV), whereas few hundreds might be satisfactory for mobile electronic
devices. On the other hand, smaller battery volumes are more adapted to portable
devices. Also, a small charging time and an increased capacity are game changing
improvements for EVs, ultimately eliminating battery swapping, contributing to
increase the acceptance of EVs by the public at large.

Whatever the application, one of the main parameters characterizing an anode is
its capacity, which can be defined as the number of Li-based charges that can be
reversibly stored in a unit mass (specific capacity, traditionally expressed in Ah/g;
1 Ah = 3600 C) or in a unit volume (volumetric capacity, expressed in Ah/cm3) of
the active anode material. For instance, the specific capacity of an anode made of
pure lithium is just the number of Li atoms/g in the metal multiplied by the ele-
mentary charge (since lithium redox reactions involve one electron only),
i.e., *3.860 Ah/g or 3860 mAh/g (corresponding to *2046 mAh/cm3). For an
alloy such as LixMy, the specific capacity can be expressed as:

Fig. 1 An example of Li metal dendritic growth through a polymer electrolyte (Image courtesy of
G.M. Stone/UC Berkeley and LBNL)
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C ¼ x� q� NAv

y�Mat � 3600
Ah/g; ð1Þ

where q is the elementary charge (1.602 × 10−19 C), NAv is the Avogadro number
and Mat is the atomic mass of element M. For example, the capacity of the LiAl
compound calculated with expression (1) is 991 mAh/g, while that of Li22Sn5 is
993 mAh/g and that of Li15Si4 is 3579 mAh/g, close to that of pure Li.

At this point, it should be emphasized that the capacity of an electrode is not an
absolute parameter, since it varies with the charge/discharge rate of the electrode.
Actually, one has to realize that in a battery, electrons are not directly available as
they would be in a capacitor. Rather, the availability of electrons results from
interface reactions (Liþ þ e� , Li), which can be slow. Moreover, concerning
alloy or insertion anodes, Li has to diffuse inside the host material to reach the
interface with the electrolyte, which can take time (s � l2=D; where τ is the dif-
fusion time, l the distance to travel and D the diffusion coefficient of Li in the host
material). Finally, Li+ transport in the electrolyte (which must balance the electron
transport in the outside circuit) is generally slower than electron transport in the
external circuit. For all the above reasons, the capacity of the electrode decreases as
its charge/discharge rate increases and capacity values are usually specified for low
charge/discharge rates, e.g., C/20 or even C/50. A C/N rate corresponds to a
complete charge/discharge of the battery in N hours; for instance, a C/20 rate means
charging/discharging the battery in 20 h; a 2 C rate means charging/discharging the
battery in ½ h.

Once the capacity of a particular material is known, there are some fabrication
constraints for the corresponding anode [4], so that a more relevant parameter is
often the electrode capacity per unit area of the current collector, expressed in
mAh/cm2. This number incorporates the mass loading of active material per unit area
of the current collector, a quantity which is always limited in practice. For example,
as quoted above, graphite exhibits a maximum capacity of 372 mAh/g, which cor-
responds to the formation of the LiC6 insertion compound (note that this is *10
times lower than the capacity of pure Li). For the fabrication of commercial anodes,
graphite powders are mixed with some inactive components, including a binder and
a conductive carbon additive, so that the graphite loading is only 85–90 wt% of the
total mass. Moreover, the thickness of the graphite-based deposit on the current
collector is commonly below *80 µm, because of delamination/adhesion problems
at larger thickness values. Taking a density of 2 g/cm3 for graphite and assuming
a *30 % porosity of the graphite-based deposit (the porosity is necessary for
electrolyte permeation), this yields an anode capacity of 3–4 mAh/cm2 (per side of
the current collector), depending on the exact thickness of the graphite-based deposit
and also depending on the exact porosity value.

A second important parameter is the potential of the anode (versus Li+/Li0),
which, for a given cathode material, determines the final voltage delivered by the
battery. A higher potential versus Li/Li+ of the negative electrode induces a lower
cell voltage. For instance, the potential of many Li alloys is comprised
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between *0.2 and*1.0 V versus Li+/Li0 whereas it is only *0.1 V versus Li+/Li0

for graphite.
The thermodynamics of Li-based batteries are detailed in Chap. 1 of this book

(or elsewhere in the literature [5]), and it is not our purpose to review this topic
here. From Chap. 1 or Ref. [5], we understand that the open circuit voltage VOC of a
lithium cell results from the difference in the chemical potential of lithium between
the cathode (µLi−C) and the anode (µLi−A) and can be expressed as:

VOC ¼ � lLi�C � lLi�A

nF
; ð2Þ

where F is the Faraday constant and n = 1 for the Liþ þ e� , Li equilibrium. The
chemical potential of Li in a host material is related to its thermodynamic activity,
aLi (which can be viewed as an effective concentration), so that:

lLi�A;C ¼ l0Li þ RTLnðaLi�A;CÞ; ð3Þ

where R is the gas constant, T the absolute temperature and aLi–A,C is the Li activity
either in the anode (A) or the cathode (C); aLi in pure metallic lithium is equal to
unity.

The situation is summarized on Fig. 2a, which is reproduced from a recent review
by Goodenough and Kim [9]. It follows from expression (2) that for a given cathode
material, in order to maximize the cell voltage, one has to use an anode material in
which the chemical potential of Li in the host structure (which translates into a
voltage against Li+/Li0 according to an expression similar to (2), when the
host/alloying material is tested as a positive electrode in the so-called half-cell
configuration using a pure Li anode as the negative electrode) must be as close to that
of pure Li as possible, i.e., zero. Figure 2b shows the voltages versus Li+/Li0 of some
insertion/alloying compounds, including some popular cathode materials (which are
treated in other chapters of this book). Figure 2b also shows the window stability of
the mostly used non-aqueous electrolyte, namely LiFP6 in a mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC). This window stability corresponds to
the energy difference between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) of the organic components of the
electrolyte. If the chemical potential of the anode (or the cathode) lies outside the
stability window of the electrolyte, the latter will be reduced (or oxidized in the case
of the cathode). In both cases, the unwanted decomposition of the electrolyte will
alter the proper functioning of the battery, leading to quick failure after a few
charge-discharge cycles if the electrolyte decomposition is not blocked.

Unfortunately, as shown in Fig. 2b, if we except Li4Ti5O12 and TiS2, most alloy
or insertion anode materials exhibit a potential versus Li+/Li0 which falls outside
the stability window of the LiFP6/EC/DEC electrolyte. This means that the elec-
trolyte will be reduced as the battery is charged, i.e., when the voltage is brought
below *1 V versus Li+/Li0 (unless otherwise mentioned, all voltage values are
expressed with reference to Li+/Li0). However, as indicated in Fig. 2a, this situation
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can be circumvented by the formation of a passivating film on the surface of the
anode, which kinetically extends the stability domain of the electrolyte. This pas-
sivating film (usually called solid electrolyte interphase—SEI [10]) blocks electron
transfer between the anode and electrolyte (hence preventing further electrolyte
reduction), but is permeable to Li+ ions, thus allowing their reduction at the anode
when the battery is charged and their release in the electrolyte when the battery is
discharged. The SEI usually forms naturally upon the first battery charge, where
electrolyte decomposition is unavoidable. If the SEI is mechanically and chemically

Fig. 2 a Energy diagram of a lithium cell in open circuit condition. ФA and ФC are the respective
work functions of the anode and cathode. Eg is the energy window in which the electrolyte is
thermodynamically stable. The stability domain of the electrolyte can be kinetically extended by
the formation of a passivating film (the so-called solid electrolyte interphase—SEI) on each
electrode. b Voltage (relative to Li+/Li0) and gravimetric capacity of several electrode materials.
The light blue domain between the dotted red lines represents the thermodynamic stability window
of the most common electrolyte used for Li-ion batteries: 1 M LiPF6 in a 1:1 mixture of ethylene
carbonate/diethyl carbonate. Capacity values for the Li-O2 and Li-S systems are indicative [6, 7] as
they are still debated [8]. Adapted and reprinted with permission from Ref. [9]
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stable, there is no more electrolyte decomposition after the first battery charge and
the anode is stabilized, even though its chemical potential lies outside the elec-
trolyte stability window. The SEI composition depends mainly on the particular
electrolyte and lithium salt used for battery fabrication and to a lesser extent on the
anode material itself. For a graphite-based anode and a LiFP6/EC/DEC electrolyte,
the SEI is typically composed of lithium compounds (Li2CO3, LiF, Li2O), poly-
olefins, semicarbonates, etc. [10–12]. Note that the stability of the SEI on
graphite-based anodes is another reason for their large commercial success.

With the above remarks in mind, the third important parameter for a good anode
is its ability to support/generate a stable SEI (which can necessitate the use of a
particular electrolyte and the addition of some SEI promoters in the electrolyte
[13]). For instance, the dimensional stability (small volume change) of the anode
upon Li alloying/insertion, will guaranty the mechanical stability of the SEI on its
surface. Actually, if the volume variation of the anode during Li insertion/alloying
is too important (poor mechanical stability), the SEI will tend to locally break, thus
exposing parts of the bare anode surface to the electrolyte, which will promote more
local electrolyte decomposition, trapping more Li in some carbonates, fluorides,
oxides or other Li-bearing decomposition products. Because the amount of cyclable
Li is limited by the cathode content, continued Li trapping induces a rapid capacity
fading as the battery charge/discharge cycling is carried on. Note that in any case,
and even if the SEI is stable after the first battery charge, its formation irreversibly
consumes some of the electrolyte and Li originally present in the battery casing,
which induces an irreversible capacity loss.

The fourth parameter determining the usefulness of an anode is its cycle lifetime.
This is the number of battery charge-discharge cycles it can withstand without sig-
nificant degradation, i.e., without significant capacity loss. Intuitively, one feels that
this parameter will depend on the magnitude of the capacity (the larger the capacity,
the more Li can be packed, but the larger the swelling/straining/deformation of the
host structure) and also on the depth of charge/discharge of the electrode. The
Coulombic efficiency (CE), which is a closely related parameter, corresponds to the
fraction of the prior charge that can be delivered during the following discharge. Of
course, the CE has to be as close to 100 % as possible. For a 99.9 % value, corre-
sponding to a 0.1 % only loss per charge-discharge cycle (and which could look like a
good performance), the capacity will be reduced to*82 % of its original value after
200 cycles and down to *37 % after 1000 cycles. For a *90 % capacity retention
after 1000 cycles, one needs a 99.99 % CE.

A fifth important parameter is the charge/discharge rate of the anode, the
so-called C-rate which has been defined earlier. The C-rate is controlled by several
material as well as structural properties such as the Li diffusivity in the host
material, the electrode structure (for a given coefficient of diffusion, the Li diffusion
time is obviously shorter in nanosized grains), its electronic conductivity (which
can vary with the state of charge), the quality of the contact with the current
collector, etc. Typically, when a particular material is tested against the C-rate,
various charge/discharge currents are applied to the anode. For instance, if a pure
graphite anode is characterized, applying a 372 mA/g charge/discharge current will

Alloy-Based Anode Materials 195



correspond to cycling the electrode at 1 C (or C/1) rate. In order to cycle the
electrode at a C/10 rate, the experimenter will apply a 37.2 mA/g current, etc.

4 The Different Types of Li Reaction with Various
Elements and Compounds

Lithium can alloy or react with a large number of elements or compounds, but in
different ways. The major types of reactions found in electrochemical systems are
(i) formation reactions, (ii) conversion reactions and (iii) insertion reactions [5].
When considering the possible reaction of lithium with other elements, it is useful
to first have a look at the corresponding phase diagrams, even though most reac-
tions do not occur at thermodynamic equilibrium.

A formation (or alloying) reaction can be represented by the following chemical
equilibrium:

xLiþ yM , LixMy; ð4Þ

where usually the phase structure of the LixMy reaction product is different from
that of the parent element M. If the phase structure of the parent element is pre-
served, then the reaction product is just a solid solution (y = 1 and x ≦ 1); however,
from a practical standpoint, solid solutions are not so interesting for Li storage since
they are very often limited to at best a few atomic Li percent (x ≪ 1), particularly at
room temperature, which corresponds to small capacities. Examples of materials
undergoing formation reactions are crystalline Si, Sn, Al and Sb.

For a conversion (or displacement) reaction, the equilibrium can be expressed as:

xLiþMNy , LixNy þM; ð5Þ

where the lithium displaces element M from phase MNy, forming a new LixNy

phase. This type of reaction has first been exploited [14] and explained with
transition metal oxides [15] (M = Co, Fe, Ni, Cu): 2LiþMO , Li2OþM, and it
has been extended to transition metal sulfides, nitrides [16], fluorides [17] and
phosphides. Note that the displaced element, M, can also react with Li according to
an alloying reaction similar to (4). In the latter case however, reaction (5) is not
reversible and there is a charge loss between the first lithiation and the following
ones. Chapter 5 of this book presents displacement reactions for cathode materials.

Finally, insertion reactions involve the occupation of empty interstitial sites of
the host crystal by Li ions. This type of reaction and the corresponding host anode
materials are the object of Chap. 6 of this book (see also Ref. [18]). Graphite, with
its layered structure, is the best example of a material very well adapted to such a
reaction [18].

Before concluding this paragraph, and as briefly discussed below, we would like
to emphasize that the type of reaction incurred by the anode material imposes the
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shape of the charge-discharge curve (e.g., in galvanostatic plots). Consider the Gibbs
phase rule, which indicates the number of degrees of freedom, f, of a closed system
under thermodynamic equilibrium: f = C + 2 − P, where C is the number of inde-
pendent constituents and P the number of phases of the system. Actually, f is the
number of intensive thermodynamic parameters that must be defined to completely
describe the system. For instance, consider a simple formation reaction, where M is a
pure element and LixMy a compound exhibiting a crystal structure different from that
of M. We have 2 constituents in our system, namely Li and M and 2 phases, which
are M and LixMy. According to the Gibbs phase rule, f = 2; so if the pressure (P) and
the temperature (T) are kept constant, there are no degrees of freedom left for the
system. Therefore, the chemical potential of Li in LixMy has a fixed value and hence
the electrode potential is constant as long as the 2 phases coexist. In other words,
only the relative amounts of M and LixMy change during lithiation. If the lithiation of
M is represented in a voltage versus composition (or state of charge) graph, the curve
will exhibit a long plateau as long as the 2 phases coexist. Note that if Li alloying
does not change the structure of M (solid solution case), then we only have one phase
in our system and f = 3; so at constant P and T, there is finally one degree of freedom
in the system. Hence, the chemical potential of Li in M varies as lithiation progresses
and so does the electrode potential; a sloping profile will be observed in a voltage
versus composition graph. For a displacement reaction such as (5), there are 3
elements and 3 phases, so that the number of degrees of freedom is again zero (at
constant P and T). Therefore, the voltage versus composition graph will exhibit a
plateau as long as the 3 phases coexist.

Since the trend in the fabrication of battery electrodes is clearly towards the use
of nanostructures, a word of caution is necessary, as the shape of voltage profiles
can be altered by the particle size of their constituting materials [19]. For instance,
the voltage-capacity curves for the lithiation–delithiation of Si at room temperature
usually exhibit plateau or plateau-like regions (see below, Sect. 5.2). However,
those voltage-capacity curves become sloped for nanosized Si [20]. The same type
of behavior is observed for Sb-based alloys [21]. This can be explained by diffi-
culties in nucleating a new phase at low dimensions (and high surface area), since
the cost of overcoming the surface energy becomes too high. Sometimes, the grain
size of the mother phase can even be smaller than the size of the critical nucleus for
the nucleation of the new lithiated phase. Hence, the phase diagram can be modified
by the extension of the solubility range of Li in solid solutions. Anatase LixTiO2 is a
clear example of this behavior [22].

5 Lithium Alloying with Selected Elements

Although we focus in this paragraph on Li alloying with simple elements of the
periodic table, very often amorphous carbon is added to the particular element
under scrutiny, either to prevent re-agglomeration of nanostructures (when such
nanostructures are of concern) or to improve the electrical conductivity of the anode
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(especially when the particular element is a semiconductor). However amorphous
carbon is usually inert towards Li and it does not participate in lithiation–delithi-
ation reactions.

5.1 Column IV of the Periodic Table

Li interactions/alloys with elements from column IV of the periodic table are
probably the most studied and the most interesting for battery anodes. This is
particularly true for C, Si and Sn.

5.1.1 Carbon

Carbon, in its graphite allotropic form, is the mainly used material for Li-ion
batteries anodes. However, carbon exists in many different forms, which result in Li
reaction mechanisms other than the well-known intercalation. Capacities up
to *1100 mAh/g can be reached with carbonaceous materials. Although this topic
and particularly Li intercalation in graphite is treated in Chap. 6, for the sake of
completeness, we just recall here the major features of carbon-based anodes, par-
ticularly those using nanostructured carbons. Apart from graphite, sp2-hybridized
carbonaceous materials have been classified as soft carbons (graphitizable) or hard
carbons (nongraphitizable), depending on the way their organic precursor decom-
poses upon pyrolysis in an inert gas [23]. For instance, Fig. 1 of Ref. [23] (not
shown here) displays the Li capacity versus heat treatment temperature for a variety
of soft and hard carbons. Clearly there are several possible interaction mechanisms
which are briefly summarized in panels a–d of Fig. 3 [18, 23–27].

The general chemical reaction describing Li interaction with carbon-based
materials can be expressed as:

6Cþ xLiþ þ xe� , LixC6 ð6Þ

The most common situation is Li intercalation in graphite (Fig. 3a), which
proceeds by the so-called staging phenomenon [18]. This staging phenomenon is
described by an index, which indicates the number of unoccupied graphene layers
between two Li-occupied layers [18, 26]. As already quoted, the maximum inter-
calation capacity is 372 mAh/g, which corresponds to x = 1 in reaction (6).

At this point, it is important to note that larger values of x can be obtained, up to
3 for some hard carbon materials (or mixtures of hard and soft carbons), the latter
corresponding to the Li3C6 compound with a capacity of 1116 mAh/g. For instance,
Zhou and coworkers [28] have used ordered mesoporous carbon (CMK-3) and they
have obtained reversible Li capacities between 850 and 1100 mAh/g (corre-
sponding to 2.3 < x < 3). Unfortunately, their CMK-3 anodes exhibit a large
hysteresis between charge and discharge, which results in a low energy efficiency
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for a full cell with an oxide cathode. In another example, Lahiri and coworkers have
also obtained high capacity values (up to 1100 mAh/g) using multiwalled carbon
nanotubes (MWNTs) coated with alumina [29]. Note however that MWNTs tend to
suffer from Li-induced embrittlement [30] because when Li is inserted, the con-
centric and closed structure of MWNTs does not allow expansion of graphene
sheets in the radial direction of MWNTs (which would correspond to the c-axis in
graphite), thus inducing large stress levels. Of course, this embrittlement may have
a deleterious influence upon anode ageing.

From a general point of view, disordered and partially graphitized carbons can
yield larger capacities than graphite because they provide more sites for Li
adsorption, including defect sites. For instance, the formation of Li clusters at
nanocavities is shown on Fig. 3c. For graphene sheets, Li can adsorb on both sides,
yielding higher capacities than graphite (Fig. 3d). Even if carbonaceous materials
(other than graphite) induce problems such as a high irreversible capacity, a poor
cycle lifetime and a low reaction potential, near 0 V (the latter being a potential
safety issue because of possible Li deposition and dendrite formation), they are still
actively studied because of their relatively simple synthesis methods. More details
can be found in Chap. 6 of this book, as well as in Refs. [18] and [23–27].
Graphene applications in the field of energy storage are briefly highlighted in a
recent topical paper [31].

Fig. 3 Various carbonaceous materials and the way they store Li. a Li storage in graphite
corresponding to LiC6 at maximum capacity [18]. b Formation of Li2 covalent molecules as
proposed by Sato [24–26]. c Li storage in cavities and nanopores [25, 26]. d Li storage on both
sides of isolated graphene sheets [25–27]. Reprinted with permission from Ref. [25]
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5.1.2 Silicon

Silicon is a very interesting anode material since it provides the highest known
specific capacity for room temperature (RT) electrochemical lithiation
(>3600 mAh/g), one order of magnitude larger than that of graphite. Also, Si has a
low delithiation potential, around 0.4 V against Li+/Li0, so that high battery volt-
ages can still be reached with the classical oxide- or phosphate-based cathodes and
also with lithium peroxide (Li2O2) or hydroxide (LiOH) if Li-Air cathodes are
concerned. Finally, Si is an environment-friendly material and it is the second most
abundant material in the Earth crust, which guarantees availability at low cost for
future industrial use. Unfortunately, the incorporation of large amounts of lithium
into Si is accompanied by a volume change of*280 % as well as an amorphization
of the crystalline material, so that the mechanical strain generated during the
lithiation/delithiation steps leads to cracking and pulverization of the Si electrodes
after a few cycles only. Moreover, Si is a semiconductor material, so that contacting
it might result in Schottky barrier formation unless proper doping is employed. Also
the diffusion coefficient of Li in Si is low (*10−13 cm2/s) [32], which can strongly
limit the rate performance of Si-based anodes. Despite all those drawbacks, Si is
still one of the most studied materials, and several review papers have already been
published over the past few years, concerning powders, thin films and more recently
nanostructures [33–38], which indicates a rapidly moving research field of partic-
ular interest.

A number of structural studies, whether in situ or ex situ have revealed the phase
transformations occurring in Si during alloying with Li. More specifically, in situ
X-ray diffraction (XRD) analysis [39, 40], in situ transmission electron microscopy
observations [41, 42], ex situ pair distribution function analysis [43] etc. have
shown that crystalline Si (c-Si) converts to an amorphous phase (a-LixSi) during the
first lithiation. The a-LixSi amorphous phase (where x *3.5 is the most accepted
value) usually crystallizes to the metastable c-Li15Si4 compound towards the end of
lithiation, when the voltage goes below *60 mV, thus reaching a capacity of
3579 mAh/g. This c-Li15Si4 polycrystalline phase exists over a range of compo-
sitions, so that Dahn and coworkers have labelled it Li15±δSi4 [40]. Hence the
maximum capacity of a Si anode is *3800 mAh/g corresponding to δ *0.9 in
overlithiated Li15+δSi4.

The first delithiation starts with an equilibrium between c-Li15Si4 and an
amorphous Li2Si phase; once all the Li extracted, the host Si is left amorphous
(a-Si). For the second and following lithiation cycles, there is a first equilibrium
between a-Si and another amorphous phase of composition Li2.5Si [44]. Once all
the a-Si consumed, a third amorphous phase appears (with Li/Si > 2.5), in equi-
librium with Li2.5Si. When the lithiation voltage approaches zero, the c-Li15Si4
phase crystallizes again. The two-phase lithiation mechanisms of c-Si and a-Si are
very similar, with a sharp phase boundary between c-Si and a-Li3.5Si or between
a-Si and a-Li2.5Si [42, 44, 45]. Figure 4 summarizes the atomistic mechanism of Si
lithiation, whether the starting material is crystalline or amorphous.
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The second and following delithiation steps are similar to the first one. Maybe
the charge-discharge behavior of a c-Si electrode can be summarized by referring to
Fig. 5. Note however that the crystallization of the Li15Si4 phase does not take place
in certain nanostructures, e.g., undoped nanowires [37, 41].

Although it is generally preferable to avoid phase changes to improve the life-
time and reliability of an electrode, whether crystallization of the Li15Si4 phase at
the end of lithiation occurs or not is probably of little importance, since as pointed
out by Liu and coworkers [46], the structure of the amorphous phase is very close to
that of the crystal, which also explains the sudden crystallization of Li15Si4 when it
takes place (atoms in the amorphous state are close to the positions they have in the
crystal).

Finally, if instead of c-Si, amorphous Si is used as the starting material, the
lithiation behavior is identical to that of the second cycle of c-Si (Fig. 5b, 2nd cycle
in red).

Fig. 4 Similarities of the two-phase lithiation mechanism of c-Si and a-Si. a High resolution
transmission electron microscope (HRTEM) image showing the sharp phase boundary between
c-Si and a-Li3.5Si. b A snapshot from molecular dynamics simulation showing the atomic
structures near the amorphous-crystal boundary. c The high Li concentration (red atoms) at the
amorphous-crystal boundary softens the Si–Si covalent bonds, facilitating the peeling of Si atoms
(blue) from the c-Si surface. d HRTEM image showing the sharp boundary between a-Si and
a-Li2.5Si (corresponding to the first sloping plateau of the galvanostatic lithiation curve of a-Si, see
Fig. 5b, red or blue curve). e A snapshot from molecular dynamics simulation showing the atomic
structures near the a-Si—a-Li2.5Si interface. The a-Si consists of a continuous random network of
Si atoms. f Schematics of the model for the formation of a-Li2.5Si at the interface with a-Si. Here
again, the high concentration of Li at the interface facilitates Si–Si bond breaking. Reprinted with
permission from Ref. [44]. Copyright (2013) American Chemical Society
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To a large extent, the use of nanostructured Si (nanoparticles, nanowires,
nanopillars etc.) can prevent cracking/pulverization and rapid degradation of
Si-based anodes. For instance, c-Si nanoparticles do not crack upon full lithiation
when their diameter is kept below *150 nm [47]. Similarly, c-Si nanopillars keep
their integrity unless their diameter is above *300–360 nm [48, 49]. Note at this
point that the lithiation of monocrystalline Si is highly anisotropic, the largest
volume expansion occurring along 〈110〉 directions [48, 50, 51]. However, since
c-Si becomes amorphous after the first charge-discharge cycle, this anisotropy
should be of little importance for an anode, as long as cracking is prevented during
the first lithiation. Particles with larger diameters can avoid cracking if a-Si (instead
of c-Si) is the starting material [45].

Fig. 5 Galvanostatic and cyclic voltammetry curves recorded on arrays of crystalline Si
nanowires (NWs) mounted in a half-cell geometry with a Li counter electrode. a The first
galvanostatic cycle, showing a slightly sloping plateau, starting at around 100 mV and
corresponding to the equilibrium between c-Si and a-Li3.5Si (black curve, left-hand side). At the
end of lithiation, when the voltage approaches 0 V, c-Si has totally disappeared and transformed to
a-Li3.75Si that may suddenly crystallize into the c-Li15Si4 phase. Delithiation (black curve,
right-hand side) produces a steep rise in potential, followed by a plateau at *430 mV, which
corresponds to an equilibrium between c-Li15Si4 (or a-Li3.75Si) and a-Li2Si. At the end of the
delithiation step, when Li is totally extracted from the alloy, Si is left amorphous. The atomic
structures of the various elements or alloys corresponding to particular alloying states have been
constructed with the Crystal Maker software. b The three first galvanostatic curves of the Si NW
array emphasizing the difference in lithiation behavior between the first cycle (c-Si, black curve)
and the following ones (a-Si, red and blue curves). The 1st lithiation curve is of course identical to
the one in (a), whereas the 2nd and 3rd lithiation curves show the 2 sloping plateaus which are
typical of a-Si lithiation. Upon delithiation, the 3 curves are similar. The insert shows the 2 first
cyclic voltammetry curves recorded on similar Si NW arrays. There is a single sharp peak for the
first lithiation (black curve, peak marked as “1”) corresponding to the one step, 2-phase lithiation
of c-Si. Note that since the NWs are undoped, there is no peak corresponding to the crystallization
of Li15Si4, which should occur below 80 mV. (See e.g. Ref. [37] for a more detailed discussion).
The second lithiation produces 2 peaks (red curve, peaks marked as “1” and “1-a”), corresponding
to the 2-step lithiation of a-Si. Upon delithiation, the curves for the first and second cycle are
qualitatively similar, exhibiting 2 peaks (labeled 2 and 3) at approximately the same voltage.
Reprinted with permission from Ref. [37]
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Once the cracking problem solved, there still remain to stabilize the interface
between Si and the electrolyte by forming a stable SEI (see Sect. 3 above).
Actually, because of the large Si volume increase upon lithiation, the SEI tends to
break, thus locally failing to protect the Si surface. As a consequence, the newly
exposed Si surface keeps reacting with the electrolyte, trapping more Li in SEI
products and inducing capacity fading. Furthermore, the SEI tends to thicken,
which slows down Li exchanges, affecting the charge-discharge rate of the elec-
trode. The problem is amplified by the use of nanostructures which exhibit large
surface to volume ratios.

In order to solve the above-mentioned problem of SEI stability, various
approaches have been explored during the past few years, aiming at keeping the
mechanical advantages of nanostructures (i.e., avoid cracking), while preventing
SEI breaking, still allowing Si to expand/contract. Schematically, those approaches
have been applied to nanoparticles (0D materials), nanowire/nanotube-like struc-
tures (1D materials) and graphene-encapsulated nanostructures (2D-like materials).
We do not pretend here to be exhaustive, but rather to illustrate some of the most
promising approaches.

Brought along by the study of core-shell nanoparticles [52] (0D materials),
hollowed structures have been designed, that are capable of accommodating Si
expansion. Figure 6 shows an example of a hollow core-shell carbon-silicon (C-Si)
structure, where oxidized Si nanoparticles are first coated with a carbon layer,
followed by SiO2 dissolution in hydrofluoric acid (HF) [53]. The resulting hollowed
structure allows the Si to expand upon lithiation without breaking the C shell
(Fig. 6a). Hence a stable SEI can be formed on this C shell, which does not
experience any deformation. Such core-shell structures can be deposited on a
current collector using the familiar slurry-type process, and because the overall
core-shell nanoparticle is dimensionally stable during lithiation–delithiation, the
electrical contact between neighboring particles is not affected by charge-discharge
cycling. This hollowed core-shell structure has been recently improved by Cui and
coworkers [54] who grouped together the C-Si core-shell nanoparticles into larger
clusters, which are themselves surrounded by a thicker outer carbon layer which
protects them from the electrolyte. The improved structure is inspired by a
pomegranate fruit. An anode capacity of *2500 mAh/g has been obtained (at C/20
rate), stable over 1000 charge-discharge cycles, using charge-discharge currents up
to 3.7 mAh/cm2, comparable to those of commercial Li-ion batteries [54].

Concerning 1D nanostructures, Si nanowires (NWs) have been largely investi-
gated, including core-shell and coated structures (see Ref. [37] for a recent review,
including the main synthesis methods for Si NWs). Porous Si NWs have shown
interesting properties since the empty space inside the pores allows accommodation
of some of the Si volume change. Using porous Si NWs etched from boron-doped
Si wafers, Zhou and coworkers have reached 2000 charge-discharge cycles at a
0.5/1 C rate, keeping the reversible capacity over 1000 mAh/g [55].

Nanotube-like Si structures (Si NT) represent another interesting 1D approach,
since the inside hollowed part of the structure can absorb some of the volume
increase during lithiation, thus limiting the overall swelling of the host Si NT.
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Fig. 6 Hollow Si-C core-shell nanostructure. a Schematic of the principle; Si can expand upon
alloying with Li without breaking the carbon shell, that keeps its original dimension. b Schematic
fabrication process, starting with Si nanoparticles. c–f Transmission electron microscope images of
a pristine Si nanoparticle (c); a Si nanoparticle covered by a thin layer of SiO2 (d); an oxidized
nanoparticle (Si/SiO2) coated with a thin carbon layer (e); some hollowed core-shell structures
obtained after the removal of the SiO2 layer (f). Reprinted with permission from Ref. [53]
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Hence the SEI on the outer surface can be stabilized. Several groups have explored
this route and interesting results have been obtained. Park and coworkers [56] have
synthesized their nanotube-like Si structures inside porous anodic alumina tem-
plates and they have obtained a good stability upon charge-discharge cycling in a
half cell, together with high charge-discharge rates of up to 5 C. They also built a
complete battery, with a LiCoO2 cathode, which exhibited a 89 % capacity
retention after 200 charge-discharge cycles at 1 C rate. Song and coworkers [57]
deposited a conformal Si shell on sacrificial ZnO NW cores and subsequently
removed the ZnO using a moderate temperature (600 °C) reduction process; their
mechanical model shows that free expansion at the inner surface of the Si NTs eases
the volume increase during Si lithiation. Following those ideas, Cui and coworkers
[58] synthesized their Si NTs by using sacrificial carbon fibers on which a CVD Si
shell was deposited. The core carbon fibers were subsequently removed by a 500 °C
thermal treatment in air which also provided a protective SiO2 coating around the Si
NTs. This outside SiO2 coating (permeable to Li ions) served as a mechanical
clamping layer, preventing expansion of the outer surface of the Si NT during
lithiation, while the volume increase was accommodated by partially filling up the
empty core of the Si NT. Because the outside surface of the Si nanotubes does not,
or only slightly expands, the SEI which deposits on it is mechanically stable and
serves as an efficient passivation layer. Hence, the stability of anodes based on those
Si nanotubes is excellent, as 85 % of the original capacity is still retained after 6000
charge-discharge cycles at 12 C. The authors also report charging rates of up to
20 C which is one of the highest values reached for Si (if we except the results of
Ref. [41] obtained inside the TEM in particular conditions). A rather severe
drawback is that the areal Si mass is small, typically below 0.1 mg/cm2. Also,
because most of the Si NTs is empty, the volumetric capacity of the corresponding
anodes is necessarily small.

A third type of approach consists in “wrapping” the Si nanostructures inside
flexible graphene foils, resulting in 2D-like configurations. Actually, one can
intuitively feel that graphene will provide a highly deformable electrical contact that
can follow the expansion and contraction of the Si nanostructures as they are
lithiated and delithiated. Graphene is the material of choice, since it is not only
flexible, but also chemically inert and it exhibits a good electrical conductivity.
Figure 7 schematically shows Si nanoparticles (NPs) embedded inside
defect-decorated, porous graphene sheets [59].

Actually, although high temperature CVD processes on transition metal foils
have been (and still are) developed for the synthesis of large area, electronic grade
graphene [60], the simpler way to obtain defect-decorated graphene flakes/films for
use in batteries or supercapacitors relies on solution-based processes involving the
chemical exfoliation of graphite or graphite derivatives such as graphite oxide [61].
A typical preparation sequence for the fabrication of graphene films from liquid
suspensions will first include the chemical oxidation of graphite particles with
mixtures of strong acids and oxidants as in the Hummers method [62], which after
ultrasonication in water will yield stable colloidal suspensions of hydrophilic
graphite oxide (GO) sheets. GO which is a brittle and insulating material can be
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spin-coated or spray-deposited or filtered and subsequently reduced back to
defect-decorated graphene (actually called reduced graphite oxide, RGO), either
chemically (e.g., using hydrazine hydrate [63]) or thermally [64]. Note that RGO is
an ideal material since there is no need for a high crystalline quality graphene
material for electrode applications and large lattice defect concentrations are even
necessary to let the Li ions and electrolyte molecules permeate through the gas-tight
carbon network [65]. However, making uniform composites of defect-decorated
porous graphene sheets (e.g., RGO) and Si nanostructures is by no means an easy
task. The simplest approach seems to make a water-based suspension with the Si
nanostructures and GO sheets, spread/spray the suspension on the current collector
(Cu foil) and then reduce the GO back to graphene. However, Si NPs/NWs are
always oxidized, so that their OH-terminated surface tends to be negatively charged
in solution. On the other hand, GO is also negatively charged because of the ioni-
zation of carboxylic acid and phenolic hydroxyl groups [66]. Hence the GO flakes
tend to repel the Si nanostructures, which yields highly non-uniform composites.
Zhou et al. [67] and Ye et al. [68] have used electrostatic self-assembly by modifying
the surface charge of the Si particles and graphene sheets [68] with various polymers.
Once the electrostatic assembly performed in water-based solutions, the composites
are dried and fired at high temperature (≧500 °C) in a controlled reducing atmo-
sphere. Sophisticated (and expensive) processes have also been developed for Si
NWs, where they are first “wrapped” within a CVD graphene-like deposit and then
further embedded within RGO sheets [69, 70]. Having said this, inspection of Fig. 7
tells us that if the electrolyte penetrates between the graphene sheets, then the SEI
will form on Si NPs, electronically isolating them from the graphene. This will lead
to rapid capacity fading. Moreover, most published papers show relatively low
capacities for those graphene (or RGO)-Si composites, typically below 1500 mAh/g.

Fig. 7 A schematic drawing (not to scale) of a section of a composite electrode material
constructed with a graphenic scaffold with in-plane carbon vacancy defects. The graphene sheets
with these holey defects are displaced from each other for clarity. Electrochemically active
components, for example, Si nanoparticles (large spheres), are sandwiched between graphene
sheets, and these composites are structurally integrated with a 3-D graphenic network of
interconnecting graphitic domains formed by reconstituting these graphene sheets. Li ions (small
spheres) can diffuse easily across graphene sheets throughout the structure by passing through the
in-plane vacancy defects. Reprinted with permission from Ref. [59]
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To briefly summarize this paragraph on Si, we emphasize that nanostructuring is
indeed beneficial and that, thanks to clever engineering (including band gap
engineering at the nanoscale to control the lithiation front1 [71]), a number of
reports show lifetimes over 1000 charge-discharge cycles with capacity values over
1250 mAh/g. However, for most approaches, increasing the “mass loading”
(mg/cm2) of anodes based on Si nanostructures is another challenge for the future.
Typical mass loadings of several mg/cm2 of active material, i.e., *10 times more
than presently obtained should be reached. This low areal mass loading is a general
drawback of nanomaterials, particularly when they are used in slurries where more
inert binder and conductive additives are necessary. Finally, as with all industrial
products, cost issues will probably determine the future of Si-based anodes and the
simpler overall process will win in the end.

Several companies presently commercialize Si-based materials for anodes or
Si-based anodes. For instance, Nexeon Ltd, a SME in the UK, has patented a
nanostructured Si pillars technology (US patents no. 7402829, 7683359, and
7842535) which is supposed to overcome the problem of cycling, as well as provide
larger capacities. SiNode, founded in 2012 through Northwestern University’s
NUvention program, is commercializing a patented composite of silicon
nano-particles and RGO developed by Pr. Kung [59]. California Lithium Battery,
(CalBattery) uses a process developed by Junbing Yang at Argone National
Laboratory; again it is a composite of graphene and Si, where the Si is directly
deposited on graphene by CVD from a chlorosilane compound [72]. Amprius
which is a spin-off from Yi Cui’s lab in Stanford also develops Si-based anodes.

5.1.3 Germanium

As silicon, germanium (Ge) crystallizes in the diamond structure and the Li-Ge
system is analogous to the Li–Si system. However, probably because of its very
high cost [73], Ge has received much less attention than Si. The relative abundance
of Ge in the Earth’s crust is about 1.5 ppm, when it is*27 % for Si. Ge gravimetric
capacity is also lower than that of Si (1384 mAh/g for the Li15Ge4 compound),
although its volumetric capacity is comparable to that of Si (7367 mAh/cm3 for
Li15Ge4, and 8334 mAh/cm3 for Li15Si4).

Even though in some work performed on Ge films, several crystalline Li-Ge
compounds were observed during lithiation [74], it seems that crystalline Ge is
progressively amorphized during Li insertion (just as c-Si), at least for nanostruc-
tures [75, 76]. As with Si, in situ XRD and TEM analysis show that lithiated
germanium crystallizes into cubic Li15Ge4 at the end of the full lithiation step,
whether the starting material is crystalline [75, 76] or amorphous [77]. The de-
lithiation of the c-Li15Ge4 compound yields a porous Ge amorphous phase [75, 76].
This porous structure tends to minimize the mechanical degradation during

1Liu et al. [71].
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charge-discharge cycling [76]. After the first charge-discharge cycle, the material
oscillates between c-Li15Ge4 at full lithiation and porous amorphous Ge when
completely delithiated (again as with Si).

However, there are several major differences between Si and Ge. First, because
of a smaller band gap, Ge is a better electronic conductor than Si. Second, the Li
diffusivity in Ge is 2 orders of magnitude higher than that in Si [32]. Those two
previous differences enable high-rate performance of Ge anodes [74, 78], particu-
larly those made of nanotube-like structures [79]. The third difference is the
toughness of Ge nanoparticles, that do not crack (for sizes between 100
and *700 nm) during multiple lithiation–delithiation cycles, despite a *260 %
volume increase upon full lithiation [75]. The same behavior was observed for Ge
NWs [76]. This has been explained by the isotropic lithiation of c-Ge, which
contrast with that of c-Si [48–50]. Because of all the above properties and
advantages over Si, there is a renewed interest in Ge [80–82], or Ge alloys [77, 83]
in the literature. Recent work shows that anodes based on Ge NWs retain a capacity
of 900 mAh/g after 1100 charge-discharge cycles, while showing excellent rate
performance, even at 100 C [84]. To the best of our knowledge, there are no
commercial developments for anodes based on Ge.

5.1.4 Tin

β-Sn (or white tin), which is the room temperature (300 K) stable allotrope crys-
tallizes in the tetragonal structure. Below *286 K (13 °C), β-Sn tends to transform
into the α phase (grey tin) which adopts the diamond structure, like Ge and Si above
in column IV of the periodic table. The tetragonal metallic β phase can be stabilized
at low temperature by small amounts of Bi, Pb, Ag … The melting temperature of
β-Sn is *232 °C, much lower than those of Si (1414 °C) and Ge (938 °C).

The electrochemical lithiation of β-Sn has been reviewed by Winter and
Besenhard in 1999 [85]. There are 9 different compounds likely to appear as the Li
content in Sn increases, namely, Li2Sn5, LiSn, Li3Sn2 (doubtful existence), Li7Sn3,
Li5Sn2, Li13Sn5, Li7Sn2, Li4Sn (doubtful existence as well) and Li22Sn5. More
recent in situ XRD characterizations of thin Sn films [86] show that β-Sn transforms
to Li2Sn5, then to β-LiSn and finally to Li22Sn5. There is no amorphization of the
starting element (in contrast with Si and Ge) since all the above compounds are
crystalline. Figure 8 summarizes the various Sn-based phases that appear during the
first lithiation–delithiation cycle observed on a thin Sn film. The fully lithiated
Li22Sn5 compound corresponds to a Li/Sn ratio of 4.4 and a theoretical capacity of
993 mAh/g. Because of the large volume increase of *360 % when going from Sn
to Li22Sn5, and because of the successive phase transformations, anodes made of
pure Sn (e.g., thin films [87]) rapidly disintegrate and fail.

Using nanostructures is usually a successful approach in order to cope with a
large volume expansion; however, even 10 nm-diameter Sn nanoparticles (mono-
disperse) tend to crack upon alloying with Li, meaning that (again in contrast with
Si) size reduction only is probably not a good option for solving the
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decrepitation/disintegration problem of Sn-based anodes [88]. The agglomeration
of nanoparticles, preventing them from keeping their original nanometric size, has
been invoked as one of the reasons for cracking [89].

In order to prevent agglomeration, different approaches have been investigated,
which schematically consist in embedding the Sn nanoparticles into some kind of
“binder”. For instance, using 5 nm-diameter particles embedded in a nitrogen-doped
porous carbon network, Zhu et al. have obtained a stable capacity of 722 mAh/g
during 200 cycles at a current density of 200mA/g [89]. In another approach, SnO2 or
other oxidized forms of Sn are used as the starting material [14, 90–92]. In this
situation, the first lithiation of SnO2 results in the irreversible formation of Sn
nanoparticles embedded in a Li2O matrix. This reaction is similar to a displacement
reaction (SnO2 þ 4Li , Snþ 2Li2O—see Sects. 4 and 7), but it is not reversible as
Li cannot be extracted fromLi2O.However, the Snparticles thus created are stable and
can be further cycled according to an alloying reaction (xLiþ Sn , LixSn, with
0 < x < 4.4). The mechanism of the formation of the Sn nanoparticles from SnO2

decomposition has been studied using in situ TEM observations [93, 94]. Figure 9 is a
schematic representation of the lithiation mechanism of a SnO2 NW, as reconstituted
from such in situ TEM analysis [94]. Li first diffuses along (020) crystallographic
planes, which resembles an intercalation reaction. There is then short range lithiation
of the surrounding SnO2matrix that becomes progressively amorphous, thus breaking
Sn-O bonds and favoring the formation of a Li2O matrix in which Sn nanoparticles
precipitate. At a later stage of lithiation, the Sn nanoparticles transform into LixSn.

Finally, in yet another approach, Sony have used a quasi amorphous nano-
structured Sn–Co–C alloy in their Nexelion battery, which was first commercialized

Fig. 8 In situ XRD characterization of a β-Sn thin film during the first lithiation–delithiation
cycle. Peak areas for selected diffraction planes from each Sn-based phase are shown, together
with voltage (against Li0/Li+) and degree of lithiation. Reprinted with permission from Ref. [86].
Copyright 2012, The Electrochemical Society
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in February 2005. The Nexelion battery exhibits a *10 % increase in weight
energy density and a 30 % increase in overall capacity compared to similar batteries
built with graphite anodes. The capacity of the alloy, with composition around
Sn30Co30C40, can reach 700 mAh/g, i.e., about twice that of graphite [95]. This
alloy, synthesized by a high energy mechanical milling process has been studied in
more detail by Scrosati and coworkers [96], following previous combinatorial
investigations by Dahn’s group indicating the domain where a nanostructured quasi
amorphous phase was obtained [95]. It seems that the CoSn-C alloy originally
formed remains stable after 100 charge-discharge cycles [96].

To conclude this paragraph, there seem to be no real advantage of Sn-based
electrodes over their Si counterparts, since Sn expands more upon full lithiation
(inducing more mechanical damage), its capacity is lower than that of Si and it is
more expensive than Si. Moreover, while Li insertion into Si tends to induce a
brittle-to-ductile transition [97] which somehow delays cracking, the fully lithiated
Li22Sn5 phase is brittle, which explains why it cracks even at low particle size [98].

5.1.5 Lead

Lead (Pb) crystallizes in the face centered cubic system and just like Sn, its melting
temperature is low (327 °C) compared to those of Si and Ge. As far as Li-based
battery anodes are concerned, Pb has received little attention, probably because of

Fig. 9 Schematic of the lithiation mechanism of a crystalline SnO2 nanowire, featuring the initial
lithium-ion long-range diffusion mediated by dislocation activities inside the pristine lattice,
followed by solid-state amorphization of the crystalline nanowire, nucleation of Sn particles, and
finally the alloying of the Sn particles into LixSn. Reprinted with permission from Ref. [94].
Copyright 2013, American Chemical Society
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its toxicity and relative low capacity (see below). According to the phase diagram,
Pb alloying with Li at room temperature produces 5 intermetallic compounds,
namely αLiPb, Li5Pb2, Li3Pb, Li10Pb3 and Li4Pb [99]. However, in room tem-
perature lithiation experiments, Huggins [100] identified 4 voltage plateaux for the
LixPb alloys, at 0.601, 0.449, 0.374 and 0.292 V (over the range 0 < x < 4.5) and
reached the Li4.4Pb composition which would correspond to the Li22Pb5 compound,
absent from the phase diagram. The capacity of this alloy is 568 mAh/g, which is a
rather modest value compared to Sn or Si. Huggins’ results have later been con-
firmed by Martos et al. [101], although their electrochemical characterizations yield
somewhat different plateau voltages.

Because Pb-based anodes tend to degrade rapidly upon cycling (see e.g., Ref
[101]), as with Sn, most studies have concentrated on decreasing particle size and
dispersing them into a buffering inactive matrix. For instance, lead oxides have
been investigated [101] and compared with tin oxide [102]. More recently, PbO-C
composites have been studied [103], as well as Pb-sandwiched nanoparticles (i.e.,
SiC-Pb-C core-shell1-shell2 nanoparticles) [104], but the gravimetric capacity is
rather low (*200 mAh/g after 200 charge-discharge cycles) although the volu-
metric capacity is about twice that of graphite, at 1580 mAh/cm3 (i.e., *60 % of
the theoretical Pb volumetric capacity) after 600 cycles [104]. A PbGeO3-graphene
composite has also been tested and found to retain a *600 mAh/g capacity after 50
charge-discharge cycles [105].

5.2 Column V of the Periodic Table

Elements from column V studied for their potential use in Li-ion batteries are
essentially P, Sb and Bi. Data relative to As are relatively scarce in the literature,
probably because of its high toxicity and also its relatively high atomic mass, which
limits the gravimetric capacity. The most common allotrope of arsenic is grey or
metallic As, which crystallizes in the rhombohedric system. In a small paragraph of
their paper on Li intercalation in ZnSb, Park and Sohn have reported a capacity of
330 mAh/g (1300 mAh/cm3) and*100 % capacity retention after 300 cycles for an
As/C composite anode [106].

5.2.1 Phosphorus

Phosphorus reacts with lithium to form Li3P at complete lithiation, corresponding to
a volume increase of *300 % and a maximum capacity of 2595 mAh/g. However,
among the three main phosphorus allotropes [107], the white variety tends to be
unstable above 30 °C and only red and black phosphorous have been tested as
anode materials. Red phosphorous (rP), which is commercially available, is usually
amorphous and exhibits a low electrical conductivity, which induces a poor
reversibility for the lithiation reaction [108]. Mixing rP with carbon (30.56 wt% of
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rP in the C-rP composite) has allowed Wang and coworkers [109] to obtain a good
cycling stability, with a capacity retention of *750 mAh/g after 55 cycles for the
C-rP composite. Black phosphorous (bP) is a more interesting anode material
(although difficult to synthesize), since it exhibits a much higher conductivity, even
though it is a semiconductor material with a band gap of 0.3 eV [110]. Actually, bP
is a layered material, just like graphite (except that the “phosphorene” layers are not
planar but puckered) and bP with few layers is currently being investigated for thin
film transistor applications [111]. At this point, it is interesting to note that Li
intercalation in a half cell configuration is used to exfoliate bulk transition metal
di-chalcogenides (MoS2, WS2 …) and fabricate 2D layered materials which are
studied for electronic applications [112, 113].

Park and Sohn [108] have mixed rP with carbon and transformed it into mixtures
of bP + C by high energy mechanical milling (HEMM); they have obtained a
capacity of *600 mAh/g which remained stable after 100 charge-discharge cycles.
By processing mixtures of bP and graphene, also using HEMM, Sun and coworkers
[114] have synthesized a bP-graphene composite where phosphorus-carbon bonds
are generated at the periphery of graphite’s basal planes, providing stable con-
necting paths between the bP particles, even after complete lithiation/delithiation.
An initial discharge capacity of *1100 mAh/g was obtained for the composite,
which decayed to *800 mAh/g after 100 cycles at 0.2 C [114].

5.2.2 Antimony

Just like P, Sb can be lithiated up to Li3Sb, which corresponds to a capacity
of *660 mAh/g. The volume expansion when going from Sb to Li3Sb is about
135 %. Maybe Sb has been more investigated for Na storage in recent years [115,
116]. Using thin Sb films, Bagetto and coworkers have shown that during the first
lithiation, 2 successive plateaus appear at 0.82 and 0.78 V, corresponding to the
formation of Li2Sb and Li3Sb respectively. The latter is mainly cubic, although a
small amount (*4 %) of the hexagonal allotrope is also found [116]. The first
delithiation only shows one plateau (at 1.02 V), corresponding to the equilibrium
between Li3Sb and Sb [116]. This means that Li2Sb is not re-formed during de-
lithiation. The second lithiation shows two plateaus again, but the first one is now
observed at *0.89 V and probably still corresponds to the equilibrium between Sb
and Li2Sb [116], which has been seen before using in situ XRD [117].

One of the most recent work on Sb proposes to use monodisperse Sb nano-
crystals with their size in the 10–20 nm range [118]. Interesting results have been
obtained with the 20 nm nanocrystals, particularly concerning high rate cycling, up
to 20 C, where the capacity retention is still *80 % of the original one [118].
A drawback for Sb is the high voltage against Li (an average of *0.85 V), which
will reduce the corresponding voltage of any cell with an oxide cathode.
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5.2.3 Bismuth

Bismuth (Bi) is not very common in the Earth’s crust (*9 ppb) and consequently,
tends to be expensive (*39 US $/100 g for pure element). The Bi–Li phase
diagram shows that LiBi and Li3Bi alloys can be formed [119], so that the maxi-
mum capacity is*385 mAh/g, roughly equivalent to that of graphite. However, the
volumetric capacity of Bi is *3768 mAh/cm3, about 4.5 times that of graphite.

Using thin films deposited by electroplating, Xianming and coworkers [120]
have shown by in situ XRD that upon lithiation, LiBi first appears (*0.8 V),
followed by Li3Bi formation at *0.72 V. During delithiation, LiBi first forms
(although the separation between LiBi and Li3Bi was not clearly observed), and at
the end, only Bi is present in the electrode. The decomposition of Li3Bi to LiBi and
Bi occurs around 0.84 V. In a more recent work, Sohn’s group at Seoul National
University [121] have used nanosized Bi, Bi–C and Bi–Al2O3–C composites
synthesized by high energy ball milling. They confirmed the results of Xianming in
terms of the various phases appearing-disappearing during lithiation–delithiation.
They also clearly show that anodes made of pure Bi degrade rapidly, whereas those
using composite are more stable (61 % retention of the original capacity after 100
charge-discharge cycles); the most stable composite is the Bi-Al2O3-C one, with
74 % retention of the original capacity after 100 cycles. However, in this latter
situation, the original capacity was only 450 mAh/g (*2400 mAh/cm3). Also, as
with Sb, the lithiation–delithiation voltages against Li are high (around 0.8 V on
average), which will represent a penalty for a full cell with an oxide cathode.

5.3 Column III of the Periodic Table

Elements from column III which have been studied for Li-ion anodes are essentially
aluminum (Al) and gallium (Ga). Although the boron-lithium phase diagram shows
several compounds [122], Li poorly reacts with B at room temperature [123].
Actually, B or rather Li-B alloys have been studied for application in the so-called
thermal batteries, which are primary devices working at high temperature (350–
450 °C) with molten salt electrolytes [124, 125].

5.3.1 Aluminum

Aluminum is an interesting anode material since it can make a series of solid
solutions and intermetallic compounds with Li (one of which recently discovered
[126]), culminating at a capacity of 2235 mAh/g for the Li9Al4 compound of the
equilibrium phase diagram. Moreover, Al is the 3rd most abundant element in the
Earth’s crust and it is non-toxic and relatively cheap. Actually, room temperature
(RT) electrochemical alloying seems to be limited to the β-LiAl intermetallic
compound, corresponding to a capacity of 993 mAh/g. β-LiAl crystallizes in the
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so-called Zintl structure (space group Fd-3 m), which can be described as two
interpenetrating diamond lattices with each element occupying one of the lattices
[127]. The lattice parameter of β-LiAl at stoichiometry is 6.37 Å [127] and its
elemental cell accommodates 8 Al atoms, so that transforming Al (fcc structure,
with a lattice parameter of 4.05 Å) into β-LiAl yields a *95 % volume expansion
per Al atom. Clearly the Al to β-LiAl transition upon electrochemical alloying with
Li involves strong restructuring of the Al lattice.

The first studies concerning the electrochemical RT alloying of Li with an Al
electrode were performed 4 decades ago [128]. Incidentally, Dey was the first one
to point out the similarities between RT electrochemical alloying of Li and classical
metallurgical alloying [128]. It was rapidly recognized that Li–Al alloys could
replace pure lithium in secondary Li-ion battery anodes, thus circumventing the
problem of Li dendritic growth upon battery charging [129]. Unfortunately,
pre-lithiated Al electrodes were found to disintegrate after a few cycles, because of
large volume variation and phase change upon lithiation–delithiation [130]. The use
of Al thin films [131, 132] or micro- and nano-sized Al particles [133], or com-
posites [134] did not improve significantly the cycling behavior. Perhaps one of the
best results (50 % capacity retention after 100 charge-discharge cycles) was
obtained by using Al0.8Cu0.2 alloys synthesized by sputtering [135].

Recently, one-dimensional Al nanostructures, such as nanowires [132] or
nanorods [136] have been tested as battery anodes, but here again, the original
capacity quickly fades away after a few cycles (even quicker than with thin films),
which contrasts with other elements or alloys, where the use of such
one-dimensional nanostructures was found to improve the cycling behavior (see the
previous paragraphs). The reason why Al anodes based on nanowires or nanorods
degrade rapidly has been elucidated in recent work, using in situ TEM observations
of the behavior of Al nanowires during lithiation–delithiation cycles [137]. It was
found that voids appear in the Al NWs during delithiation steps, which transform
the original NWs into a series of isolated nanograins. Overall, the NWs retain their
shape (although their length is observed to increase) because the Al grains are
confined into a Li–Al–O glass tube, formed during the first Li alloying step, by
lithiation of the native aluminum oxide film around each Al NW. Because the
so-formed Al grains are separated by voids (even after the first delithiation step
[137]) and thus electrically disconnected from the current collector, they cannot
participate in the reduction of Li+ ions and the subsequent Li alloying upon battery
recharging, which induces a rapid capacity fade of the electrode. Figure 10 sum-
marizes the situation.

Even thin film-type, all-solid-state Li-ion batteries with an Al anode lose 90 % of
their original capacity after 100 cycles [138], a behavior in contrast to that observed
with similar all-solid-state batteries using Si anodes [139]. The degradation
mechanism of such Al-based all-solid-state batteries would be different from that of
NWs as it would result from Li trapping in AlLi domains formed on the top surface
of the Al anode. This trapping would be due to the lack of surface pathways
allowing Li and Al to out-diffuse from the AlLi domains upon delithiation [138].
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In summary, although Al is an attractive electrode material, it seems that it does
not withstand cycling, even when used in nanosized forms, which contrasts with
other elements such as Si.

5.3.2 Gallium and Indium

The Ga–Li phase diagram shows several compounds, up to GaLi2 [140], the latter
corresponding to a specific capacity of *767 mAh/g, which is about twice that of
graphite. However, the interest of Ga probably relies on the fact that it is in the

Fig. 10 Morphology evolution of the surface native oxide layer and Al NW during the first cycle,
and EELS spectra as well as maps of Li, Al, and O elements of an Al NW after three
electrochemical cycles. a A pristine Al NW with a surface Al2O3 layer of about 5 nm. b The fully
lithiated NW, showing the thickness of surface layer was increased to about 7 nm. c The NW after
the first delithiation, showing voids inside the Al NW and the thickness of the surface layer (about
7–8 nm), which did not change obviously from that after first lithiation. d, e Electron energy loss
spectroscopy (EELS) spectra of Li–K, Al–L, and O–K edges with the pre-edge background
subtracted, showing the presence of Li, Al, and O in the cycled NW. f Zero loss image showing
that the pulverized nanoparticles were confined by a tube-like surface layer, like peas in a pea pod.
g, i EELS maps of Li, Al, and O, respectively, indicating the nanoparticles in the tube were Al
nanoparticles and the surface layer consisted of Li, Al, and O. The energy-filtered maps were
obtained using a three-window technique. Reprinted with permission from Ref. [137]. Copyright
2011, American Chemical Society
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liquid state above 29.8 °C. Based on the assumption that Ga would return to a liquid
phase after alloying and de-alloying with Li (even though intermediate solid phases
are formed in-between), Lee et al. [141] pointed out that any crack formation would
be healed when the liquid is restored, since droplets would merge together under the
action of the surface tension of the liquid. Hence a Ga-based electrode would be
self-healing, a concept which is very interesting. Using a porous carbon matrix to
confine Ga, those authors have observed a good cycling stability of their Ga-C
electrode, since they reached *100 cycles without significant loss of the original
capacity (*400 mAh/g) [141].

On the other end, few papers have investigated the use of pure indium (In), and it
seems that compounds such as indium phosphide [142] (InP, providing a reversible
capacity of *620 mAh/g) or indium oxide [143, 144] (In2O3, providing a
reversible capacity of 883 mAh/g [143]) are more interesting starting materials,
reacting with Li in 2 steps (the first one being irreversible), in a way similar to SnO2

[145] (see above). Because In is an expensive metal (*750 $/kg in 2014), its use in
commercial products in the near future is very unlikely.

5.4 Other Alloying Elements

5.4.1 Magnesium

The Mg–Li phase diagram is shown on Fig. 11. This diagram is the only one
involving Li which exhibits both large solid solution domains and no intermetallic
compounds (see Ref. [119], vol. 2, pp. 1487–1512). The interest of solid solutions
is to avoid phase transformations and their deleterious effect on the cycling life time
of the electrode.

However, Fig. 11 shows that the Mg-based α solid solution (hcp crystal struc-
ture) is limited to *5 wt% Li (*15 at.%), which corresponds to a modest capacity
of *194 mAh/g. On the other hand, the β phase (bcc structure) extends
from *11 wt% Li (*30 at.% Li) to pure Li; Shi et al. [146] have calculated that
cycling a Li–Mg alloy anode from Li0.4Mg0.6 to Li0.6Mg0.4 yielded a capacity of
642 mAh/g. The problem with using a β phase LixMg1−x alloy anode is to avoid the
delithiation below x *0.3, which would induce the precipitation of the α phase.
This implies some voltage limitations during battery discharge.

Kim and coworkers [147] have studied the lithiation of pure Mg. They have
obtained a capacity of 3070 mAh/g for the first lithiation (probably going deep into
the β phase region) and 2150 mAh/g for the first delithiation. However, they have
noticed that the pure Mg electrode could not be lithiated at a current larger than
10 mA/g, which corresponds to a very small rate (*C/300). This poor rate capability
has been attributed to the presence of a native oxide film on the surface of Mg or to
the formation of an excessive SEI thickness. Alloys composed of inactive Mg2Ni
and Mg (global composition Mg0.75Ni0.25) reacted quite well with Li, but for pure
Mg as well as Mg–Ni alloys, the initial capacity was almost lost after 10 cycles.
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Better results were obtained by using a Mg-C composite anode [148], in particular
concerning the C-rate. Altogether, it seems that the use of Mg has not been very
successful so far.

5.4.2 Silver and Gold

Despite their high cost, noble metals (particularly silver [149]) have been consid-
ered for thin film-type batteries. The Ag-Li phase diagram shows several inter-
mediate phases [119, vol. 1, p. 38], which culminate at the AgLi9 composition
[150]. However, upon RT lithiation–delithiation, only two reversible phases appear,
namely AgLi, as well as an unknown and not yet identified phase (called phase II in
Ref. [149]). Using 100 nm-thick sputtered Ag films in conjunction with a
Li1.2Mn1.5Ni0.5O4 cathode, Taillades and Sarradin [149] have shown a capacity
of *25 µAh/cm2 over 1000 cycles, at an average working voltage of 4.65 V. More
recently, virus-templated Ag, Au and AgxAu1−x alloy NWs have been synthesized
and their electrochemical properties characterized [150]. For instance,
15 nm-diameter Ag NWs showed a reversible capacity of *534 mAh/g (2nd
cycle), which was reduced to 280 mAh/g after 10 cycles [150]. In this study, all

Fig. 11 The magnesium–lithium phase diagram. Note the large extension of the β solid solution
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nanowires, whether pure Ag, Au or AuAg alloys failed to maintain a stable capacity
when tested up to 20 cycles [150]. The cycling properties can be improved when
Ag is alloyed with Sn; for instance, an anode made of Ag0.52Sn0.48 (original
reversible capacity of *550 mAh/g) still exhibits a capacity of 200 mAh/g after
300 cycles [151].

Although there are few literature papers on the electrochemical alloying of Au
with Li at RT, Au thin films have been shown to accommodate Li in the 0.02–0.5 V
potential range with a poor reversibility [152, 153]. The galvanostatic
charge-discharge curves obtained for such thin films of Au exhibit two voltage
plateaus corresponding to the Li alloying process at 0.2 and 0.1 V, whereas Li
removal from the alloy occurs in two steps at 0.18 and 0.4 V [152, 153].
Mesoporous Au films show a better cycling stability than their compact thin film
counterparts, with *16 % (at 80 mAh/g) of the original capacity retained after 30
charge-discharge cycles [154].

6 Intermetallic Compounds/Multi Element Alloys

Intermetallic and multi element alloys have also been investigated, where at least
one element does not alloy with Li (e.g., Cu) and is used to buffer the
strain/deformation induced by Li alloying with the other element(s). This is often
called the mixed conductor matrix concept [155], designed to improve the cycla-
bility of the electrode. The subject has recently been reviewed in detail by Zhang
[156] and will not be developed further here. Figure 12 (from Ref. [156]) sum-
marizes the main results from the literature for Si-based, Sn-based and Sb-based
anodes. An example already quoted above is the use of an Al0.8Cu0.2 multilayer
which improves the cyclability of Al-based anodes [135]. One of the drawbacks of
this approach is the reduction of electrode capacity due to the addition of the
inactive buffering element.

7 Conversion Anodes

A last type of Li anodes is based on the so-called conversion reactions, whose
reversibility was fully understood by Poizot et al. in 2000 [15]. For instance, if we
take a look at transition metal oxides, the conversion reaction can be written as:

2Liþ þ 2e� þMO�
1

2
Li2OþM; ð8Þ

where M = Fe, Ni, Co, Cu… The transition metal oxide reduction by Li (direction 1)
is usually thermodynamically favorable (see e.g., an Ellingham diagram). However,
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the reverse reaction (direction 2, corresponding to Li extraction from Li2O) cannot
take place in normal conditions, since Li2O is generally more stable than MO.
Actually, the above reaction can be made reversible because of the formation of
metal nanoparticles embedded in a Li2O matrix during the first lithiation. Such
nanoparticles then catalyze Li2O decomposition when a reverse polarization is
applied. Because the nanosize of the metal particles is maintained upon further
charge-discharge cycling, the above reaction (8) is rendered reversible. The situation
is summarized on Fig. 13.

Reaction (8) is distinct from the one seen in Sect. 5.1.4 concerning tin oxide,
since once SnO2 reduced to form Li2O, the latter is stable and cannot be decom-
posed. Hence some of the Li is lost and there is a large irreversible capacity due to

Fig. 12 The first-cycle irreversible capacity of various multi element alloy anodes. a Si-based.
b Sn-based. c Sb-based. Reprinted with permission from Ref. [156]. Copyright 2011, American
Chemical Society
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Li2O formation during the first lithiation. Only the released Sn further participates
to the lithiation–delithiation reactions.

Note that in reaction (8), and as already stated in Sect. 4, oxygen can be replaced
by nitrogen [16], fluorine [17], sulfur [158], phosphorus [158] or even hydrogen
[159]. The subject of conversion reactions has been thoroughly reviewed by Cabana
et al. and Fig. 14 summarizes some of the electrode capacities obtained so far in the
literature.

Even though they offer larger capacity values than graphite-based anodes,
conversion electrodes suffer from an important hysteresis in voltage between charge
and discharge, leading to poor energy efficiency and low battery voltages. This
effect is illustrated on Fig. 15 taken from reference [157]. According to Oumellal
and coworkers, if Co is taken as an example, the largest voltage hysteresis is
observed for fluoride compounds (*1.1 V), followed by oxides (*0.9 V), then by

Fig. 13 Schematic mechanism of a conversion reaction based on a metal oxide MO. a The first
cycle, showing the lithiation step yielding metal nanoparticles embedded in a Li2O matrix and the
delithiation step leaving nanosized metal oxide particles. b The overall reaction illustrated with
cobalt oxide (CoO). Starting with large CoO particles, the first lithiation yields Co nanoparticles
embedded in Li2O (horizontal); the Co nanoparticles catalyze Li2O decomposition and Li
extraction when the polarization is reversed, which results in nanosized CoO. Thanks to the
nanosized particles, the electrode can be cycled between CoO and Li2O + Co as lithium is added or
removed (vertical). Note however that the electrolyte decomposition (gel-like layer) is favored by
the nanosized metal particles b is reprinted with permission from [157]
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Fig. 14 Theoretical (black bars), first discharge (dark grey), and charge (light grey) specific
gravimetric capacities of different compounds that react with lithium through a conversion
reaction. The experimental capacities are taken from a series of reports for each compound. The
“error” bars are provided as an indication of the dispersion of values observed in the bibliography
and, thus, have no statistical meaning. Data for compounds with no bar have been taken from a
single literature source. Reprinted with permission from [159]

Fig. 15 Voltage composition curve for a CoO/Li cell cycled between 0.01 and 3 V. The inset
shows a TEM micrograph of the nanostructured composite electrode at the end of the lithiation
process. Note the large voltage hysteresis (*1 V) between lithiation and delithiation. Reprinted
with permission from Ref. [157]
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sulfides (0.7 V), then by nitrides (*0.6 V) and finally by phosphides (*0.4 V) and
hydrides (*0.25 V) [159]. Moreover, the highly divided metal particles tend to
favor excessive electrolyte decomposition and even if it is partially reversible [160],
the formation of a thick SEI can partially block the exchange of Li ions. Moreover,
the Li trapped in the SEI induces a large irreversible capacity loss. Recent in situ
TEM observations on CuO NW conversion confirm the implication of the SEI in
the ageing mechanism [161]. We also note a recent detailed in situ TEM obser-
vation of the conversion of FeF2 nanoparticles resulting in 1–3 nm iron crystallites
mixed in an amorphous LiF matrix [162].

In summary, although the work of Poizot [15] sparked intensive research efforts
in the field of conversion anodes, it seems that no industrial and commercial
developments have followed, in particular because of the large hysteresis between
lithiation and delithiation.

8 Conclusions

Because they can offer much larger capacities than existing graphite-based insertion
anodes, alloy and conversion anodes bear a real potential for applications in
Li-based battery technology. Although the development of such anodes has been
plagued by mechanical instabilities during charge-discharge cycling, the recent
introduction of nanomaterials/nanostructures has enabled huge progress in this area.
For instance, while the first attempts to use Si were largely unsuccessful, due to the
rapid pulverization of the corresponding anodes, thanks to the use of nanostruc-
tures, there are now a number of published works showing charge-discharge sta-
bility over more than 1000 cycles, with typical electrode capacities over
1200 mAh/g, i.e. more than three times that of graphite-based anodes. Beyond
laboratory work and scientific publications, there are also a number of start-up
companies commercializing Si-based anodes.

Very often, nanostructuration is accompanied by mixing with some kind of
amorphous/porous carbon, the latter preventing re-agglomeration and providing a
conducting skeleton which improves the cycling rate of the electrode. Complex
nanostructures such as core-shell nanoparticles or nanowires, hollow nanoparticles,
nanotube-like structures and composites with graphene are being studied.

Although many elements and compounds have been investigated, few of them
will experience further developments and industrialization in the future, since as
with all mass-manufactured products, processing and material costs will prevail in
the end. Abundant and non-toxic materials (e.g., Si) will be favored, together with
simple, low temperature and repeatable manufacturing processes, with particular
attention paid to their sustainable and environment-friendly aspects.

222 D. Pribat



References

1. Brissot C et al (1998) In situ study of dendritic growth in lithium/PEO-salt/lithium cells.
Electrochim Acta 43:1569–1574

2. Tarascon J-M, Armand M (2001) For a quick historical background on Li-based batteries.
Issues and challenges facing rechargeable lithium batteries. Nature 414:359–367

3. Qi Y, Guo H, Hector LG Jr, Timmons A (2010) Threefold increase in the Young’s Modulus
of graphite negative electrode during lithium intercalation. J Electrochem Soc 157:A558–
A566

4. In a traditional battery electrode process the Li-storage material (graphite for an anode) is
incorporated into a slurry containing a binder (polymer) as well as a conductive additive
(carbon-based powder). This slurry is subsequently deposited on the current collector of the
battery electrode (usually a copper foil), typically by tape casting and dried in an oven before
being used, in order to remove the solvents from the slurry. The anode is usually not lithiated
when it is assembled in the battery and Li is provided by the cathode content

5. Huggins RA (2010) Energy storage. Springer, Heidelberg, pp 119–160
6. Christensen J, Albertus P, Sanchez-Carrera RS et al (2012) A critical review of Li/Air

batteries. J Electrochem Soc 159:R1–R30
7. Ji X, Lee KT, Nazar LF (2009) A highly ordered nanostructured carbon-sulfur cathode for

lithium-sulphur batteries. Nat Mater 8:500–506
8. Bruce PG, Freunberger SA, Hardwick LJ, Tarascon J-M (2012) Li–O2 and Li–S batteries

with high energy storage. Nat Mater 11:19–29
9. Goodenough JB, Kim Y (2010) Challenges for rechargeable Li batteries. Chem Mater

22:587–603
10. Peled E (1979) The electrochemical behavior of alkali and alkaline earth metals in

nonaqueous battery systems-the solid electrolyte interphase model. J Electrochem Soc
126:2047–2051

11. Andersson AM et al (2003) Electrochemically lithiated graphite characterized by
photoelectron spectroscopy. J Power Sour 119–121:522–527

12. Xu K, von Cresce A (2011) Interfacing electrolytes with electrodes in Li ion batteries.
J Mater Chem 21:9849–9864

13. Möller K-C, Santner HJ, Kern W et al (2003) In situ characterization of the SEI formation on
graphite in the presence of a vinylene group containing film-forming electrolyte additives.
J Power Sour 119–121:561–566

14. Idota Y (1995) U.S. Pat. 5,478,671
15. Poizot P, Laruelle S, Grugeon S et al (2000) Nano-sized transition-metal oxides as

negative-electrode materials for lithium-ion batteries. Nature 407:496–499
16. Poizot P, Laruelle S, Grugeon S, Tarascon J-M (2000) Rationalization of the low-potential

reactivity of 3d-metal-based inorganic compounds towards Li. J Electrochem Soc 149:
A1212–A1217

17. Li H, Richter G, Maier J (2003) Reversible formation and decomposition of LiF clusters
using transition metal fluorides as precursors and their application in rechargeable Li
batteries. Adv Mater 15:736–739

18. Winter M, Besenhard OJ, Spahr EM, Novák P (1998) Insertion electrode materials for
rechargeable lithium batteries. Adv Mater 10:725–763

19. Zhang W-J (2011) Lithium insertion/extraction mechanism in alloy anodes for lithium-ion
batteries. J Power Sour 196:877–885

20. Saint J et al (2007) Towards a fundamental understanding of the improved electrochemical
performance of silicon-carbon composites. Adv Funct Mater 17:1765–1774

21. Park CM, Sohn HJ (2010) Electrochemical characteristics of TiSb2 and Sb/TiC/C
nanocomposites as anodes for rechargeable Li-ion batteries. J Electrochem Soc 157:A46–
A51

Alloy-Based Anode Materials 223



22. Wagemaker M, Borghols WJH, Mulder FM (2007) Large impact of particle size on insertion
reactions. A case for anatase LixTiO2. J Am Chem Soc 129:4323–4327

23. Dahn JR, Zheng T, Liu Y, Xue JS (1995) Mechanisms for lithium insertion in carbonaceous
materials. Science 270:590–593

24. Sato K, Noguchi M, Demachi A, Oki N, Endo M (1994) A mechanism of lithium storage in
disordered carbons. Science 264:556–560

25. Su DS, Schlögl R (2010) Nanostructured carbon and carbon nanocomposites for
electrochemical energy storage and applications. ChemSusChem 3:136–168

26. Kaskhedikar NA, Maier J (2009) Lithium storage in carbon nanostructures. Adv Mater
21:2664–2680

27. Zheng T, Xing W, Dahn JR (1996) Carbons prepared from coals for anodes of lithium-ion
cells. Carbon 34:1501–1506

28. Zhou H, Zhu S, Hibino M, Honma I, Ichihara M (2003) Lithium storage in ordered
mesoporous carbon (CMK-3) with highly reversible specific energy capacity and good
cycling performance. Adv Mater 15:2107–2111

29. Lahiri I et al (2011) Ultrathin alumina-coated carbon nanotubes as an anode for high capacity
Li-ion batteries. J Mater Chem 21:13621–13626

30. Liu Y et al (2011) Lithiation-induced embrittlement of multiwalled carbon nanotubes. ACS
Nano 5:7245–7253

31. Liu J (2014) Charging graphene for energy. Nat Nanotechnol 9:739–740
32. Chou C-Y, Hwang GS (2014) On the origin of the significant difference in lithiation behavior

between silicon and germanium. J Power Sources 263:252–258
33. Kasavajjula U, Wang C, Appleby AJ (2007) Nano- and bulk-silicon-based insertion anodes

for lithium-ion secondary cells. J Power Sour 163:1003–1039
34. Teki R et al (2009) Nanostructured silicon anodes for lithium ion rechargeable batteries.

Small 5:2236–2242
35. Szczech R, Jin S (2011) Nanostructured silicon for high capacity lithium battery anodes.

Energy Environ Sci 4:56–72
36. Wu H, Cui Y (2012) Designing nanostructured Si anodes for high energy lithium ion

batteries. Nano Today 7:414–429
37. Zamfir MR et al (2013) Silicon nanowires for Li-based battery anodes: a review. J Mater

Chem A 1:9566–9586
38. Su X et al (2014) Silicon-based nanomaterials for lithium-ion batteries: a review. Adv Energy

Mater 4:1300882 (23 pages)
39. Hatchard TD, Dahn JR (2004) In situ XRD and electrochemical study of the reaction of

lithium with amorphous silicon. J Electrochem Soc 151:A838–A842
40. Li J, Dahn JR (2007) An in situ X-ray diffraction study of the reaction of Li with crystalline

Si. J Electrochem Soc 154:A156–A161
41. Liu XH et al (2011) Ultrafast electrochemical lithiation of individual Si nanowire anodes.

Nano Lett 11:2251–2258
42. Liu XH et al (2012) In situ atomic-scale imaging of electrochemical lithiation in silicon. Nat

Nanotechnol 7:749–756
43. Key B, Morcrette M, Tarascon JM, Grey CP (2011) Pair distribution function analysis and

solid state NMR studies of silicon electrodes for lithium ion batteries: understanding the (de)
lithiation mechanisms. J Am Chem Soc 133:503–512

44. Wang JW et al (2013) Two-phase electrochemical lithiation in amorphous silicon. Nano Lett
13:709–715

45. McDowell MT et al (2013) In situ TEM of two-phase lithiation of amorphous silicon
nanospheres. Nano Lett 13:758–764

46. Liu XH et al (2012) In situ TEM experiments of electrochemical lithiation and delithiation of
individual nanostructures. Adv Energy Mater 2:722–741

47. Liu XH et al (2012) Size-dependent fracture of silicon nanoparticles during lithiation. ACS
Nano 6:1522–1531

224 D. Pribat



48. Lee SW et al (2012) Fracture of crystalline silicon nanopillars during electrochemical lithium
insertion. Proc Natl Acad Sci USA 109:4080–4085

49. Ryu I, Choi JW, Cui Y, Nix WD (2011) Size-dependent fracture of Si nanowire battery
anodes. J Mech Phys Solids 59:1717–1730

50. Yang H et al (2012) Orientation-dependent interfacial mobility governs the anisotropic
swelling in lithiated silicon nanowires. Nano Lett 12:1953–1958

51. Goldman JL, Long BR, Gewirth AA, Nuzzo RG (2011) Strain anisotropies and self-limiting
capacities in single-crystalline 3D silicon microstructures: models for high energy density
lithium-ion battery anodes. Adv Funct Mater 21:2412–2422

52. Su L, Jing Y, Zhou Z (2011) Li ion battery materials with core–shell nanostructures.
Nanoscale 3:3967–3983 and references therein

53. Li X et al (2012) Hollow core-shell structured porous Si-C nanocomposites for Li-ion battery
anodes. J Mater Chem 22:11014–11017

54. Liu N et al (2014) A pomegranate-inspired nanoscale design for large-volume-change lithium
battery anodes. Nat Nanotechnol 9:187–192

55. Ge M, Rong J, Fang X, Zhou C (2012) Porous doped silicon nanowires for lithium ion
battery anode with long cycle life. Nano Lett 12:2318–2323

56. Park M-H et al (2009) Silicon nanotube battery anodes. Nano Lett 9:3844–3847
57. Song T et al (2010) Arrays of sealed silicon nanotubes as anodes for lithium ion batteries.

Nano Lett 10:1710–1716
58. Wu H et al (2012) Stable cycling of double-walled silicon nanotube battery anodes through

solid–electrolyte interphase control. Nat Nanotechnol 7:310–315
59. Zhao X, Hayner CM, Kung MC, Kung HH (2011) In-plane vacancy-enabled high-power Si–

Graphene composite electrode for lithium-ion batteries. Adv Energy Mater 1:1079–1084
60. Zhang Y, Zhang L, Zhou C (2013) Review of chemical vapor deposition of graphene and

related applications. Acc Chem Res 46:2329–2339
61. Park S, Ruoff RS (2009) Chemical methods for the production of graphenes. Nat

Nanotechnol 4:217–224
62. Hummers WS, Offeman RE (1958) Preparation of graphitic oxide. J Am Chem Soc 80:1339
63. Stankovich S et al (2007) Synthesis of graphene-based nanosheets via chemical reduction of

exfoliated graphite oxide. Carbon 45:1558–1565
64. Becerril HA et al (2008) Evaluation of solution-processed reduced graphene oxide films as

transparent conductors. ACS Nano 2:463–470
65. Bunch JS et al (2008) Impermeable atomic membranes from graphene sheets. Nano Lett

8:2458–2462
66. Li D, Müller MB, Gilje S, Kaner RB, Wallace GG (2008) Processable aqueous dispersions of

graphene nanosheets. Nat Nanotechnol 3:101–104
67. Zhou X, Yin Y-X, Wan L-J, Guo Y-G (2012) Self-assembled nanocomposite of silicon

nanoparticles encapsulated in graphene through electrostatic attraction for lithium-ion
batteries. Adv Energy Mater 2:1086–1090

68. Ye Yun-Sheng et al (2014) Improved anode materials for lithium-ion batteries comprise
non-covalently bonded graphene and silicon nanoparticles. J Power Sources 247:991–998

69. Cho YJ et al (2011) Nitrogen-doped graphitic layers deposited on silicon nanowires for
efficient lithium-ion battery anodes. J Phys Chem C 115:9451–9457

70. Wang X et al (2013) Adaptable silicon-carbon nanocables sandwiched between reduced
graphene oxide sheets as lithium ion battery anodes. ACS Nano 7:1437–1445

71. Liu Y et al (2013) Tailoring lithiation behavior by interface and bandgap engineering at the
nanoscale. Nano Lett 13:4876–4883

72. Ren J-G et al (2013) Silicon-Graphene composite anodes for high-energy lithium batteries.
Energy Technol 1:77–84

73. About 1900 US $/kg in 2014, i.e., *1000 times more expensive than metallurgical grade Si.
http://www.financialpost.com/markets/data/commodity-cash_prices.html

Alloy-Based Anode Materials 225

http://www.financialpost.com/markets/data/commodity-cash_prices.html


74. Graetz J, Ahn CC, Yazami R, Fultz B (2004) Nanocrystalline and thin film germanium
electrodes with high lithium capacity and high rate capabilities. J Electrochem Soc 151:
A698–A702

75. Liang W et al (2013) Tough germanium nanoparticles under electrochemical cycling. ACS
Nano 7:3427–3433

76. Liu XH et al (2011) Reversible nanopore formation in Ge nanowires during lithiation–
delithiation cycling: an in situ transmission electron microscopy study. Nano Lett 11:3991–
3997

77. Baggetto L, Notten PHL (2009) Lithium-ion (de)insertion reaction of germanium thin-film
electrodes: an electrochemical and in situ XRD study. J Electrochem Soc 156:A169–A175

78. Abel PR et al (2013) Nanostructured Si(1-x)Gex for tunable thin film lithium-ion battery
anodes. ACS Nano 7:2249–2257

79. Park M-H et al (2011) Germanium nanotubes prepared by using the Kirkendall effect as
anodes for high-rate lithium batteries. Angew Chem Int Ed 50:9647–9650

80. Yuan F-W, Yang H-J, Tuan H-Y (2012) Alkanethiol-passivated Ge nanowires as
high-performance anode materials for lithium-ion batteries: the role of chemical surface
functionalization. ACS Nano 6:9932–9942

81. Gu M et al (2014) Bending-induced symmetry breaking of lithiation in germanium
nanowires. Nano Lett 14:4622–4627

82. Liu J et al (2014) Ge/C nanowires as high-capacity and long-life anode materials for Li-ion
batteries. ACS Nano 8:7051–7059

83. Bodnarchuk MI et al (2014) Colloidal tin-germanium nanorods and their Li-ion storage
properties. ACS Nano 8:2360–2368

84. Kennedy T et al (2014) High-performance germanium nanowire-based lithium-ion battery
anodes extending over 1000 cycles through in situ formation of a continuous porous network.
Nano Lett 14:716–723

85. Winter M, Besenhard JO (1999) Electrochemical lithiation of tin and tin-based intermetallics
and composites. Electrochim Acta 45:31–50

86. Rhodes KJ et al (2012) In situ XRD of thin film tin electrodes for lithium ion batteries.
J Electrochem Soc 159:A294–A299

87. Beaulieu LY, Hatchard TD, Bonakdarpour A, Fleischauer MD, Dahn JR (2003) Reaction of
Li with alloy thin films studied by in situ AFM. J Electrochem Soc 150:A1457–A1464

88. Xu L et al (2013) Monodisperse Sn nanocrystals as a platform for the study of mechanical
damage during electrochemical reactions with Li. Nano Lett 13:1800–1805

89. Zhu Z et al (2014) Ultrasmall Sn nanoparticles embedded in nitrogen-doped porous carbon as
high-performance anode for lithium-ion batteries. Nano Lett 14:153–157

90. Itoda Y, Kubota T, Matsufuji A, Maekawa Y, Miyasaka T (1997) Tin-based amorphous
oxide: a high-capacity lithium-ion-storage material. Science 276:1395–1397

91. Courtney IA, Dahn JR (1997) Electrochemical and in situ X-ray diffraction studies of the
reaction of lithium with tin oxide composites. J Electrochem Soc 144:2045–2051

92. Brousse T, Retoux R, Herterich U, Schleich DM (1998) Thin-film crystalline SnO2-lithium
electrodes. J Electrochem Soc 145:1–4

93. Huang JY et al (2010) In situ observation of the electrochemical lithiation of a single SnO2

nanowire electrode. Science 330:1515–1520
94. Nie A et al (2014) Atomic-scale observation of lithiation reaction front in nanoscale SnO2

materials. ACS Nano 7:6203–6211 and references therein
95. Dahn JR, Mar RE, Abouzeid A (2006) Combinatorial study of Sn1−xCox (0 < x < 0.6) and

[Sn0.55Co0.45]1−yCy (0 < y < 0.5) alloy negative electrode materials for Li-ion batteries.
J Electrochem Soc 153:A361–A365

96. Hassoun J, Mulas G, Panero S, Scrosati B (2007) Ternary Sn–Co–C Li-ion battery electrode
material prepared by high energy ball milling. Electrochem Comm 9:2075–2081

97. Zhao K et al (2011) Lithium-assisted plastic deformation of silicon electrodes in lithium-ion
batteries: a first-principles theoretical study. Nano Lett 11:2962–2967

226 D. Pribat



98. Wolfenstine J et al (2000) Experimental confirmation of the model for microcracking during
lithium charging in single-phase alloys. J Power Sour 87:1–3

99. Massalski TB (1986) Binary alloy phase diagram, vol 2. American Society for Metals, Metal
Park. Ohio 44073, p 1495

100. Wang J, King P, Huggins RA (1986) Investigations of binary lithium-zinc, lithium-cadmium
and lithium-lead alloys as negative electrodes in organic solvent-based electrolyte. Solid
State Ionics 20:185–189

101. Martos M, Morales J, Sanchez L (2003) Lead-based systems as suitable anode materials for
Li-ion batteries. Electrochim Acta 48:615–621

102. Sandu I et al (2002) Comparison of the electrochemical behavior of SnO2 and PbO2 negative
electrodes for lithium ion batteries. Ionics 8:27–35

103. Ng SH et al (2006) Spray pyrolyzed PbO-carbon nanocomposites as anode for lithium-ion
batteries. J Electrochem Soc 153:A787–A793

104. Chen Z et al (2012) Pb-sandwiched nanoparticles as anode material for lithium-ion batteries.
J Solid State Electrochem 16:291–295

105. Wang J et al (2014) In-situ one-step hydrothermal synthesis of a lead germanate-graphene
composite as a novel anode material for lithium-ion batteries. Sci Rep 4(7030):1–7

106. Park CM, Sohn HJ (2010) Quasi-intercalation and facile amorphization in layered ZnSb for
Li-ion batteries. Adv Mater 22:47–52

107. Schlesinger ME (2002) The thermodynamic properties of phosphorus and solid binary
phosphides. Chem Rev 102:4267–4301

108. Park CM, Sohn HJ (2007) Black phosphorus and its composite for lithium rechargeable
batteries. Adv Mater 19:2465–2468

109. Wang L et al (2012) Nano-structured phosphorus composite as high-capacity anode materials
for lithium batteries. Angew Chem Int Ed 51:9034–9037

110. Akahama Y, Endo S, Narita S (1983) Electrical properties of black phosphorus single
crystals. J Phys Soc Jpn 52:2148–2155

111. Li L et al (2014) Black phosphorous field-effect transistors. Nat Nanotechnol 9:372–377
112. Zeng Z et al (2012) An effective method for the fabrication of few-layer-thick inorganic

nanosheets. Angew Chem Int Ed 51:9052–9056
113. Chhowalla M et al (2013) The chemistry of two-dimensional layered transition metal

dichalcogenide nanosheets. Nat Chem 5:263–275
114. Sun J et al (2014) Formation of stable phosphorous-carbon bond for enhanced performance

in black phosphorus nanoparticle-graphite composite battery anodes. Nano Lett 14:4573–
4580

115. Darwiche A et al (2012) Better cycling performances of bulk Sb in Na-ion batteries
compared to Li-ion systems: an unexpected electrochemical mechanism. J Am Chem Soc
134:20805–20811

116. Baggetto L et al (2013) Intrinsic thermodynamic and kinetic properties of Sb electrodes for
Li-ion and Na-ion batteries: experiment and theory. J Mater Chem A 1:7985–7994

117. Hewitt KC, Beaulieu LY, Dahn JR (2001) Electrochemistry of InSb as a Li insertion host;
problems and prospects. J Electrochem Soc 148:A402–A410

118. He M et al (2014) Monodisperse antimony nanocrystals for high-rate Li-ion and Na-ion
battery anodes: nano versus bulk. Nano Lett 14:1255–1262

119. Massalski TB (ed) (1986) Binary alloy phase diagrams, vol 1. American society for metals,
Metals park, Ohio 44073, p 514

120. Xianming W, Nishina T, Uchida I (2002) Lithium alloy formation at bismuth thin layer
electrode and its kinetics in propylene carbonate electrolyte. J Power Sour 104:90–96

121. Park C-M et al (2009) Enhanced electrochemical properties of nanostructured bismuth-based
composites for rechargeable lithium batteries. J Power Sour 186:206–210

122. Borgstedt HB, Guminski C (2003) The B-Li (Boron-Lithium) System. J Phase Equilib
24:572–574

123. Ding X et al (2013) Temperature-dependent lithium storage behavior in tetragonal boron
(B50) thin film anode for Li-ion batteries. Electrochim Acta 87:230–235

Alloy-Based Anode Materials 227



124. Szwarc R et al (1982) Discharge characteristics of lithium-boron alloy anode in molten salt
thermal cells. J Electrochem Soc 129:1168–1173

125. Sanchez P et al (1992) Preparation and characterization of lithium-boron alloys:
electrochemical studies as anodes in molten salt media, and comparison with pure
lithium-involving systems. J Mater Science 27:240–246

126. Puhakainen K et al (2010) A new phase in the system lithium–aluminum: characterization of
orthorhombic Li2Al. J Solid State Chem 183:2528–2533

127. Kishio K, Brittain JO (1979) Defect structure of β-LiAl. J Phys Chem Solids 40:933–940
128. Dey AN (1971) Electrochemical alloying of lithium in organic electrolytes. J Electrochem

Soc 118:1547–1549
129. Rao BML, Francis RW, Christopher HA (1977) Lithium–aluminum electrode. J Electrochem

Soc 124:1490–1492
130. Garreau M, Thevenin J, Fekir M (1983) On the processes responsible for the degradation of

the aluminum-lithium electrode used as anode material in lithium aprotic electrolyte batteries.
J Power Sour 9:235–238

131. Hamon Y et al (2001) Aluminum negative electrode in lithium ion batteries. J Power Sour
97–98:185–187

132. Hudak NS, Huber DL (2012) Size effects in the electrochemical alloying and cycling of
electrodeposited aluminum with lithium. J Electrochem Soc 159:A688–A695

133. Lei X et al (2007) Effect of particle size on the electrochemical properties of aluminum
powders as anode materials for lithium ion batteries. J Alloys Compounds 429:311–315

134. Lei X, Ma J (2009) Co3O4 coated Al composites as anode materials for lithium ion batteries.
Mater Chem Phys 116:383–387

135. Wang CY et al (2008) Electrochemical properties of nanostructured Al1−xCux alloys as
anode materials for rechargeable lithium-ion batteries. J Electrochem Soc 155:A615–A622

136. Au M et al (2010) Free standing aluminum nanostructures as anodes for Li-ion rechargeable
batteries. J Power Sour 195:3333–3337

137. Liu Y et al (2011) In situ transmission electron microscopy observation of pulverization of
aluminum nanowires and evolution of the thin surface Al2O3 layers during lithiation–
delithiation cycles. Nano Lett 11:4188–4194

138. Leite MS et al (2014) Insights into capacity loss mechanisms of all-solid-state Li-ion batteries
with Al anodes. J Mater Chem A 2:20552–20559

139. Phan VP, Pecquenard B, Le Cras F (2012) High-performance all-solid-state cells fabricated
with silicon electrodes. Adv Funct Mater 22:2580–2584

140. Okamoto H (2006) Gallium-Lithium phase diagram. J Phase Equilib Diff 27:200
141. Lee KT et al (2008) Liquid gallium electrode confined in porous carbon matrix as anode for

lithium secondary batteries. Electrochem Solid-State Lett 11:A21–A124
142. Cui Y-H et al (2009) InP as new anode material for lithium ion batteries. Electrochem Comm

11:1045–1047
143. Zhou Y et al (2006) The electrochemistry of nanostructured In2O3 with lithium. J Power Sour

162:1373–1378
144. Kim D-W et al (2007) Highly conductive coaxial SnO2-In2O3 heterostructured nanowires for

Li-ion battery electrodes. Nano Lett 7:3041–3047
145. Li H, Huang XJ, Chen LQ (1999) Anodes based on oxide materials for lithium rechargeable

batteries. Solid State Ionics 123:189–192
146. Shi Z et al (2001) Electrochemical properties of Li-Mg alloy electrodes for lithium batteries.

J Power Sources 92:70–80
147. Kim H et al (2000) Electrochemical characteristics of Mg–Ni alloys as anode materials for

secondary Li batteries. J Power Sour 90:59–63
148. Park C-M et al (2006) Enhancement of the rate capability and cyclability of an Mg-C

composite electrode for Li secondary batteries. J Power Sour 158:1451–1455
149. Taillades G, Sarradin J (2004) Silver: high performance anode for thin film lithium ion

batteries. J Power Sour 125:199–205

228 D. Pribat



150. Lee YJ et al (2010) Biologically activated noble metal alloys at the nanoscale: for lithium ion
battery anodes. Nano Lett 10:2433–2440

151. Yin J et al (2003) New Ag-Sn alloy anode materials for lithium-ion batteries. J Electrochem
Soc 150:A1129–A1135

152. Taillades G et al (2002) Metal-based very thin film anodes for lithium ion microbatteries.
Solid State Ionics 152–153:119–124

153. Laïk B et al (2008) Silicon nanowires as negative electrode for lithium-ion microbatteries.
Electrochim Acta 53:5528–5532

154. Yuan L et al (2007) Mesoporous gold as anode material for lithium-ion cells. J New Mater
Electrochem Syst 10:95–99

155. Boukamp BA, Lesh GC, Huggins RA (1981) All-solid lithium electrodes with
mixed-conductor matrix. J Electrochem Soc 128:725–729

156. Zhang W-J (2011) A review of the electrochemical performance of alloy anodes for
lithium-ion batteries. J Power Sour 196:13–24

157. Tarascon J-M et al (2005) New concepts for the search of better electrode materials for
rechargeable lithium batteries. CR Chimie 8:9–15

158. Oumellal Y et al (2008) Metal hydrides for lithium-ion batteries. Nat Mater 7:916–921
159. Cabana J et al (2010) Beyond intercalation-based Li-ion batteries: the state of the art and

challenges of electrode materials reacting through conversion reactions. Adv Mater 22:E170–
E192

160. Grugeon S et al (2003) An update on the reactivity of nanoparticles Co-based compounds
towards Li. Solid State Sci 5:895–904

161. Wang W et al (2012) Revealing the conversion mechanism of CuO nanowires during
lithiation–delithiation by in situ transmission electron microscopy. Chem Comm 48:4812–
4814

162. Wang F et al (2012) Tracking lithium transport and electrochemical reactions in
nanoparticles. Nature Comm 3:1201. doi:10.1038/ncomms2185

Alloy-Based Anode Materials 229

http://dx.doi.org/10.1038/ncomms2185


Electrolytes for Lithium and Lithium-Ion
Batteries

Libo Hu, Sheng Shui Zhang and Zhengcheng Zhang

In this chapter, new trends in the formulation of non-aqueous liquid electrolytes will
be discussed. Novel solvents and salts used in Li-ion battery electrolytes are cat-
egorized and illustrated, and the progress in understanding the formation mecha-
nism behind the solid-electrolyte interphase (SEI) is discussed.

1 Introduction

There has been an explosion of development in portable electronics over the last
several decades. As a consequence, Li-ion battery technology has also evolved
tremendously to meet the demand for higher energy density, longer cycle life, and
lower cost. Now, the technology is moving into applications requiring even higher
energy and power density, such as electric vehicles [10, 29, 102]. For this purpose,
great advances have been made in both high-energy anode materials [49] and
cathode materials [115].

On the anode side, silicon-based materials emerged as a super high-capacity
anode for the Li-ion battery [111]. Other alloy anode materials [80, 137] and metal
oxides [83, 112] also showed great promise. However, due to their different
characteristics from the conventional carbonaceous anode, these anode materials
raise new challenges for battery electrolytes. The ability to deliver higher capacity
usually also means larger volume expansion during lithiation, and as a result, the
SEI with conventional electrolyte is damaged/cracked due to repeated dramatic
changes of the anode material morphology during cycling [37, 50].
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On the cathode side, the introduction of high-energy materials has also presented
new challenges. In conventional Li-ion batteries, the cathode/electrolyte interface is
rarely a problem because the cut-off potential of conventional cathode materials
(lower than 4 V vs. Li+/Li) is usually far below the oxidative decomposition potential
of the state-of-the-art (SOA) electrolyte. However, many of the new-generation
cathode materials set cut-off potentials around 4.3 V, with the potential reaching
above 4.5 V versus Li+/Li [44]. The high-voltage cathode materials have even higher
charging potentials, some close to 5 V versus Li+/Li [19, 56, 87], which is well above
the decomposition threshold of SOA electrolytes [129].

With both the anode and cathode chemistry becoming much more challenging,
the electrolyte requirements for a high-energy Li-ion cell have never been more
stringent. A single electrolyte formulation could never meet the demands of so
many high-energy materials, so to accommodate different cell chemistries,
researchers have developed numerous electrolyte formulations consisting of both
conventional and novel organic solvents and lithium salts in combination with
performance-enhancing additives. Besides the requirement of high performance,
batteries used in transportation applications must also be safe. Conventional organic
electrolytes are highly flammable, raising concerns over the safety of batteries with
such electrolytes in electric vehicles and aircraft. Consequently, flame retardant
additives and electrolyte formulations with overcharge protection have been
investigated [14]. Some batteries used in niche applications demand specialty
electrolytes. For example, the electrolytes for batteries used in oil well drilling need
to withstand temperature over 200 °C as well as strong vibrations and shocks [40],
and electrolytes for batteries used in satellites and space missions need to withstand
extremely low temperatures [82]. In each of these situations, the electrolyte has to
be tailored to the specific needs of the application.

Obviously, the properties of the electrolyte in Li-ion batteries are of crucial
importance, and a few comprehensive general review articles have already been
published on the subject [116, 117, 120, 133]. In this chapter, the recent advances
and new trends in electrolyte research will be overviewed from a wide angle, with a
focus on novel electrolytes and electrolyte additives for high-energy electrode
materials.

2 Electrolyte Solvents for Non-aqueous Electrolyte

Due to the highly reductive nature of the lithiated anode material, the lithium and
lithium ion battery electrolytes usually consist of a lithium salt and either a single
aprotic organic solvent or a mixture of them [116] instead of the aqueous electro-
lytes used in many conventional primary and secondary batteries. Even with
organic, aprotic electrolytes, there are still challenges associated with the
electrolyte/electrode interface. Since the redox potential of carbonaceous anode
(graphite), the most common anode materials for Li-ion batteries, is slightly above
the redox potential of Li+/Li, the charging potential of the graphite anode is usually
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much lower than the reduction potential of most organic solvents. As a result, the
thermodynamically unstable organic electrolyte can only be stabilized kinetically on
the anode surface through the generation of a protective passivation layer on the
anode surface. This passivating layer can be formed by the reductive decomposition
of the organic electrolyte or another component in the electrolyte. The passivation
layer is often referred to as the solid-electrolyte interphase (SEI). Due to the
extremely important role of the SEI layer, the ability to form a robust SEI (ionically
conductive, resistant to degradation during cycling) becomes a governing factor to
determine the suitability of a new electrolyte for the Li-ion chemistry.

Being an organic electrolyte, the organic solvent used in the electrolyte for-
mulations is the most influential component to consider. The most prominent
electrolyte solvent for the first-generation Li-ion battery is, without a doubt, eth-
ylene carbonate (usually abbreviated as EC in the Li-ion battery literature) (Fig. 1).
This cyclic carbonate possesses several desirable properties as an electrolyte sol-
vent, including large dipole moment, good salt solubility, low vapor pressure and
above all, the ability to form a robust SEI on the surface of the graphite anode [32].
The drawback of EC is that it has high melting point (34–37 °C) and high viscosity
(1.90 cP at 40 °C), so it is conventionally used in combination with linear car-
bonates (Fig. 1) to increase the liquid range and ion mobility of the resulting
electrolyte. The EC/linear carbonate formulations laid the foundation of modern
Li-ion battery electrolyte technology and usually serve as the basis of various
advanced formulations used in industry. Another well-known cyclic carbonate is
propylene carbonate, abbreviated as PC, a solvent that was used in Li metal bat-
teries until carbonaceous anodes became popular. Unfortunately, PC was found to
co-intercalate with Li ions into the graphene layers causing exfoliation of the
graphite structure, which deemed it inappropriate for Li-ion batteries [23]. Because
of its destructive effect on carbonaceous anodes, to date it has been widely used as
an electrolyte for the evaluation of anode SEI formation additives, which will be
discussed in detail in Chap. 9.

The other major component in a liquid organic electrolyte is the lithium salt,
which is the ionic source of the electrolyte. The salt is generally the lithium con-
jugate base of a super acid, which makes the anion anodically stable and easily
dissociates from Li+ in organic solvents. Compared with electrolyte solvents, the
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lithium salts generally receive less attention because the choice of salt is much more
limited. The SOA lithium salt used in Li-ion batteries is lithium hexafluorophos-
phate, with the chemical formula LiPF6. This salt has good solubility in the car-
bonate solvents mentioned above and good ion mobility, is resistant to reduction
and oxidation, and can passivate the aluminum current collectors used in batteries
[130]. It is the predominant lithium salt used in the EC-based electrolyte formu-
lations and widely used in commercial Li-ion batteries. Other commonly used salts
in the research labs include lithium perchlorate (LiClO4), lithium tetrafluoroborate
(LiBF4), lithium hexafluoroarsenate (LiAsF6), lithium trifluoromethanesulfonate
(LiSO3CF3) and lithium salts based on fluorinated sulfonyl imide anions such as
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The negative charge in such
anions (i.e., TFSI− or [N(SO2CF3)2]

−) is extensively delocalized resulting in weak
cation-anion interactions. Unfortunately, corrosion of aluminum current collectors
occurs in liquid electrolytes containing LiTFSI.

With the development of high-energy electrode materials, the design of organic
electrolytes has evolved accordingly. On the anode side, electrolytes that are com-
patible with novel high-capacity anode materials are in great demand. On the cathode
side, high-voltage electrolytes using novel solvents are being investigated because
conventional carbonate solvents are anodically unstable at the elevated charging
potentials required to deliver higher energy. Furthermore, development of electro-
lytes with enhanced safety properties is also a focus of transportation technology
research. In this part of the chapter, the organic solvents used in the cutting-edge
Li-ion batteries will be discussed in detail, with a focus on novel solvents.

2.1 Fluorinated Carbonates

As stated above, carbonates are the main solvents in the current SOA Li-ion bat-
teries due to their large dipole moment, good solubility of lithium salts, and ability
to form a good SEI on carbonaceous anodes. However, conventional alkyl car-
bonate solvents experience extensive oxidative decomposition on the cathode side
at higher potential (>4.3 V vs. Li+/Li) [61, 129], which makes them unsuitable for
high-energy cathode materials. With the exception of this disadvantage, carbonates
generally have better properties than any other solvents used in Li-ion batteries. As
a result, modified carbonates with electron withdrawing groups that raise the oxi-
dation potential are promising targets of electrolyte research for high voltage high
energy cathodes. Fluorination is one of the most popular methods to achieve a
higher oxidation potential.

Theoretical calculations using density function theory (DFT) have shown a
moderate to dramatic increase in the oxidation potential of organic carbonates
compared with their non-fluorinated counterparts (Table 1) [138]. The calculated
oxidation potentials are much higher than those measured on actual electrodes, but
the results could serve as a source of comparison between different structures in the
same model. The electrolytes formulated from these fluorinated carbonates showed
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high stability on the 5-V Ni/Mn spinel cathode LiNi0.5Mn1.5O4 (LNMO). However,
the fluorinated cyclic carbonate F-AEC shown in Table 1 was only compatible with
Li4Ti5O12 (LTO) used as anode due to its inability to form a functional SEI on the
graphite anode surface [138].

SEI formation on the graphite anode is a major concern with fluorinated car-
bonate electrolytes. It is generally agreed that fluorinated compounds reductively
decompose and form an insulating layer on the anode surface, and the repeated
decomposition on the anode results in higher interfacial impedance and irreversible
capacity loss. One of the simplest and most used fluorinated carbonate as reported
in the literature is fluoroethylene carbonate (4-fluoro-1,3-dioxolan-2-one), com-
monly abbreviated as FEC, or F-EC (Fig. 2). FEC is a well-known co-solvent and
SEI formation additive for the graphite anode [67] and silicon anode [71].
Especially for the silicon anode, FEC is the singularly necessary electrolyte additive
to mitigate capacity fading during repeated charge and discharge cycling. There are
different views on the SEI formation mechanism of FEC as an anode additive, and

Table 1 Structure, oxidation potential, and energies for highest occupied molecular orbit
(HOMO) and lowest unoccupied molecular orbit (LUMO) of carbonates (EC and EMC), ethers
(EPE), fluorinated carbonates (F-AEC and F-EMC), and fluorinated ethers (F-EPE)

Molecule Structure Pox (V Theory) HOMO (au) LUMO (au)

EC OO

O 6.91 (6.83 open) −0.31005 −0.01067

EMC O

OO 6.63 −0.29905 0.00251

EPE O 5.511 −0.26153 0.00596

F-AEC
OO

O

CH2CF
CF3

CF3

6.98 −0.31780 −0.01795

F-EMC O

OO CF3
7.01 −0.31946 −0.00363

F-EPE HF2C
O CF2H

F F

FF
7.24 −0.35426 −0.00356

Reproduced with permission [138]. Copyright 2013 Royal Society of Chemistry
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generally it falls into the vinylene carbonate (VC) mechanism [28] or vinyl fluoride
mechanism [71]; their details will be discussed in Chap. 9. On the cathode side,
FEC is reported to have better stability than EC on the LNMO cathode and enables
greatly improved performance for LNMO/graphite full cells even at elevated
temperature (55 °C) [45].

Other than FEC, the trifluoromethyl substituted ethylene carbonate (or fluori-
nated propylene carbonate) (TFPC, Fig. 2) also has received attention as a possible
co-solvent and SEI formation additive. While most research suggests TFPC is not
as effective as FEC in terms of capability of SEI formation on graphite anode, at
least one study showed that TFPC is superior to FEC in suppressing the irreversible
capacity of the graphite anode [106] (Fig. 3). While electron microscopy results
indicated that TFPC is capable of forming a SEI on the graphite anode [48], TFPC
has much higher production cost than FEC, so the interest in this molecule as a
candidate for the commercial Li-ion battery is low.

Besides FEC and TFPC, more advanced structures of fluorinated cyclic car-
bonates have also been synthesized and evaluated in Li-ion batteries. Two examples
of such molecules are given in Fig. 2. These molecules have traditionally been used
in specialized applications such as coolants and supercapacitors, and their use in
Li-ion batteries is relatively new [5, 6, 74, 78]. Regardless, these molecules have
shown increased stability toward oxidation, better thermal stability, and low
flammability.

Compared with fluorinated cyclic carbonates, less research has been conducted
on fluorinated linear carbonates due to their limited availability. The structure
variation of the fluorinated linear carbonates are much more diverse than that of

Fig. 3 Voltage profiles in the first cycle of Li/mesocarbon microbead (MCMB) half cells with
1 M LiPF6 in bi-solvent and tri-solvent electrolytes containing EC, PC, FEC (labeled as MFPC in
the graph), and TFPC. Reproduced with permission [106]. Copyright 2010 Elsevier

236 L. Hu et al.

http://dx.doi.org/10.1007/978-3-319-15458-9_9


cyclic carbonates because the two groups on both side of the carbonate center can
be introduced with various fluorinated alcohol precursors, and the synthesis
chemistry is less complicated than that of the fluorinated cyclic carbonates.
Consequently, fluorinated linear carbonates hold greater promise as electrolyte
candidates for Li-ion batteries, with some examples of fluorinated linear carbonates
shown in Fig. 2. Fluorination of linear carbonates is being investigated in order to
improve both the oxidative stability and the melting point. Higher oxidation sta-
bility would enable use of these solvents with high-voltage cathodes. The methyl
trifluoroethyl carbonate (FEMC) (asymmetric fluorinated EMC) has been shown to
have much higher oxidation stability of the formulated electrolyte on the high
voltage LiNi0.5Mn1.5O4 [45, 138] than its non-fluorinated counterpart. The second
purpose of fluorination is to lower both melting point and viscosity, which would
enable the electrolyte for low temperature applications [93]. Fluorinated molecules
behave differently than their non-fluorinated counterparts, and these different
behaviors include decreased boiling and melting points and increased surface
tension. Thus, fluorinated carbonates, especially linear carbonates, are excellent
candidates for the low-temperature Li-ion batteries for space and deep-sea missions.
Last but not least, the low-flammability to non-flammability of fluorinated com-
pounds could potentially improve the safety of Li-ion batteries [5, 6].

In summary, the SOA carbonate-based electrolytes remain the most promising
category of electrolyte for 4-V Li-ion batteries. However, to meet the requirements
for the high-voltage high energy cells, fluorination plays a significant role in ele-
vating the oxidation stability via F- and fluoroalkyl- substitution. Electrolyte
researchers from academia, national labs and industry are actively working on this
front. Widespread adoption of these fluorinated electrolytes may afford the per-
formance, cost and safety of the high energy Li-ion cells for a wide range of
applications.

2.2 Sulfone-Based Electrolytes

The research in sulfones electrolytes for Li-ion batteries dates back to the 1980s,
even before the intercalation chemistry was studied [70]. However, since the
emergence of the Li-ion chemistry, the interest in sulfones-based electrolytes
declined due to the excellent performance of carbonate-based electrolytes for gra-
phitic anodes. Sulfones, especially symmetric ones, have high boiling points and
can be used to formulate electrolyte for batteries in high temperature applications.
The pioneering studies in the sulfone-based electrolyte for Li-ion batteries were
predominantly carried out by a research group led by professor Charles Austen
Angell at Arizona State University [97, 98, 119], and nowadays more researchers
are further exploring the potential of this group of solvents.

In recent years, the sulfone-based electrolytes have renewed interest because the
new generation of cathode materials requires working potentials much higher than
the oxidation stability limit of the conventional carbonate-based electrolytes.
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The sulfone functionality (−SO2−) has the highest achievable oxidation state (+6)
found in all sulfur-containing organic compounds, which makes it highly stable
against oxidation. Based on quantum chemistry calculations and experimental data,
sulfones generally have oxidation potentials above 5 V versus Li+/Li (Fig. 4), even
for the varieties with organic ether side chains [91]. Given proper formulation, they
hold great promise as electrolyte solvents in high-voltage Li-ion batteries. However,
from the earliest study of sulfone electrolytes in Li-ion batteries, it was found that
many are not capable of forming an SEI on the graphite anodes [119]. The use of
SEI formation additives or lithium salts that can form an SEI is common practice in
many following studies [64, 99, 110].

A few commercially available sulfones and lab-synthesized sulfones that are
suitable as electrolyte solvents are shown in Fig. 5. Most sulfones with simple
structures suffer from high melting point and high viscosity, and consequently the
formulated electrolytes generally suffer from lower ionic conductivity and subse-
quently low C-rate capability compared with carbonate-based electrolytes; To
address this issue, in some designs, ether-type chains are incorporated into the
structure [91].

One of the most widely examined sulfones is sulfolane (tetramethylene sulfone,
abbreviated as TMS). Sulfolane has a melting point of 27.5 °C, and like EC it has to
be mixed with a diluent to widen the liquid range and decrease the viscosity of the
resulting electrolyte. Due to its high polarity, TMS can dissolve most of the
common lithium salts and also dissolves less common lithium salts including
lithium bis(oxalato)borate (LiBOB) [64] and lithium difluoro(oxalato)borate
(LiDFOB) [110] which usually have low solubility in carbonate electrolytes.
LiBOB and LiDFOB act as not only a lithium ion source in the electrolyte, but also
passivate the graphite anode through the formation of a robust SEI. The utilization
of such SEI-forming lithium salts eliminates the need of additional additives. TMS
was reported to be stable on the high-voltage spinel cathode LiNi0.5Mn1.5O4 when
coupled with the Li4Ti5O12 anode [1]. Mixed with ionic liquid, TMS can form a
non-flammable electrolyte with a oxidation stability up to 4.8 V versus Li+/Li, as
examined on a Li1.2Ni0.2Mn0.6O2 cathode [114]. To improve the properties of the
sulfone based electrolytes, investigations of fluorinated sulfones have been initiated
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in order to further increase its voltage stability and the SEI formation capacity for
high energy density lithium-ion batteries (Zhang, unpublished data).

In conclusion, sulfones show both great advantages and challenges as a new
class of electrolyte solvents. The intrinsic oxidation stability makes them a good
candidate for high-voltage Li-ion batteries, but the high melting point and viscosity
of conventional sulfones make them inappropriate for high power applications.
Future research should be focused on the functionalization of sulfones which makes
them more suitable as electrolytes and/or electrolyte additives for new generation
Li-ion battery.

2.3 Ether-Based Electrolytes

Due to the affinity of the oxygen atom to lithium cations, organic ethers have
historically been investigated as electrolyte solvent or co-solvent to increase the ion
mobility due to their low viscosity and acceptable polarity. Oligomeric linear ethers
with repeating ethylene glycol units (−CH2CH2O−) such as dimethoxyethane,
diglyme, triglyme, tetraglyme [26, 65, 103], and cyclic ethers such as tetrahydro-
furan (THF) and 2-methyltetrahydrofuran (Me-THF) [2, 54] were investigated as
the electrolyte components for Li metal batteries. However, aliphatic ethers suffer
from low oxidation potentials [79], making them inappropriate for the majority of
the SOA Li-ion chemistries.

Fig. 5 Oxidation potentials calculated at the HF/6-31 + G (d, p) level for three solvation models:
isodensity polarizable continuum model (IPCM), polarizable continuum model (PCM), and
solvation model based on density (SMD). Experimental oxidation potentials (EXP) are from the
literature. Reproduced with permission [91]. Copyright 2011 American Chemical Society
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Although the above-mentioned ethers may not be suitable for high-energy Li-ion
batteries, they are frequently used in high-capacity batteries with relatively low
operating voltage, such as lithium-sulfur (Li-S) batteries [141] and lithium-oxygen
(Li-O2) batteries [35]. Polyether with poly(ethylene oxide)(PEO) as a typical
example has been widely studied as solid polymer electrolytes. Low molecular
weight PEO is employed as the plasticizer of polymer electrolyte for Li-ion polymer
batteries [96]. Crown ethers, due to their strong chelating effect, are used as elec-
trolyte additives to enhance Li+ dissociation from counterions in electrolytes [33].

To enable the compatibility of ethers in advanced Li-ion chemistry, fluorination
is utilized in the molecular engineering. In contrast to the carbonates, the fluori-
nation of ethers is usually more extensive due to the fact that the synthesis of such
ethers involves highly fluorinated precursors. The high degree of fluorination
sometimes completely changes the properties of the molecule. A few examples of
fluorinated ethers as well as some common non-fluorinated ethers are shown in
Fig. 6.

So far, the most reported fluorinated ether for Li-ion battery study is
1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether [6, 45, 78, 138]. This solvent
is also listed in Table 1 for the molecule F-EPE. Compared with the non-fluorinated
ethyl propyl ether, the calculated oxidation potential of F-EPE increases from 5.51
to 7.24 V, which is the most dramatic change among the fluorinated compounds
listed in Table 1. The source of this dramatic increase in oxidation potential lies in
the oxidation mechanism of ethers shown in Scheme 1. The source of the oxidative
vulnerability of non-fluorinated ethers is that the C-H bond next to the ether oxygen
is subject to hydrogen extraction to form radicals, which is then stabilized by the
lone pair electron on the ether oxygen atom. The resulting radical subsequently
traps an oxygen molecule to form a peroxide radical. In highly fluorinated ethers,
especially those with fluorinated α carbon, the strong electron-withdrawing effect of
the fluoroalkyl group pulls the electron density of the lone pair electrons on the
oxygen atom away from the neighboring −CH2 group, and the stabilizing effect is
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greatly reduced. This effect results in the much higher oxidation potential of fluo-
rinated ethers, making them good candidates for high-voltage Li-ion batteries. In
addition to the anodic stability, fluorinated ethers also possess wide liquid range,
non-flammability, and enhanced thermal stability (Fig. 7) [78], all of which are
necessary properties of Li-ion batteries designed for vehicles.

Besides F-EPE, many other fluorinated ethers are synthesized by the addition
reaction of tetrafluoroethylene with fluorinated and non-fluorinated alcohols. Some
of the new structures may have superior properties to F-EPE as electrolyte solvents
for Li-ion batteries and beyond Li-ion batteries. Recently, F-EPEwas investigated for
the first time as the electrolyte solvent in the lithium-sulfur battery [12]. The new
fluorinated electrolyte DOL/F-EPE-1.0 M LiTFSI suppressed the deleterious shut-
tling effect and improved the capacity retention and coulombic efficiency in Li-S cell
tests. In addition, it was found to eliminate the self-discharge of lithium-sulfur bat-
teries. Another fluorinated ether, bis(2,2,2-trifluoroethyl) ether (BTFE), was reported
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to mitigate self-discharge of Li-S cells having both low- and high-sulfur loading
sulfur cathodes [13, 38]. This electrolyte significantly decreased self-discharge at
elevated temperature, though differences in behavior of cells with high- and
low-sulfur loading were also noted. Further investigation showed that this effect
likely stems from the formation of a more robust protective film on the anode surface.
New fluoroethers with unique structures are certainly worthy of exploration.

2.4 Ester and Lactone-Based Electrolytes

Esters and lactones (cyclic esters) can be considered as cousins of linear and cyclic
carbonates, as their physical properties are alike. Figure 8 shows the chemical
structures of some common esters and lactones. Due to the lower oxidation state of
esters compared to that of carbonates, esters have generally inferior oxidation
stability. For this reason, esters have not been widely studied as electrolyte solvents
as the trend of Li-ion battery development is leading towards higher cell voltages.
However, linear esters continue to be attractive as a diluent in electrolyte formu-
lations due to their low viscosity and melting point which improve low temperature
performance of the conventional Li-ion battery [95].

Among lactones, γ-butyrolactone (GBL) has been widely investigated as an
alternative to cyclic carbonates and frequently used inmany electrolyte compositions.
Like EC, GBL has high dielectric constant, high solubility of lithium salts, high
boiling point (b.p. 204 °C) and lowmelting point (−43.5 °C), making it more suitable
for transportation application. Although the most compatible salt with carbonate
solvents is LiPF6, the optimal lithium salt for GBL is LiBF4. It was first demonstrated
by Japanese researchers from Toshiba that an electrolyte formulated with
GBL/EC/LiBF4 showed good performance in laminated thin-film Li-ion cells [100,
101]. A later paper [20] reported that among five salts (LiBF4, LiPF6, LiAsF6, LiTFSI,
and LiClO4) tested with EC/GBL mixed solvents, only LiBF4 offered reversible
intercalation with capacity up to the theoretical value of graphite. After that, most
studies involved only LiBF4 as the default salt for GBL-based electrolytes. To further
improve the stability and reduce the resistance of the electrolyte/anode interface,
additives such as maleic anhydride [104], VC [53], FEC [52], and many others have
been used to successfully enhance the performance of GBL-based electrolytes.
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Another leading trend of GBL-based electrolyte research is associated with
LiBOB as a lithium salt [118]. Being a fluorine-free salt, LiBOB has long been
considered as a safer and greener alternative to the LiPF6. However, LiBOB has
low solubility in linear carbonates, so the resulting electrolyte has low conductivity
compared with LiPF6-based electrolytes. In contrast, LiBOB has high solubility in
GBL and even linear esters such as ethyl acetate [118], which makes the
LiBOB/ester system promising [11, 46]. An electrolyte consisting of solely GBL
with LiBOB shows large irreversible capacity during formation [118], and additives
[81] or mixing with carbonates [30] have been investigated to solve this issue. Not
only a lithium ion source, LiBOB acts as a stable SEI formation additive as it is
frequently used in carbonate and silicon-based electrolytes [9, 140].

While the majority study of GBL electrolyte have been focused on the 4 V
electrode materials, at least one study reports that a binary mixture of
GBL/Sulfolane results in an electrolyte that is more stable than the SOA carbonate
electrolyte on the high-voltage spinel LNMO cathode [24]. The reported electrolyte
also enables a higher discharge potential and comparable rate capability than the
conventional electrolyte (Fig. 9). Beside the previously mentioned merits,

Fig. 9 a Cycle performance of LiNi0.5Mn1.5O4/Li cells with different electrolytes cycled at 0.5 C
discharge rate and room temperature. b Mean voltages of LiNi0.5Mn1.5O4/Li cells with two
electrolytes cycled at 0.5 C discharge rate and room temperature. c Discharge capacities of
LiNi0.5Mn1.5O4/Li cells cycled at different discharge rates and room temperature. Reproduced with
permission [24]. Copyright 2013 Elsevier
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GBL-based electrolyte has also shown superior thermal stability [18], especially
when combined with the LiBF4.

Linear esters, as mentioned above, are not widely used in Li-ion batteries due to
their inferior anodic stability compared to linear carbonates. Although numerous
patents for electrolyte formulations claim various ester structures as the co-solvents,
literature reports on the esters are considerably fewer. Although esters oxidize much
more easily than carbonates, at least one reference reported an electrolyte formu-
lated from a mixture of sulfone and ethyl acetate showing better electrochemical
properties than carbonate-based electrolyte in LNMO/Li half cells [108]. Due to
their low viscosity and melting point, linear esters are considered to be candidates
for low-temperature Li-ion batteries. Both non-fluorinated [94] and fluorinated
esters [95] have been examined by scientists at the Jet Propulsion Laboratory as
Li-ion battery electrolyte co-solvents for space missions.

In conclusion, the utilization of esters and lactones in Li-ion battery electrolytes
is currently limited and is underexplored. The ease of synthesis and purification of
esters should not be overlooked for potential cost reduction and more work on this
group of solvents is needed.

2.5 Nitriles-Based Electrolytes

Due to the strong electron withdrawing ability of the cyanide functionality (−CN),
organic nitriles are strongly polar solvents with high salt solubility, high oxidation
potential, and low viscosity. The resulting electrolytes often have a wide electro-
chemical window and high conductivity. While nitriles have high stability toward
oxidation, they are easily reduced on the anode. In fact, acetonitrile reacts with Li
metal violently and is unable to form a stable passivation layer [86], which has led
to a lack of interest in nitrile as an electrolyte solvent for Li-ion batteries. Other
nitriles (Fig. 10) have shown potential as the electrolyte solvent of Li primary [39]
and secondary batteries [105].

As the demand for high-voltage Li-ion batteries increased, the interest in the
nitrile-based electrolyte was reignited due to its promising stability against oxida-
tion, a similar case to the sulfone-based electrolyte described earlier. Conventional
electrolyte additives [36] and novel additives tailored for the nitrile-based
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electrolytes [76, 77] were investigated to increase compatibility with the graphite
anode. An electrolyte formulated with acetonitrile and LiBOB was studied for the
purpose of physical properties, although no electrochemical evaluation was per-
formed [42]. Recently, a ground-breaking discovery was reported by a Japanese
group in which increasing the concentration of lithium bis(trifluoromethanesulfo-
nyl)imide (LiTFSI) to 4.2 M suppressed the spontaneous reaction between aceto-
nitrile and Li metal anode, and allowed for the reversible intercalation of Li ions
into graphite (Fig. 11) [128]. The resulting electrolyte also demonstrated high ionic
conductivity and C-rate capability. This discovery is very encouraging in terms of
enabling the development of nitrile-based electrolytes, and it has also brought
insight into the interaction between electrodes and electrolyte in the concentrated
electrolyte solutions. More discussion on this topic will be centered on the salt
LiTFSI in Sect. 3. On the cathode side, mono-functionalized nitriles [36] and
di-functionalized nitriles (Fig. 10) were investigated on over-charged cathodes such
as LiCoO2 [3, 4] and Ni/Mn spinel LNMO [27] as high voltage electrolytes.

While nitriles may be similar to sulfones as an alternative solvent to carbonate for
the high-voltage applications, nitriles are superior to sulfones due to lower viscosity
and wider liquid range. More research is definitely needed to better understand and
utilize the nitriles as the component in advanced Li-ion battery electrolytes.

Fig. 11 a Reactivity of lithium metal foil and LiTFSI/acetonitrile solutions at 1.0 and 4.2 M
concentrations at room temperature. b Charge-discharge curves of natural graphite/lithium metal
cell with 4.2 M LiTFSI/acetonitrile electrolyte at C/10 rate. c Reversible capacity of natural
graphite in the two electrolytes at various C-rates and 25 °C. Charge and discharge were conducted
at the same C-rate without using a constant-voltage mode at both ends of charge and discharge,
and the charge (lithium deintercalation) capacity was plotted. Reproduced with permission [128].
Copyright 2014 American Chemical Society

Electrolytes for Lithium and Lithium-Ion Batteries 245



2.6 Organosilicon Compounds-Based Electrolytes

The application of organosilicon compounds in lithium batteries dates back to
1980s when polysiloxanes were studied as the matrix for the polymer electrolyte in
Li metal batteries [31, 107]. However, the application of liquid organosilicon
compounds as solvents for the Li-ion battery electrolyte is fairly recent, initiated by
collaboration between Argonne National Laboratory and University of
Wisconsin-Madison [7]. In this work, silanes and silyl ethers with ethylene glycol
repeating units (Fig. 12) were used as the only solvent for LiBOB-based electrolyte.
Such electrolytes showed tremendous improvement in the cycling performance over
the LiPF6 in EC/DEC electrolyte for the LiNi0.8Co0.15Al0.05O2 (NCA)/mesocarbon
microbeads (MCMB) electrochemical couple. The cell showed no impedance rise
over storage for one year at 80 % state of charge (SOC) at 55 °C (Fig. 13). Since
then, this category of electrolytes have been widely applied to various Li-ion battery
systems [57, 131, 132], and even to the emerging Li-O2 battery [139].

Other groups also performed studies on this kind of solvent, but reports have
been sporadic. Vinyl tris(2-methoxy)ethoxy silane [89] and ethyl tris(2-methoxy)
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ethoxy silane [90] were investigated as an SEI formation additive and co-solvent for
PC-based electrolyte and were shown to enable the intercalation of Li+ ions into
graphite anodes. Silanes were also shown to passivate the Li metal anode in Li-O2

and Li-S batteries [72, 73].
Compared with other electrolyte solvents, organosilicon solvents are relatively

new for battery applications. These solvents, especially those with short polyeth-
ylene glycol chains, have low toxicity and excellent biocompatibility compared to
other solvents, which make them more suitable for medical applications [85]. Even
with the electron-withdrawing effect of the terminal silyl group by back donating of
2p-orbital electrons of oxygen on the ether chain into the empty 3D-orbital of
silicon, however, these solvents still have limited oxidation stability (usually less
than 4.5 V) which restricts their applications in high-voltage Li-ion batteries.

2.7 Other Solvents

In addition to the organic solvents described above, there are quite a few more
organic compounds considered as solvent candidates for Li-ion battery electrolytes.
In many cases, these molecules are more appropriate as additives instead of solvents
due to the inferior physical and electrochemical properties of the resulting elec-
trolyte if such molecules are used in high concentration. These molecules include
the non-fluorinated and fluorinated varieties of alkyl sulfates [113], alkyl sulfites
[21, 59, 63], alkyl phosphates [66], and phosphazenes [84]. Some of them have
been employed as SEI formation additives or flame retardant additives and will be
discussed in the respective sections of Chap. 9.

3 Electrolyte Salts for Non-aqueous Electrolyte

While solvents certainly attract major attention, the role of salts has been often
overlooked even though many cases showed that changing lithium salt vastly
changes electrolyte performance. As mentioned in the introduction, the majority of
lithium salts used in the SOA Li-ion battery is the lithium conjugate base of super
acids such as HPF6, HBF4, and HSO3CF3. These counter-ions are non-coordinative
and have high oxidation stability, which makes the respective lithium salts suitable
as battery electrolyte solutes with high conductivities and wide electrochemical
windows. However, most of these salts are corrosive to the cathode current col-
lector materials, and each has its own drawbacks. For example, the most widely
used salt, LiPF6, has poor thermal stability and decomposes at temperatures as low
as 70 °C in the presence of electrolyte solvents [92, 116]. Furthermore, it is very
moisture sensitive. Other salts also have their drawbacks: LiBF4 suffers from
mediocre conductivity, LiAsF6 is highly toxic, LiClO4 is explosive, and LiTFSI is
highly corrosive to aluminum, the standard material of the cathode current collector.
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It seems that finding a “perfect” salt is much more difficult than finding a “perfect”
solvent because the choices are very limited. Regardless, effort has been made to
find less hazardous, more stable salts with better electrochemical properties and
possibly the capability to form an SEI on the anode without needing the partici-
pation of solvent or additive molecules. The following discussion will address these
characteristics individually in various lithium salts developed in the past decade.

3.1 Salts with SEI Formation Capability

The stabilization of the anode/electrolyte interface is one of the most pressing
challenges in Li-ion batteries. Now, with the use of high voltage cathode materials,
the oxidation stability of the electrolyte and the cathode/electrolyte interface are
crucial to the long term cycling performance. While additives offer a solution by
forming the passivation layer on electrode surface, lithium salts that can form SEI
on both the anode and cathode are even more attractive. So far, some salts are
already known to have such capability, independent of the solvents used. A few
examples are shown in Fig. 14.

The most widely known film-forming salt is lithium bis(oxalato)borate, com-
monly abbreviated as LiBOB (Fig. 14). The fluorine free, non-corrosive, non-toxic
(and thus environmentally friendly) features make this salt very appealing. The
synthesis and solution properties of LiBOB were first reported by Prof. Angell’s lab
from Arizona State University in 2001, followed by the discovery of its unique
capability in stabilizing the cycling performance of Li-ion battery [127]. LiBOB
contains a very weakly coordinating anion because the negative charge on the anion
is delocalized by eight oxygen atoms in the two oxalate groups. The solution of
LiBOB in acetonitrile has a conductivity of 25.2 mScm−1 at 25 °C, approaching
that of aqueous solutions, and a LiBOB/PC electrolyte is anodically stable up to
4.5 V versus Li+/Li [127]. The following year, the same group discovered that in a
LiBOB/PC solution, Li+ can reversibly intercalate into and deintercalate out of
graphite, which had not been observed with other salts (Fig. 15) [121]. This
groundbreaking discovery led to the immense popularity of the salt and the interest
in finding other SEI forming salts. Since then, LiBOB has been frequently used as
an SEI formation additive for LiPF6-based electrolyte, as well as the single salt in
many novel electrolyte formulations [7, 9, 64]. Other than the ability to protect the
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anode, LiBOB was also reported to be capable of forming a passivation film on the
surface of the cathode, which mitigates the oxidative decomposition of electrolyte
solvents on the high voltage cathodes [143, 122] and reduces the dissolution of
transition metal ions from the cathode into the electrolyte [126]. Besides these
desirable properties, both LiBOB and the SEI formed from it show excellent
thermal stability [144].

One of the disadvantages of LiBOB is poor solubility in organic carbonates,
especially in linear carbonates [118]. In order to increase the solubility, a structural
analog of LiBOB, lithium difluoro(oxalato)borate, commonly abbreviated as
LiDFOB, with a chemical structure consisting of half LiBOB and half LiBF4, was
developed in the U.S. Army Research Lab [22, 60, 134–136]. This salt has better
solubility in linear carbonates than LiBOB while retaining similar SEI formation
capability as LiBOB. Due to the similarities in chemical structure and properties, in
many publications and patents LiDFOB and LiBOB are simultaneously
studied/claimed as the independent lithium salt or electrolyte additive. Both LiBOB
and LiDFOB seem to have become one of the “standard” additives for electrolyte
formulation that have SEI formation issues. The current trend, as mentioned in
Sect. 2, is to employ LiDFOB or LiBOB as the only salt for novel solvents that are
not capable of forming SEI on their own [21, 59, 109, 131].

An analogue of LiDFOB is lithium tetrafluoro(oxalato)phosphate (LiPF4C2O4,
or LiFOP), in which phosphorous is the coordination center. This salt was initially
synthesized by Prof. Brett Lucht’s group at the University of Rhode Island. It has

Fig. 15 The voltage profiles of the first discharge of Li/graphite half-cells employing an
electrolyte with 1.0 M LiBOB dissolved in PC. For LiBOB/PC electrolyte, the first cycle is shown,
with CE indicated in the graph. Reproduced with permission [121]. Copyright 2002 The
Electrochemical Society
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been demonstrated that the electrolyte prepared from this salt has comparable
conductivity (9 mScm−1 at 25 °C) with conventional LiPF6-based electrolyte while
its cell performance is also similar to the LiPF6 [123, 125]. Moreover, LiFOP has
much improved thermal stability than LiPF6 [124]. The initial concern with this salt
is whether it can form SEI on the graphite anode. This concern was ruled out by the
same group, showing that LiFOP enables reversible intercalation of Li+ ions with
graphite electrode even with the problematic solvent PC, firm proof that LiFOP can
form SEI by itself [142].

At present, it is quite evident that the oxalate-containing salts are able to form
SEI on their own, because the oxalate moiety participates in the reduction reaction
(1.5–1.7 V vs. Li+/Li) during the charging of graphite anode. Other lithium salts
with oxalate functional groups might have the same SEI-forming property.

While many novel lithium salts have been developed, many of them employed
EC as a co-solvent so their stand-alone ability to form SEI is unknown. As men-
tioned earlier, the choice of lithium salts is very limited due to the bulky molecular
size and/or less structural varieties, therefore the development of a new salt with
SEI formation capability is much more challenging than the development of a new
solvent with such capability.

3.2 Salts with Enhanced Thermal Stability

Among the available lithium salts, LiPF6 is most commonly preferred for the Li-ion
battery because it holds the best comprehensive properties compared with other
salts, especially with respect to solubility, resultant ionic conductivity, and pas-
sivation of the Al current collector. However, LiPF6 suffers from poor thermal
stability especially in the solution state. When exposed to elevated temperatures,
LiPF6 decomposes and reacts with the organic solvents in the electrolyte generating
HF gas, which causes rapid degradation of the cell chemistry [34, 62]. Although
other salts mentioned earlier have better thermal stability than LiPF6, alternative
salts with higher thermal stability are in demand for safety reasons.

In addition to the exceptional SEI formation ability, LiBOB and LiDFOB have
excellent thermal stability compared to LiPF6. Other chelating boron-based salts
with good thermal stability have also been reported. Similar in structure to
LiDFOB, lithium difluoro(sulfato)borate (LiBF2SO4) (Fig. 16) has been tested at
80 °C in MCMB/Li and LiFePO4/Li half-cells with improved performance [58].
Boron-based chelating salts such as lithium bis[1,2-benzenediolato(2)-O,O′]borate
(LBBB) (Fig. 16), lithium bis[2,3-naphthalenediolato(2)-O,O′]borate (LBNB), and
lithium bis[2,2′-biphenyldiolato(2)-O,O′]borate (LBBPB) also have good thermal
stability, but the electrolyte solutions containing these salts showed much inferior
conductivity due to their large anion size and narrow electrochemical window
[15–17]. Besides the salts mentioned above, a multivalent salt with fluorinated
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boron clusters, dilithium dodecafluorododecaborate (Li2B12F12, where boron atoms
occupy 12 vertices of a regular icosahedron, and each boron atom is connected to
one fluorine atom) (Fig. 16) has shown enhanced storage and cycle life compared
with LiPF6 at 60 °C [8].

Although having P-F bonds in the structure, lithium tetrafluoro(oxalato)phos-
phate (LiFOP, Fig. 14) has much better thermal stability than LiPF6. Another
thermally stable phosphorous-based salt is a tri-chelated salt, lithium tris
[1,2-benzenediolato(2)-O,O′]phosphate (LTBP, Fig. 16) [43], but it cannot be used
in the Li-ion battery because of its insufficient electrochemical window related to
the less stable phenol ligands.

The nitrogen-centered imide salts are good candidates for thermally stable
lithium salts. The best known salt is LiTFSI (Fig. 16), which was found to be
indefinitely stable at temperatures as high as 100 °C [25]. Unfortunately, this salt
leads to corrosion of the aluminum current collector on the cathode [55], making it
unsuitable for SOA Li-ion batteries. The larger imide analogue, lithium bis
(perfluoroethanesulfonyl)imide (LiBETI, Fig. 16), exhibits much better passivation
of aluminum, leading to improved stability [69, 75]. Recent progress in the
understanding of the solvation properties of electrolyte solutions has brought new
insight to LiTFSI salt. EC-based electrolytes with high LiTFSI concentrations, for
example a 3:1 or 2:1 (molar ratio), did not corrode aluminum [68] (Fig. 17a).
Moreover, the highly solvated solvent molecules makes the electrolyte solvent
anodically and thermally stable (Fig. 17b). This finding suggests that it is feasible
for researchers to reconsider utilizing thermally stable salts such as LiTFSI in a new
way and this endeavor should be pursued for the safety benefits.

In addition to highly concentrated electrolytes, anions with longer perfluorinated
chains also passivate aluminum while still providing good thermal stability to the
resulting electrolyte [41, 47, 51, 55].
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3.3 Emerging Salts

There is new focus on developing lithium salts with fewer corrosion issues and less
environmental impact. Most of the conventional lithium salts contain fluorine
because it is among the smallest yet strongest electron withdrawing groups, and
anions with fluorine substitution generally have high anodic stability. However,
many fluorinated salts are corrosive and hazardous to the environment. Thermal
runaway in batteries containing fluorinated salts may result in the release of toxic
fumes containing HF, which is extremely dangerous as well as harmful to the
atmosphere. As a result, developing fluorine-free salts marks the first step toward
environmentally friendly batteries.

An alternative to fluorine as the electron-withdrawing group is the cyanide
(CN) group. Recently synthesized cyanide salts include lithium dicyanamide
(LDCA), lithium 4,5-dicyano-1,2,3-triazolate (LDCTA), and lithium tetracyanob-
orate (LiB(CN)4) (Fig. 18) [88]. Although CN fits the goal of fluorine free, the
oxidation potential of these anions is lower than that of fluorine-based salts, so the
application of lithium cyanide salts is limited to low voltage cathodes such as
LiFePO4.

Fig. 17 a The 3rd cycle cyclic voltammetry scan of coin cells with Al foil as working electrodes,
Li metal as counter/reference electrodes, and EC-LiTFSI (from 10:1 to 2:1) as electrolyte.
b Thermal gravimetric analysis (5 °C min−1) of 1.0 M LiPF6 in EC/DEC (3:7 volume ratio), pure
EC, and various EC-LiTFSI (from 10:1 to 2:1) electrolyte. Reproduced with permission [68].
Copyright 2014 Royal Society of Chemistry
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4 Conclusion and Future Outlook

Li-ion battery chemistry is a mature technology that has been commercialized over
the decades, although it is still far from reaching its limit. Lithium metal, which is
considered as the “holy grail” of lithium battery anodes, is still unable to deliver the
desired cell performance despite new progress made for effective suppression of the
dendrite formation. Lithium transition metal oxide-based inorganic cathodes have
been constantly achieving new levels of performance in terms of the capacity and
voltage, while organic cathode materials have also started to show great promise.
The development of new anode and cathode materials goes hand in hand with
electrolyte development, as each new material with new challenges necessitates a
compatible electrolyte. The number of patent application and journal publication on
Li-ion battery electrolytes has increased exponentially in the past decade (Fig. 19),
which is evidence of the burst of interest in this field. Novel electrolytes and
electrolyte additives that are tailored to the various lithium-ion chemistries will be
the main focus of future research and development. It is of vital importance that
mechanistic studies using in situ characterization techniques and computational
efforts should be carried out to support electrolyte development.

For emerging battery technologies such as Li-S, Li-O2, Na-ion and
magnesium-ion batteries, the knowledge achieved in the course of Li-ion battery
electrolyte research will be able to provide insight and support for the development
of new electrolytes for various electrochemical energy storage chemistries.
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Additives for Functional Electrolytes
of Li-Ion Batteries

Libo Hu, Adam Tornheim, Sheng Shui Zhang and Zhengcheng Zhang

1 Introduction

The electrolyte is an indispensable element of Li-ion batteries. In normal operation,
the electrolyte does not participate in electrochemical reactions but rather conducts
ions to enable the electrode reactions on the cathode and anode. The electrolyte is
typically composed of a lithium salt as the solute for lithium ions and a solvent or
mixed solvent as the medium for ionic conduction. The performance of a Li-ion
battery, measured by rate capability, cycling reversibility, cycling stability (life),
and safety, is greatly affected by the properties of the electrolyte, including ionic
conductivity, chemical compatibility, electrochemical stability, and flammability. In
particular, both the chemical compatibility and electrochemical stability are more
dependent on the kinetic stability than the thermodynamic stability. In such cases,
the suitability of an electrolyte for the Li-ion battery is determined by the properties
of the electrolyte-electrode interface, rather than those of the bulk electrolyte. Thus,
the addition of small amount of foreign compounds may tremendously improve the
battery’s performance by altering the chemical kinetics at that interface. These
compounds are referred to as electrolyte additives and their weight percentage in the
electrolyte usually does not exceed 5 %. Due to their significant effect on the
battery’s performance, in recent years electrolyte additives have been intensively
investigated for potential performance improvement of existing Li-ion batteries, or
for specialized applications, such as operation at high voltage or extreme
temperatures. In addition to the electrode/electrolyte interface, some bulk properties
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of the electrolyte, such as electrochemical stability window and flammability, are
also affected by the additive. In this chapter, electrolyte additives will be discussed
in categories of the intended function in Li-ion batteries.

2 Anode Passivation Additives

The anode/electrolyte interface has been the focus of electrolyte research since the
advent of the Li-ion battery. This interface is frequently referred to as
solid-electrolyte interphase (SEI), a term that was originally used to describe the
surface layer of metallic Li in primary Li batteries [100]. The SEI serves two
purposes in Li-ion batteries. On one hand, it protects the electrolyte from electro-
chemical reduction on the charged (lithiated) anode surface, and on the other hand it
protects the anode material from chemically reacting with the electrolyte. With
graphitic anodes, the SEI protects the graphite layered structure from exfoliation
caused by solvent co-intercalation [33]. In silicon anodes, the SEI acts as an elastic
layer to maintain the structural integrity of Si particles during lithiation [60].

A functional SEI should provide good protection to the anode and electrolyte in
addition to being highly ion-conductive. Moreover, the SEI should remain stable
over repeated cycling and long storage, and should also be thermally stable when
exposed to elevated temperatures. Although a conventional electrolyte based on
LiPF6 salt and ethylene carbonate (EC) solvent is capable of forming a SEI on
graphitic anodes, the SEI formed from EC alone has relatively poor thermal sta-
bility [7]. The properties of this SEI can be improved with the addition of a small
amount of additive. Since introduction of an additive usually does not change the
bulk properties of the electrolyte, such as conductivity, viscosity, and liquid tem-
perature range, the additive approach offers a cost-effective method for improving
the SEI formation of a well-established electrolyte.

In this section, recent advancements in additives will be discussed for SEI
formation at the anode, in which some additives are previously known compounds
with new applications. Due to the proprietary nature of much of the additive
research, public reports on the additives are rather limited. Moreover, a mechanistic
understanding of the effect of a specific additive in the battery is frequently lacking
in many cases. Regardless, the patterns between the structures and functions of
known additives help identify new compounds to investigate.

2.1 SEI Additives for Carbonaceous Anodes

In Li-ion batteries, carbonaceous anodes are the most common commercial anode
due to its superior reliability. In addition to graphite, a variety of non-graphitic
carbon materials, such as carbon nanotubes [151], mesoporous carbon [177],
non-graphitic hard carbons [19], and other composite carbon materials, [145] are
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suitable for the anode material. Of all these materials, graphite offers good energy
density, good rate capability and has low manufacturing cost, which makes it the
most widely used anode material. However, the layered structure of the graphite
presents weak interplanar bonds, and such connections can be easily broken if
solvent co-intercalation and subsequent electrochemical decomposition occur [33].
Luckily, a functional SEI prevents solvent co-intercalation, and graphite can reli-
ably withstand reversible lithium intercalation.

In the early days, researchers were unsure of the function of the SEI formed on the
graphite surface, as the only information available was the success of ethylene car-
bonate in the electrolyte. As a result, the design of the SEI-forming additives gen-
erally followed the guideline that the chemical structure must share some similarity
with EC, which means either a cyclic carbonate derivative or a five-membered ring
structure with other functionalities. Early examples of such additives include, but are
not limited to, substituted catechol carbonate [129], ethylene sulfite [139], propylene
sulfite [140], fluoroethylene carbonate (FEC) and vinylene carbonate (VC) [58]
(Fig. 1). The mechanism involved with this kind of additive is believed to be similar
to that for EC, which goes through reductive decomposition on the anode forming an
insoluble SEI composed of inorganic and organic salts.

The outlier in this group is VC, which contains a double bond capable of
polymerization by either a radical or anionic mechanism on the anode. This
structure provides another mechanism of surface film formation besides the for-
mation of insoluble lithium carbonates and lithium alkyl carbonates. Although the
study on VC as an additive has more than 20 years of history, its working mech-
anism in batteries is still under debate. While some chemists believe VC is involved
with radical/anionic polymerization, as there has been experimental proof of such a
product [36], other chemists have proposed mechanisms that involve the interaction
of VC with reduction products of EC, which agrees with the observation of gas
products such as CO and CO2 (Scheme 1) [126, 135]. Electrochemical processes
can be very complicated, and in batteries they can be even more convoluted due to
the heterogeneous surface chemistry of electrode materials. There is experimental
evidence to support both of these mechanisms. Even though the success of VC is
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not well understood, its discovery has led to the development of a group of addi-
tives featured with unsaturated bonds that are capable of polymerization on the
anode surface. This strategy of additive design based on the success of VC led to
the boom of additive research in the 2000s.

Presently, many organic additives fall into the category of polymerizable mono-
mers. A non-exhaustive list includes esters (including carboxylic esters/carbonates
and other inorganic esters such as phosphates, sulfates, and silicates) that are derived
from vinyl and allyl alcohols [2, 54, 71], vinyl pyridine [63], acrylic acid nitrile [110],
maleic acid derivatives [125, 131], vinyl sulfones [128], vinyl silanes [113], and
isocyanates [65, 171] (Fig. 2). The synergistic effect of different unsaturated com-
pounds used in various combinations has also been reported [1].

The reducible additives that do not contain polymerizable functionalities are also
expanding, not limited to the five-membered ring structural analog. Examples of
this group include substituted cyclic carbonates [52, 178], sulfates [41, 146], sulfites
[123], sultones [59, 76], phosphates [98, 132], and possibly other compounds that
have heteroatoms with high oxidation states (Fig. 2).

Boron-containing compounds, especially those with only three substitutions, are
mostly known for their functions as anion receptors. However, some of these
compounds are also capable of forming an SEI, making them bi-functional additives
[78]. The lithium salts with tetra-substituted boron anions such as LiBOB and
LiDFOB can serve as SEI-forming additives in electrolytes based on other salts

Scheme 1 a One-electron (1e) reductive decomposition reactions of EC and VC; b possible
interactions between intact EC (1) and VC (4) molecules with the radical reduction products of EC
(2) and VC (6b); c possible subsequent reaction after the radical attack of oE−EC

− on VC for CO2

evolution. Reproduced with permission [126]. Copyright 2013 American Chemical Society
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such as LiPF6 [82]. These additives often show synergistic effect when combined
with other additives [6, 180]. A FTIR analysis showed that all the SEIs formed in
the presence of these salts contain B-O molecular moieties, concluding that these
boron-containing anions are participating in the SEI formation [181].

2.2 SEI Additives for Novel Anodes

Carbonaceous anodes cannot meet the demand for increasing energy density, so the
development of high-capacity anode materials is of great interest to both academia
and industry. However, high-capacity anode materials generally suffer from severe
volume expansion during lithiation. This poses a new challenge to the stabilization
of the anode/electrolyte interface, as graphite has a much lower degree of Li+

intercalation (one Li per six carbon) and the resulting volume expansion is insig-
nificant. With high-capacity anode materials such as silicon, the large volume
expansion may become a critical factor accounting for the degradation of the
formed SEI. As a result, new SEI-forming additives that can accommodate such
large volume expansion need to be developed for these new materials.

So far, FEC is the most effective SEI-forming additive for all silicon anodes [23,
32, 35, 37, 39, 45, 103]. Although FEC is among the first group of additives studied
for the graphite anode [58], the mechanism of how it improves the graphite anode
remains unclear. The most acknowledged mechanism involves the elimination of
HF from the FEC molecule triggered by a strong base, most likely ROLi, which is
readily available on the charged anode, and the resulting HF reacts with the base to
generate LiF. The elimination of HF from FEC generates VC as a product, and VC
undergoes reductive decomposition or polymerization to form SEI on the anode
(Scheme 2a) [23, 39]. Another mechanism adopts a reduction-first pathway
(Scheme 2b) [94], in which the FEC molecule is reduced first to generate vinyl
fluoride, which is then polymerized on the anode surface. The poly(vinyl fluoride)
then undergoes elimination by base attack to generate polyacetylene and LiF.
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This mechanism is proposed based on the characterization by time-of-flight
secondary ion mass spectrometry (TOF-SIMS) (Fig. 3), which revealed polyene
and LiF species on the anode. Nakai et al. also noted that FEC not only protected
the electrolyte from further reductive decomposition on the Si anode, but also
prevented the Si anode from being oxidized, in contrast to EC-based electrolytes.
Besides these two mechanisms, other possibilities have been proposed on the basis
of theoretical calculations [86].

Other than FEC,VChas also been shown to improve Si anode performance [21, 22,
35, 103], although in some cases the improvement is not as prominent as that of FEC.
If FEC indeed protects the Si anode through the VC mechanism, then the LiF gen-
erated through the first elimination step may have some positive effect on the Si anode
as well. Other additives that work on the Si anode include LiDFOB [35], succinic
anhydride [80], alkoxysilanes [108, 118] and tris(pentafluorophenyl) borane [47].

The additive research for alloy type anodes is even scarcer because they have an
even shorter history than that for the silicon anodes. So far, the additives for these
anodes found in the literature are still conventional additives such as FEC, VC, and
vinylethylene carbonate (VEC) [8].

Lithium titanate (Li4Ti5O12, abbreviated as LTO) is a well-known intercalative
anode material which offers high stability and reversibility (so-called “zero-strain

EC-based EC-basedEC-based

(d) (e)

(a) (b) (c)

Fig. 3 Cycling performance of Si/Li cells using EC-based (red line, labeled) and FEC-based (blue
line) electrolytes: a discharge capacity, b discharge capacity retention, and c coulombic efficiency.
Also shown are TOF-SIMS surface spectra (positive secondary ion mode) for Si electrodes of the
d EC-based and e FEC-based cells after the 30th cycle. Reproduced with permission [94].
Copyright 2011 The Electrochemical Society (color online)
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material”) [106]. It was believed that no SEI would form on this anode because its
working potential is around 1.5 V versus Li+/Li, which is far above the decom-
position potential of the alkyl carbonate solvents. However, a recent report has
proven that an SEI is indeed formed on the LTO anode, and the SEI is also critical
to the anode performance [49]. The same authors also noted that the addition of VC
to the electrolyte enhanced the rate capability and cycle performance of LTO
electrodes synthesized from lithium acetate. One issue associated with the LTO
anode is the severe gassing in the initial formation process after cell assembly due
to the reaction between the outer layer of the material and the liquid electrolyte [14].
While some researchers address this problem from the material side by using an
inert coating on the LTO particles, an SEI that forms before the gassing reaction
happens can serve a similar purpose [48].

To summarize this section, SEI-forming additives for the stabilization of
anode/electrolyte interface are still primarily developed for graphitic materials.
However, we fully expect additive research to include other anode materials as
other novel additives become more mature in the future.

3 Cathode Passivation Additives

The cathode/electrolyte interface has received much less attention than the
anode/electrolyte interface, mostly because carbonate electrolytes are electrochem-
ically stable with conventional lithium transition oxide materials, such as LiCoO2,
LiMn2O4, and LiFePO4. However, the cathode/electrolyte interface is actually still
problematic. The catalytic effect of the transition metal oxide will lead to parasitic
reactions of electrolyte on the surface of the cathode. Moreover, as some reactive
species in the electrolyte (such as HF, PF5 and POF3 in LiPF6-based electrolytes)
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can attack the cathode material, causing the dissolution of transition metal ions into
the electrolyte. The resulting transition metal ions from this dissolution may migrate
to the anode where they are reduced and deposited on the anode. The transition
metal species on the anode will catalyze more decomposition of electrolyte forming
thick and resistive SEI [11, 64, 166]. For high-voltage cathodes such as
LiNi0.5Mn1.5O4 (LNMO, 4.7 V) and LiCoPO4 (4.8 V) the carbonate electrolytes are
not thermodynamically stable on charged cathodes, and oxidative decomposition of
electrolyte will occur if no protection is provided [85, 163]. As a result, cathode SEI
additives are attracting more electrolyte researchers and will be of vital importance
in the future as the high-voltage cathode materials are introduced into the
high-energy high voltage batteries for electric vehicle applications.

3.1 Additives for 4-V Cathode Materials

The transition metal dissolution phenomenon has been identified in LiMn2O4 spinel
as early as the mid-1990s [57, 147], and similar problems still plague high-energy
cathode materials such as the high-voltage spinel LiNi0.5Mn1.5O4 [101]. The
problem was caused by the presence of protic solvent (water, alcohols, and acids) as
impurities in the electrolyte or generated by oxidative decomposition of the organic
carbonates [101, 130]. The proton donors can react with LiPF6 in the electrolyte to
generate HF, which reacts with the cathode material to cause metal dissolution. To
solve this problem, researchers have primarily employed two tactics. The first is to
scavenge the species that potentially produce protons such as water and HF with
consumable additives, and the second is to form a protective layer on the cathode
particle surface with sacrificial additives that blocks the direct contact of the
electrolyte with the cathode while allowing Li ion diffusion.

The scavenger-type additives are not developed only for cathode specifically, as
water and HF can negatively impact the anode as well. Regardless, some additives
have been developed for this purpose but are only disclosed in patents and rarely
appear in academic journals due to the commercial nature of additive research as
mentioned in the introduction. A good summary of such compounds can be found
in a review article [172] which highlights compounds that can scavenge water, such
as N,N′-dicyclohexylcarbodiimide (DCC), or both water and HF, such as N,N′-
diethylaminotrimethylsilane (Fig. 4). Similar compounds have appeared in later
patents as well, and likely the Si-N bond containing compounds can all meet the

N C N
Si N

N,N'-diethylamino trimethylsilane

Si

H
N

Si

HeptamethyldisilazaneN,N'-diethylaminotrimethylsilane

Fig. 4 Examples of water/HF scavenger additives
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purposes outlined above. An example is the use of heptamethyldisilazane (Fig. 4)
alone [81, 144] or in combination with ethanolamine [143] to reduce Mn disso-
lution in the LiMn2O4 cathode during cycling and storage. In addition, nano-sized
alumina has been reported to serve as an HF scavenger when dispensed in elec-
trolyte by soaking [83]. It is likely that other metal oxides such as silica nano-
particles can offer similar functions and improve battery performance.

The film-forming additives have been more widely studied because of the var-
ious benefits a film on the cathode could provide. By preventing the reaction
between the electrolyte and the cathode, the film not only suppresses the dissolution
of metal ions in the cathode, but also protects the electrolyte from being oxidized on
the cathode, a serious concern with high voltage cathodes. Several film-forming
additives have been reported to enhance the thermal stability of the LiMn2O4

cathode and suppress Mn dissolution. As shown in Fig. 5, these additives include
methylene methane disulfonate (MMDS) [182], 2-(triphenylphosphoranylidene)
succinic anhydride [107], and prop-1-ene-1,3-sultone [75]. Figure 6 shows scan-
ning electron microscopy images and performance data for both pristine and cycled
LiMn2O4 cathode with and without the MMDS additive in ethylene
carbonate/dimethyl carbonate/ethyl methyl carbonate (EC/DMC/EMC) electrolyte.
Some of the film-forming additives (Fig. 5) have been shown to enhance the cycling
performance of full Li-ion cells composed of a LiMn2O4 cathode and a graphite
anode, such as tris(trimethylsilyl) borate [84] and tris(pentafluorophenyl) phosphine
[155]. However, whether these additives reduce Mn dissolution in the electrolyte is
not clear.

Besides the more problematic LiMn2O4 spinel cathode, additives have also been
developed to enhance the performance of other cathode materials, such as LiCoO2,
LiCoxMnyNi1−x−yO2, and LiFePO4. These additives mostly form a thin SEI layer
on the cathode to suppress the buildup of decomposition products over cycling and
enhance the capacity retention, especially at elevated temperatures. Many of the
additives originally developed for the graphite anode have been found to be able to
form films on the cathode as well, such as VC [10, 36, 142], VEC [77], FEC [99],
LiBOB [124], and LiDFOB [179]. Other than these additives, the additives
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designed specifically for cathodes have also been reported. An incomplete list
(Fig. 5) includes those mentioned above for the LiMn2O4 spinel cathode,
2,5-dihydrofuran and γ-butyrolactone [161], ethylene dioxythiophene [72],
dimethylacetamide [154], tris(hexafluoro-iso-propyl)phosphate [121], and tris(tri-
methylsilyl)phosphate [167].

It is notable that the literature on cathode additives has become more abundant in
recent years, showing a trend that the SEI additive research is gradually shifting
from the anode side to both electrodes of the battery.

3.2 Additives for High-Voltage Cathode Materials

As mentioned above, cathode SEI additives have gained more attention recently,
due primarily to the increasing interest of high-voltage cathode materials, defined as
a cathode with a majority of capacity above 4.5 V in its voltage profile. So far the
cathodes that have attracted the most attention from this group are LNMO spinel
and LiCoPO4.

Fig. 6 SEM micrographs of LiMn2O4 electrodes before cycling a 30,000×, b 10,000×, and after
200 cycles at 55 °C in a 1 M LiPF6 in EC/DMC/EMC (1:1:1, wt%) electrolyte without c 30,000×,
d 10,000× and with 0.5 wt% MMDS additive e 30,000×, f 10,000×; g cycling performance of a
Li/LiMn2O4 cell with and without 0.5 wt% MMDS additive at 55 °C. The cell was cycled at 1 C
between 3.0 and 4.3 V; h electrochemical impedance spectra of the Li/LiMn2O4 cell with and
without 0.5 wt% MMDS after 200 cycles at 55 °C. Reproduced with permission from [182].
Copyright 2014 Elsevier
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LNMO spinel is an attractive cathode candidate for next generation lithium-ion
batteries as it offers high power capability with an operating voltage of 4.7 V and a
capacity of 135 mA hg−1. However, its commercialization is plagued by severe
capacity fade, particularly at elevated temperatures, in full cells employing a
graphite anode. [109]. The considerable efforts devoted to developing high voltage
electrolyte, especially for this material, have been mentioned in Sect. 2.1 and 2.2 in
Chap. 7, primarily with regard to the electrolyte solvents. Considerable efforts have
been equally devoted to the additive. So far, the additive most studied for the
LNMO cathode is LiBOB [46, 102, 157, 159, 162]. LiBOB has been reported to
enhance the capacity retention of the cell cycled at room and high temperature,
reduce self-discharge during storage, suppress interfacial impedance growth, and
prevent Mn and Ni from dissolution into the electrolyte. The formation of a cathode
passivation film from LiBOB additive was reported to be accompanied by CO2 gas
evolution, as proposed by a mechanism shown in Fig. 7 [157].

Besides LiBOB, other additives have been reported to protect the high voltage
cathode and mitigate electrolyte decomposition, including LiDFOB [162], succinic
anhydride [66, 122], 1,3-propane sultone [66], tris(hexafluoro-iso-propyl) phos-
phate [127], tris(pentafluorophenyl) phosphine [156], 3-hexylthiophene [3], 1,3-
propanediolcyclic sulfate [41], dimethylacetamide [13], triethyl(2-methoxyethyl)
phosphonium bis(trifluoromethylsulfonyl)imide [13], glutaric anhydride [16],
4-(trifluoromethyl)-benzonitrile [55], and 1-propylphosphonic acid cyclic anhydride
[160]. The structures of the additives that are not listed in the previous text are shown
in Fig. 8.

Fig. 7 Galvanostatic charge voltage profile (a) and CO2 evolution rates (b) of LiNi0.5Mn1.5O4

electrodes with electrolyte of EC/EMC (3/7, v/v) plus 1.0 M LiPF6 without LiBOB additive (black
lines) and with 1.0 wt% LiBOB additive (red lines). Proposed decomposition mechanism is shown
on right. Reproduced with permission [157]. Copyright 2014 American Chemical Society (color
online)
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The additive research for LiCoPO4 is sparser. Few examples include LiBOB [9],
shown to mitigate capacity fade at 3 %, LiDFOB [53], which increased capacity
retention at 40 cycles from 34 to 69 % at a 5.1 V cut-off potential, and thiophene
[152], which increased capacity retention from 15 to 68 % after 30 cycles. Sharabi
et al. [111] reported that FEC-containing electrolytes with a small amount (0.5–
1 %) of trimethlyboroxine additive allowed for 90 % capacity retention after 100
cycles with a 5.2 V cut-off potential.

The field of high voltage electrolyte additive research is so nascent that most of
the literature on this subject was published after 2010. There is no doubt that the
demand for high energy density and high power density is pushing this research
forward.

4 Additives for Improved Safety

While additives meant to improve the SEI certainly constitute a major portion of the
additive research for Li-ion batteries, many other additives aim to improve different
aspects of the Li-ion batteries, such as the safety characteristics, ionic conductivity
of the electrolyte, and high/low temperature performance of the electrolyte. For
example, researchers have developed redox shuttle and overcharge shutdown
additives to protect the battery from overcharge and the resulting thermal runaway,
flame retardant additives to reduce the flammability of the electrolyte, and anion
receptors to enhance the ionic conductivity and increase the lithium transference
number. These additives may not be critical to the cell performance, but may be
very important and possibly necessary in commercial batteries.
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4.1 Overcharge Protection Additives

Overcharge protection is of vital importance in a battery pack, as capacities of
individual cells of a pack are not identical, meaning that uniform charging could
lead to overcharge of cells with low capacity and even cause catastrophic thermal
runaway. The strategies for overcharge protection generally employ one or both of
the following methods: external circuit control, and electrolyte with a shutdown or
redox shuttle additive [28].

Shutdown additives usually undergo an irreversible oxidative polymerization to
form a non-conductive polymer layer that electrically blocks the current flow to
protect the cell from being overcharged. The disadvantage of this strategy is that
once the shutdown operation is activated, the cell is permanently disabled and the
module that connects the damaged cell in series is consequently non-operational.
For this reason, this type of overcharge protection additive received little interest.
Classic examples of such additives are primarily aromatic compounds such as
biphenyl [149], cyclohexylbenzene [56, 158], and xylene [44, 170].

The redox shuttle additives act as a reversible redox mediator between the
cathode and anode when the voltage of the cell increases above a certain level. By
selecting an appropriate redox shuttle additive, the overcharge protection could be
set at slightly above the fully charged potential of the cathode [27]. The advantage of
the redox shuttle additives is that they do not interfere with the cell normal operation
the cell, so the performance of the battery pack is not compromised. However, no
redox shuttle additive is completely reversible, especially in a real cell. The additives
are gradually consumed over time and eventually cannot adequately protect against
overcharge. Therefore, the chemical stability of a redox shuttle is an important
criterion for the overcharge protection performance. Ideally, the redox shuttle
additive should remain electrochemically inert during the normal operation of the
battery, and should be strictly reversible when activated by overcharging. The
concept of “redox shuttle” additives dates back to the era of lithium metal batteries
and the very beginning of Li-ion batteries. The earliest studied compounds for redox
shuttle additives were ferrocene family organometallic compounds [4, 20, 96],
however, they were quickly phased out due to their low oxidation potentials.

In 2005, a series of hydroquinone ethers was first studied as redox shuttle additives
by a group of scientists in Dalhousie University [17], which led to the growing survey
of redox shuttles in this category. It was shown that 2,5-ditertbutyl-1,4-dimethoxy-
benzene (DDB), which can be reversibly oxidized at 3.9 V versus Li+/Li with high
rate of charge transfer, is well suited for the LiFePO4 cathode (Fig. 9) [34]. Based on
this result, modification to this molecule has led to the discovery of a series of high
performance redox shuttles. A change in the structure, for example, adjusting the
symmetry [42], using a fused ring system [136], or incorporating oligo (ethylene
glycol) units [169] has been shown to increase the solubility of the shuttle addi-
tive and hence protect the cell from overcharging at high charging rate and
extend the duration of protection. Introducing electron-withdrawing groups on the
1,4-dimethoxy groups [91] or directly onto the benzene ring [168] has been shown to
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increase the oxidation potential up to 4.8 V versus Li+/Li, which is suitable for
overcharge protection of 5-V cathode materials.

Other organic redox shuttles based on aromatic compounds with heteroatom
substitutions include phenothiazine [18], triphenylamine [89], diarylamines with
different substitutions [38], and 2-(pentafluorophenyl)-tetrafluoro-1,3,2-benzodi-
oxaborole [29, 137]. Nitroxide radicals such as (2,2,6,6-Tetramethylpiperidin-1-yl)
oxy (TEMPO) have been studied as a redox shuttle as well but showed inferior rate of
charge transfer compared with DDB [90]. In addition, lithium borate cluster salts
(Li2B12F12) have also been reported to be suitable redox shuttle additives for 4-V
lithium ion chemistry (Chen et al. [26]).

4.2 Flame Retardant Additives

Flame retardant additives are added to the electrolyte to inhibit or delay the onset of
radical propagation reaction and prevent the spread of fire when a thermal runaway
occurs in a battery. Flame retardant additives have been widely used in other areas
such as the plastics and coating industry, and battery flame retardant additives are
designed with the same principle. However, more stringent requirements are
applied to the battery additives, as the additives must be electrochemically inert, and
preferably would have a positive effect on the battery performance.

OMe

OMe
t-Bu

t-Bu

DDB

(a) (b)

Fig. 9 a Cyclic voltammograms of 0.0992 M 2,5-ditertbutyl-1,4-dimethoxybenzene
(DDB) additive in 0.5 M LiBOB plus PC:DMC:EC:DEC electrolyte at scanning rates ranging
from 5 to 200 mV/s. b Potential versus time for selected 50-h portions of the charge-discharge of a
LiFePO4/graphite coin cell containing 0.2 M DDB. The cell was charged and discharged at a C/2
rate. The charge was lasted for 4 h, so the cell exhibited about 2.5 h of overcharge per cycle.
Reproduced with permission [34]. Copyright 2005 The Electrochemical Society
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Flame retardant additives generally fall into two categories: halides and phos-
phorous compounds. In Li-ion batteries, the flame retardant additive design some-
times combines both functionalities into one molecule. The halides generally act by
trapping hydrogen radicals to formmore stable hydrogen halide, which terminates the
propagation of the radical chain reaction. The mechanism behind phosphorous
additives is generally more complicated; in addition to terminating the propagation of
radical reaction, they also produce heavy phosphorus-oxygen compounds to form a
non-flammable layer/cover that isolates the flame from air [112].

There are no reports on halogen compounds as flame retardant additives for
Li-ion batteries, possibly due to the side effect of halogens (not including fluorine)
acting as unwanted redox shuttles in batteries, with the exception of tetrabromo-
bisphenol A [15]. Phosphorous additives may not be as effective as the halogenated
ones, but they are less toxic and more environmentally friendly. Examples of such
additives include alkyl phosphates [87, 115, 164], aryl phosphates [43, 117, 133,
176], mixed alkyl aryl phosphates [95, 114], alkyl phosphites [97, 164], alkyl
phosphonates [148], phosphonamidate [51], phosphazenes [5, 40], and some other
phosphorous compounds [141, 175]. Halogenated phosphorous additives have
primarily been fluorinated ones, as many of the fluorinated alkyl solvents them-
selves are non-flammable. Examples include tris(2,2,2-trifluoroethyl) phosphite [95,
174], tris(2,2,2-trifluoroethyl) phosphate [134, 153], tris(pentafluorophenyl) phos-
phine [155], and bis(2,2,2-trifluoroethyl) methylphosphonate [165]. Chlorinated tris
(2-chloroethyl) phosphate has also been reported to be effective in flame suppres-
sion and even enhanced the electrochemical performance of the cell [116]. Besides
these organic additives, lithium salts with phosphoryl-rich flame-retardant
counter-ions such as Li[B(DPC)(oxalato)], Li[B(DPC)2], Li[B(DPC)F2], and Li[P
(DPC)3] (H2-DPC: tetraethyl (2,3-dihydroxy-1,4-phenylene) bis(phosphonate))
have also been reported as effective [105].

Other than the aforementioned compounds, flame retardant additives with other
structures could be further explored. Many ionic liquids are known to be
non-flammable, and ionic liquids could also be used as additives to lower the flam-
mability of the electrolyte [12, 30]. Nitrogen-containing heterocyclic compounds
with fluorinated substitutions have also been reported as new flame retardant addi-
tives [61, 62]. Finally, a silane compound, methyl phenyl bismethoxydiethoxysilane,
has been reported to serve as both the SEI formation additive and flame retardant
additive [79].

4.3 Ion Receptors

Ion receptors are developed to bind to the cations or anions of the lithium salt in the
electrolyte to promote ion dissociation and, therefore, increase ionic conductivity of
the electrolyte. Although both cation and anion receptors have been shown to
improve the ionic conductivity of electrolytes, cationic receptors slow down the
mobility of Li+ and, hence, reduce the Li ion transference number. In contrast, anion
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receptors not only increase the ionic conductivity, but also increase the Li ionic
transference number, which makes them much more preferable in Li-ion batteries.

Due to the negative effect on Li ionic transference number, the study of cation
receptors only lasted a short period of time. Crown ethers, due to their ability to
bind Li+, were first studied as cation receptors [88, 92, 93]. The addition of crown
ethers improved the solubility of lithium salts and ionic conductivity of the resulting
electrolyte, especially with less polar solvents. However, these additives have
negative effect on cycle life and the high toxicity of crown ethers also discouraged
further investigation.

The concept of anion receptors first appeared in the literature before 2000 with
two types of chemical structures, borane/borate with electron-withdrawing substi-
tutions [67, 70, 119, 120, 173] and aza-ethers [68, 69]. From then on, the research
has been focused on not only developing new anion receptors, but also expanding
the use of known molecules.

As mentioned above, the primary purpose of anion receptors is to increase the
ionic conductivity and Li ion transference number, although in some battery sys-
tems, the conductivity cannot be improved [73]. However, even in the early days of
anion receptor research, researchers found other uses of these interesting molecules.
To begin with, anion receptors can greatly increase the solubility of salts that are
otherwise almost insoluble in organic electrolytes, such as LiF [70, 119, 138], Li2O,
and Li2O2 (Fig. 10) [150]. Electrolytes based on these salts that are traditionally

Fig. 10 Charge-discharge
curves for Li/LiMn2O4 cells at
room temperature, with
various electrolytes: a 0.4 M
tris(pentafluorophenyl)
borane (TPFPB) and 0.2 M
Li2O in PC/DMC (1:1, v/v);
b 0.4 M TPFPB and 0.2 M
Li2O2 in PC/DMC (1:1, v/v);
and c conventional LiPF6-
based electrolyte. The cells
were cycled between 3 and
4.3 V at 0.2 C. Reproduced
with permission [150].
Copyright 2008 Elsevier
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insoluble in the organic solvents used in batteries have shown interesting properties.
For example, the fluoride anion can be reversibly intercalated into graphite through
a soluble fluoride-anion-receptor complex, making graphite as a cathode material.
Based on this finding, a dual graphite intercalating cell with discharge voltage over
4.8 V has been realized [138]. Furthermore, anion receptors have been known to
stabilize the metallic lithium anode in lithium metal batteries [31, 173]. They have
also been reported to increase the thermal stability of the SEI layer [50], increase
the power capability of batteries [24], and improve the overall performance of the
cell [104]. Some anion receptors can also act as redox shuttles because of their
reversible redox reaction at suitable potential ranges [25, 137].

5 Future Directions

Besides the above-mentioned additive categories, other additives aim for enhanced
wetting of the electrolyte with separators and electrodes, inhibition of corrosion of
electrode current collectors, and many other purposes [172]. In order to optimize
the overall performance of the battery, two or more additives may be combined into
a battery system. In this case, the compatibility of these additives in one battery
system would require massive testing and optimization, and the introduction of new
additives may change the whole picture again. These challenges call for a
high-throughput combinatorial approach for additive and additive combination
screening to be more efficient. While the requirements of labor and equipment
might be impractical in academic institutions, pursuing such an approach is highly
feasible in an industrial setting. Not surprisingly, companies are already utilizing
this approach in developing new additives and have achieved impressive results in a
short period of time [74]. It is expected that such an approach will be more widely
adopted in material development and cell design in the future, and hopefully
accelerate energy storage research in all respects.
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Phosphonium-Based Ionic Liquids

K. Tsunashima

1 Introduction

Lithium secondary batteries are energy storage devices that have been extensively
studied and developed for a wide range of practical applications [1]. In recent years,
not only charge-discharge performance of the batteries but also their safe perfor-
mance has been high priorities for all uses of lithium secondary batteries due to the
fact that the volatility and inflammability of organic electrolytes often cause serious
safety problems. In this situation, room temperature ionic liquids (RTILs) have been
regarded as the suitable safe electrolytes for lithium secondary batteries because of
their unique physicochemical properties such as no measurable vapor pressure, high
thermal stability, low flammability, etc. [2–4]. Most studies on RTIL-based elec-
trolytes for lithium secondary batteries have been associated with nitrogen-based
RTILs such as imidazolium, quaternary ammonium, pyridinium, pyrrolidinium
derivatives (Fig. 1). It is well known that 1-ethyl-3-methylimidazolium (EMI) cation
affords low-viscosity and low-melting RTILs together with a wide variety of anions,
often being used as cationic components for the battery electrolytes [5, 6]. However,
electrochemical stability of the EMI cation seems insufficient for the uses in the
lithium battery system because the cathodic limiting potential is more positive than
the redox potential of lithium (ca. +1.0 V vs. Li/Li+). On the other hand, RTILs based
on quaternary ammonium and the related cations have been intensively studied for
lithium battery electrolytes since their cations generally have high cathodic stabilities
[7–10], although the quaternary ammonium based RTILs tend to show somewhat
higher viscosity and lower conductivity than those of EMI-based RTILs.

Recently, RTILs based on quaternary phosphonium cations (Fig. 2) have been
receiving a great deal of attention as potential substitutes of the corresponding
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ammonium counterparts [11, 12]. In the pioneering study published by Bradaric
et al. [11], it is suggested that phosphonium RTILs provide chemical and thermal
stabilities in various applications. From this point of view, many attractive
researches on the phosphonium RTILs have been made mainly toward the recy-
clable media for organic syntheses and solvent extractions [11, 12]. In most cases,
the phosphonium RTILs reported therein are based on relatively large phosphonium
cations such as tri-n-hexyl(tetradecyl)phosphonium cation (P(C6H13)3(C14H29)

+,
P666(14)
+ ) derived from tri-n-hexylphosphine (P(C6H13)3). Such phosphonium RTILs

tend to have high viscosities and the correspondingly low conductivities due to their
bulky cation sizes, so that the electrochemical application using the phosphonium
RTILs seems to be restricted. For this reason, the studies on lithium secondary
batteries containing phosphonium IL electrolytes have also been rarely reported.
Viscosity essentially influences the rate of mass transport in IL media, so that low
viscosity is a major requirement and an advantage for the battery performance
containing the IL electrolytes. In order to improve such transport properties of the
phosphonium RTILs, we have developed a family of RTILs based on relatively
small asymmetrical phosphonium cations together with bis(trifluoromethylsulfonyl)
amide (N(SO2CF3)2

−, TFSA) anion, characterizing their physicochemical and
electrochemical properties for lithium battery electrolytes [13, 14]. The general aim
of this chapter is to review our recent works on preparation, physicochemical
characterizations and battery tests of phosphonium RTILs from the viewpoint of
their possible application as lithium battery electrolytes.
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R'N N+

R R'
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Fig. 1 Typical cations of
RTILs used for lithium
battery applications
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Fig. 2 Quaternary phosphonium cations
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2 Phosphonium Ionic Liquids and the Lithium Battery
Application

2.1 Preparation of Phosphonium Ionic Liquids

Figure 3 shows the typical synthetic route to prepare the TFSA anion based
phosphonium RTILs. We have chosen triethylphosphine (P(C2H5)3) and tri(n-
butyl)phosphine (P(n-C4H9)3) as commercially available starting materials since
these two phosphines can afford relatively small quaternary phosphonium cations.
The preparation process of the phosphonium RTILs includes two steps: nucleo-
philic addition reactions of trialkylphosphines to alkyl halides to form precursor
phosphonium halides and then aqueous ion exchange reactions of the precursor
phosphonium halides with lithium bis(trifluoromethylsulfonyl)amide (Li-TFSA) to
obtain TFSA anion based phosphonium RTILs.

In the first step, the nucleophilic addition reactions need to be controlled under
inert gas atmosphere because both triethylphosphine and tri(n-butyl)phosphine are
quite pyrophoric and easy to react with oxygen in air to form trialkylphosphine
oxides. However, the nucleophilic addition reactions are relatively fast when
compared to those of the corresponding trialkylamines [15]. Another important
point is a selection of halides. The rates of the reaction with alkyl bromide are much

(2) Ion exchange
     (metathesis)
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Fig. 3 Praparation of TFSA anion based phosphonium RTILs
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faster than those with alkyl chloride; however, the choice of chlorides is more
favorable for the efficiencies of the ion exchange reactions and the removal of
residual halide anions from RTILs. In most cases, the phosphonium halides
obtained are crystalline solids, so that the phosphonium halides can be easily
purified by recrystallization.

The TFSA anion based phosphonium RTILs are easily synthesized by aqueous
ion exchange reactions and can be separated from the aqueous phase because of the
hydrophobicity of the phosphonium RTILs. The crude phosphonium RTILs
obtained are purified by washing with pure water several times to remove residual
halide anions and metal cation. The content of residual halides and metal cation can
be analyzed by using an ion chromatography and an inductively coupled plasma
spectroscopy (ICP), respectively. The content of residual halides can also be
checked with the use of silver nitrate. The phosphonium RTILs are dried by high
vacuum heating to remove residual water, and then are stored in an argon filled
glove box to avoid the moisture absorption. When the RTILs are used as lithium
battery electrolytes, very low contents of residual halides and water are required
(preferably less than 10 ppm).

2.2 Properties of Phosphonium Ionic Liquids

The physicochemical properties of the TFSA anion based phosphonium RTILs we
have obtained are summarized in Table 1 [13, 14]. Each phosphonium cations form
low-melting salts together with TFSA anion because the packing of ions might be
reduced by the asymmetrical cation structures. It is clearly found that the RTILs
based on triethylalkylphosphonium cations tend to show low viscosities and high
conductivities, which is due to the relatively small cation sizes. Even tri(n-butyl)
alkylphosphonium cation based RTILs give relatively low viscosities when com-
pared to that of the well-known traditional phosphonium RTIL (P666(14)-TFSA,
450 mPa s at 20 °C [11]). Considerably low viscosities and high conductivities are
observed in P222(1O1)-TFSA (35 mPa s and 4.4 mS cm−1 at 25 °C) and P222(2O1)-
TFSA (44 mPa s and 3.6 mS cm−1 at 25 °C), which indicates that introduction of a
methoxy group into the phosphonium cations drastically improves their transport
property. These low-viscosity phosphonium RTILs seem to be advantageous for
lithium battery electrolytes.

The comparison of physicochemical properties between phosphonium and the
corresponding RTILs is very interesting. Table 2 lists the physicochemical prop-
erties of the corresponding ammonium RTILs for comparison [13]. If the inter-
molecular force is a major factor in the transport property, phosphonium RTILs
having relatively large phosphorus atoms should give high viscosities and low
conductivities because of increasing van der Waals interactions; however, the
phosphonium RTILs listed in Table 1 show much lower viscosities and higher
conductivities than those of the corresponding ammonium RTILs. Although the
causes of this phenomenon still remain unclear at present, a presence of vacant
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d orbitals in the phosphorus atom seems likely to play an essential role in the ionic
conduction.

The electrochemical stability is of particular importance when RTILs are used as
electrolytic media for high voltage electrochemical devices like lithium secondary
batteries. Figure 4 illustrates the linear sweep voltammograms measured in the pure
phosphonium RTILs at a glassy carbon working electrode [13]. It is found that the
potential windows, in which any decomposition currents are not observed, lie
between ca. −3.1 and +2.3 V versus Fc/Fc+. These potential windows seem com-
parable to those of the corresponding ammonium RTILs, although P222(1O1)-TFSA
and P222(2O1)-TFSA show somewhat narrow potential windows due to the presence of
a methoxymethyl group in the cation. This result allows us to infer that the phos-
phonium RTILs show the wide potential windows available for lithium battery
electrolytes because the redox potential of lithium is around ca.−3.1 V versus Fc/Fc+.

2.3 Phosphonium Ionic Liquids as Lithium Battery
Electrolytes

The charge-discharge properties of the lithium battery cells containing the
lithium-containing phosphonium and the corresponding ammoniumRTILs are shown
in Fig. 5 [16]. The cell containing the P222(2O1)-TFSA electrolyte shows sufficient
capacities for the charge and discharge at the first cycle (152 and 141 mAh g−1,
respectively) which are close to a theoretical capacity of LixCoO2 (0.5 < x < 1, voltage
range: 4.2–3.4 V). Furthermore, the charge and discharge capacities of the cell con-
taining P222(2O1)-TFSA are highly maintained even after 50 cycles when compared to
those containing P2225-TFSA and N221(2O1)-TFSA. This result reveals the relatively
high rechargeability and cyclability of the cell containing the P222(2O1)-TFSA
electrolyte.

The transport property (i.e., viscosity and conductivity) of the P222(2O1)-TFSA
electrolyte seems to be one of the major factors in the charge-discharge processes.
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Fig. 4 Linear sweep voltammograms for pure TFSA anion based phosphonium RTILs at a glassy
carbon electrode (0.008 cm2) with a 5 mV s−1 potential sweep rate
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Low viscosity of the electrolyte should contribute to increasing not only the mobility
of lithium cation in the electrolyte but also the penetration of the electrolyte into the
cathode and the separator materials. Therefore, the transport property of the P222(2O1)-
TFSA electrolyte should play a significant role in the charge-discharge properties,
particularly the rate performance. In addition, as shown in Fig. 4, P222(2O1)-TFSA has
an appropriate electrochemical stability available for lithium battery electrolytes.
Therefore, the relatively high charge-discharge performance observed seems to be
attributed to the relatively high transport property and high electrochemical stability
of P222(2O1)-TFSA. Similar result has been observed in the lithium battery test of the
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(Li+ concentration: 1.0 M).
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cell consisting of a LiNiO2-based cathode (LiNi0.8Co0.1Mn0.1O2) and the phospho-
nium RTIL electrolytes as shown in Fig. 6 [17].

2.4 Phosphonium Ionic Liquids Mixed with Diluents

In the case of phosphonium RTILs showing relatively high viscosity and low
conductivity (e.g. P4441-TFSA), we have examined the electrolytic properties of the
phosphonium RTILs mixed with a conventional organic electrolyte as a diluent to
improve their transport property [18, 19]. Figure 7 represents the charge-discharge
curves of lithium battery cells containing the phosphonium RTIL electrolytes mixed
with the LiPF6-ethylene carbonate (EC)-ethyl methyl carbonate (EMC) based
organic electrolyte in comparison with that containing the corresponding ammo-
nium RTIL electrolyte. It is shown that the cycling performance of the cells con-
taining the mixed P2225-TFSA and P4441-TFSA electrolytes is superior to those of
the other electrolytes, which suggests an improving effect of phosphonium RTILs
on the charge-discharge performance. This result also suggests that both P2225-
TFSA and P4441-TFSA can be regarded as effective additives to improve the
charge-discharge cycling efficiency whereas P4444-TFSA reduces the cycling per-
formance. Especially, P4441-TFSA shows the most remarkable improving effect.
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Fig. 6 Charge-discharge
curves of the
LiNi0.8Co0.1Mn0.1O2 cathode
based cells containing a P222
(2O1)-TFSA and b P2225-TFSA
electrolytes (Li+

concentration: 1.0 M). Cell
type: CR2032, charge mode:
CCCV (0.05 C, 25 h),
discharge mode: CV (0.05 C),
cathode: LiNi0.8Co0.1Mn0.1O2

(8.9 mg cm−2), anode: Li
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This improving effect clearly depends on the structures of the phosphonium cations
because both P4441 and P2225 cations are relatively asymmetrical when compared to
the symmetrical P4444 cation. Therefore, the RTILs having asymmetrical phos-
phonium cations seem to play an important role to improve the charge-discharge
cycling performance. As a possibility, this effect might be attributed to the uniform
formation of lithium on the anode surface, suppressing the unfavorable formation of
needle-like lithium dendrites to accumulate dead lithium area on the surface.

As mentioned above, addition of organic solvent based electrolytes as diluents
has been regarded as one of the potential methods to improve the transport property
of RTIL electrolytes [20]. The molecular components added into RTILs can reduce
the electrostatic interaction of RTILs, resulting in lower viscosity and the corre-
spondingly higher conductivity. However, the addition of volatile organic solvents
can spoil the significant advantage of the low flammable property of RTILs. On the
other hand, it is known that phosphazene compounds act as nonflammable agents
for organic solvent based electrolytes of lithium ion batteries [21–24]. For example,
a diphenoxy-substituted phosphazene compound (DPPz, Fig. 8) is a liquid at
ambient temperature, so that we have evaluated the eletrolytic properties of the
mixed electrolytes containing the phosphazene compound as a suitable nonflam-
mable diluent for RTIL-based lithium battery electrolytes [25]. Figure 9 shows the
temperature dependences of viscosities of lithium-containing P2225-TFSA and P222
(1O1)-TFSA electrolytes with and without DPPz. It is clearly found that the vis-
cosities are considerably reduced by addition of DPPz, which means that DPPz
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behaves as a diluent to improve the transport property. Figure 10 illustrates the
cyclic voltamograms measured in the lithium-containing P222(1O1)-TFSA electrolyte
with DPPz in comparison with lithium-contaning P222(1O1)-TFSA electrolyte. The
characteristic large peak appearing around ca. −3 V versus Fc/Fc+ is observed in
each voltammogram, showing that the cathodic deposition and anodic dissolution
of metallic lithium considerably take place [26]. It is noted that the voltammetric
response of the DPPz-containing P222(1O1)-TFSA electrolyte is closely similar to
that of the comparative P222(1O1)-TFSA electrolyte. This result indicates that the
redox reactions of lithium are not significantly interfared by the presence of DPPz.
These results allow us to suggest that DPPz can be regarded as a nonflammable
diluent for RTIL-based lithium battery electrolytes.

2.5 Thermal Stability Effect of Phosphonium Ionic Liquids

It is well known that organic phosphorus compounds often show high thermal
stability, so that the phosphonium RTILs seem to be able to play a significant role
in the thermal stability of lithium battery electrolytes. Figure 11 exhibits the ther-
mogravimetric traces of several phosphonium RTILs in comparison with the
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corresponding ammonium RTILs [13]. It is clearly seen that the phosphonium
RTILs are thermally stable up to nearly 400 °C. Similar high thermal stabilities are
observed in the phosphonium RTILs containing substituents such as vinyl and
phenyl groups [27, 28]. As shown in Fig. 11b, N222(1O1)-TFSA significantly reduces
its thermal stability due to the presence of a methoxymethyl group in the cation;
however, P222(1O1)-TFSA maintains high thermal stability. It is worthwhile to note
that each phosphonium RTIL also tend to give relatively slow gravimetric decrease
when compared to the corresponding ammonium RTIL. These results indicate both
high thermal stability and the mild thermal decomposition behavior of the phos-
phonium RTILs. The detailed thermal decomposition mechanism of phosphonium
RTILs is unclear at present; however, unlike the corresponding ammonium sys-
tems, the decomposition processes seem to involve the formations of less volatile
phosphorus-contain in species, such as organophosphate and polyphosphate
derivatives, thereby making the decomposition reactions considerably mild. In
addition, phosphorus-containing species thus formed might exhibit non-flammable
property to contribute to the safe performance of lithium battery cells.

Figure 12 demonstrates the thermal decomposition behavior of the phosphonium
RTIL consisting of dicyanamide (N(CN)2

−, DCA) anion (P2225-DCA) in comparison
with the corresponding ammonium RTIL (N2225-DCA) [29]. Generally, it is known
that the thermal stability of DCA anion based RTILs is relatively low (<300 °C);
however, as shown in Fig. 12, we have confirmed that the combination of phos-
phonium cations with DCA anion formed thermally stable phsophonium RTILs,
which suggests that the thermal stability of DCA anion based RTILs can be
enhanced by phosphonium cations. Although DCA anion based RTILs are not often
used for lithium battery electrolytes, this result indicates that the choice of phos-
phonium cations should be advantageous to design thermally stable RTILs espe-
cially when thermally unstable anions are employed.
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We also have investigated the thermal stability effect of phosphonium RTILs on
the electrode materials. Figure 13 depicts the DSC thermograms of LiCoO2 cath-
odes charged in LiPF6-EC-EMC based organic electrolytes with and without
phosphonium RTILs as an example to demonstrate an observed thermal stability
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effect of the phosphonium system [19]. As shown by dotted line in Fig. 13, the
LiCoO2 cathode charged in the LiPF6-EC-EMC electrolyte with no additives is
thermally decomposed around 198, 204 and 240 °C. In the thermograms for the
LiCoO2 cathodes charged in the mixed electrolyte containing the phosphonium
salts (P2225-TFSA and P4441-TFSA, solid and dashed lines, respectively), the peak
around 198 °C significantly vanishes whereas the peak around 240 °C grows larger,
which means that the thermal decomposition points of LiCoO2 cathodes are shifted
to relatively high temperature regions. This means that the thermal decomposition
temperatures of LiCoO2 cathodes are shifted to relatively high temperature regions,
indicating the thermal stabilization of LiCoO2 by the phosphonium RTILs.
Although the detailed mechanism remains still unclear at present, such a thermal
stabilization effect by the phosphonium RTILs should contribute to the safety
performance of lithium battery cells.

3 Design of Highly Conductive Phosphonium Ionic Liquids

We have demonstrated the physicochemical and battery electrolyte characteriza-
tions of the phosphonium RTILs based on the TFSA anion. As a result, it has been
shown that the phosphonium RTILs exhibited relatively low viscosities and high
conductivities when compared to those of the traditional phosphonium RTILs.
Especially, the RTILs based on methoxy-substituted phosphonium cations, e.g.
P222(1O1)-TFSA and P222(2O1)-TFSA give quite low viscosities (35 and 44 mPa s at
25 °C, respectively) and high conductivities (4.4 and 3.6 mS cm−1 at 25 °C,
respectively) in the TFSA anion based phosphonium RTILs we have obtained.
However, the transport property is not sufficient for lithium battery application
because the conductivity of conventional organic electrolytes is generally ca.
10 mS cm−1 at 25 °C. In addition, RTILs increase their viscosities when lithium
salts are added into RTILs due to the electrostatic interaction enhanced by the
addition of lithium salts. Therefore, design of further highly conductive

0

0.5

1

100 150 200 250 300
E

xo
th

er
m

ic
 h

ea
t  

/  
W

 g
-1

Temperature / °C

: P2225-TFSA LiPF6 /EC/EMC

: P4441-TFSA LiPF6 /EC/EMC 

: LiPF6 /EC/EMC

Fig. 13 DSC thermograms of
LiCoO2 charged in 1.0 M
LiPF6/EC + EMC (1:2)
electrolyte with and without
TFSA anion based RTILs

304 K. Tsunashima



phosphonium RTILs should be inevitably required to improve the transport prop-
erty of phosphonium RTIL electrolytes.

It is well known that the selection of anions frequently offers a drastic change in
the various properties of RTILs. Recently, interests in RTILs based on a bis(fluo-
rosulfonyl)amide anion (N(SO2F)2

−, FSA) have been increasing. One of the most
promising applications of the FSA anion based RTILs is thought to be electrolytic
media for lithium secondary batteries and electrochemical double layer capacitors
because of their favorably high transport property [30–32]. Typical cationic com-
ponents selected for this purpose include mainly the nitrogen-based cations such as
imidazolium and N-heterocyclic ammonium based cations. On the other hand, the
FSA anion based phosphonium RTILs have been rarely reported, so that the
transport property of FSA anion based RTILs consisting of the quaternary phos-
phonium cations is of particular interest.

We have designed and successfully prepared a series of RTILs based on
phosphonium cations together with the FSA anion from the viewpoint of lithium
battery application [33, 34]. The preparation of FSA anion based phosphonium
RTILs can be carried out according to the same procedure as the TFSA anion based
phosphonium RTILs depicted in Fig. 3 because the FSA anion based phosphonium
RTILs are also hydrophobic.

The physicochemical properties of FSA anion based phosphonium RTILs we
have reported are summarized in Table 3 [33, 34]. In addition to the RTILs based on
triethylalkylphosphonium cations, we have synthesized the RTILs based on trim-
ethylalkylphosphonium cations derived from trimethylphosphine (P(CH3)3) since
the phosphonium cations having smaller cation sizes are expected to give the
phosphonium RTILs showing higher transport property. It should be noted that the
FSA anion based phosphonium RTILs are obviously low-melting when compared to
the corresponding TFSA anion based RTILs. For instance, the melting points (Tm) of
P2225-FSA, P222(1O1)-FSA and P222(2O1)-FSA (−35, −14 and −18 °C, respectively)
are much lower than those of P2225-TFSA, P222(1O1)-TFSA and P222(2O1)-TFSA
listed in Table 1 (17, 14 and 10 °C, respectively). Even melting point of P2224-FSA is
−16 °C, despite the fact that the corresponding TFSA anion based RTIL (P2224-
TFSA) is a crystalline solid at room temperature (Tm: 55 °C) [13]. This low-melting
behavior of the FSA anion based phosphonium RTILs is very important for the
improvement of low temperature characteristics of RTIL based electrolytes.

The viscosities and conductivities of FSA anion based phosphonium RTILs at
25 °C are also listed in Table 3. It is worthwhile to note that the triethylalkylphos-
phonium RTILs based on FSA anion exhibits much lower viscosities and higher
conductivities than those of the corresponding TFSA anion based phosphonium
RTILs shown in Table 1. Further low viscosities and high conductivities are
observed in the trimethylalkylphosphonium RTILs. For example, P1113-FSA shows
lower viscosity and higher conductivity (31 mPa s and 7.1 mS cm−1 at 25 °C) than
those of P2224-FSA (62 mPa s and 4.5 mS cm−1 at 25 °C), which means that the
decrease in the cation size of the RTILs leads to a decrease in viscosity and the
corresponding increase in conductivity. Particularly, P111(1O1)-FSA having a meth-
oxy group shows the lowest viscosity and highest conductivity in a series of the FSA
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anion based phosphonium RTILs (21 mPa s and 8.9 mS cm−1 at 25 °C). Like P222
(1O1)-TFSA and P222(2O1)-TFSA, the introduction of a electron-donating methoxy
group into the phosphonium cation seems to reduce the positive charge of the
phosphonium cation, thereby giving a drastic decrease in viscosity and the corre-
sponding increase in conductivity. These findings allow us to indicate that the FSA
anion based phosphonium RTILs can be classified into a new class of low viscosity
and highly conductive RTILs.

The electrochemical stability of the FSA anion based phosphonium RTILs has
been evaluated by the voltammetric measurement. Figure 14 illustrates the linear
sweep voltammograms measured in pure FSA anion based phosphonium RTILs [33,
34]. The voltammetric patterns for the FSA anion based phosphonium RTILs are
basically similar to those for the TFSA based phosphonium RTILs shown in Fig. 4,
which means that the FSA anion based phosphonium RTILs have typically wide
windows as electrochemically stable electrolytes. The anodic limit potentials for the
FSA anion based phosphonium RTILs tend to be somewhat shifted to relatively
negative potential region when compared to the case of TFSA anion based RTILs,
which seems likely to be due to the anodic oxidation of the FSA anion.

In order to check the ability of the FSA anion based phosphonium RTILs as
lithium battery electrolytes, the electrochemical behavior of lithium in the FSA
anion based phosphonium RTILs has been investigated by using a cyclic voltam-
metry technique. Figure 15 displays the cyclic voltamograms of lithium measured
in lithium-containing P1113-FSA and P111(1O1)-FSA electrolytes in comparison with
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the P111(1O1)-TFSA electrolyte [34]. It is noteworthy that the voltammetric
responses for the P1113-FSA and P111(1O1)-FSA electrolytes are much larger than
those for the P111(1O1)-TFSA electrolytes. Particularly, P111(1O1)-FSA give the
largest voltammetric response with a considerably high coulombic efficiency (97 %)
estimated by the percentage of anodic and cathodic peak charges, which seems to
be attributed to the very low viscosity and high electrochemical stability. This result
suggests that the FSA anion based phosphonium RTILs can be regarded as
promising RTIL electrolytes favorably used as electrolytic media for lithium sec-
ondary batteries.

4 Concluding Remarks

In this chapter, we have summarized the physicochemical and electrochemical
properties of a variety of phosphonium RTILs recently reported. The battery per-
formance of the cells containing the phosphonium RTIL electrolytes has been
presented, as a demonstration of considerable effects of phosphonium RTILs on the
charge-discharge cycling property. One of the characteristic features of the phos-
phonium RTILs is the thermal stability, which should contribute to the durability
and the safe performance of lithium battery cells. Furthermore, it has been shown
that combination of small phosphonium cations and the FSA anion gives low
viscosity and highly conductive phosphonium RTILs, allowing the large and effi-
cient redox behavior of lithium in the RTILs. In this context, the phosphonium
RTILs can be regarded as promising candidates for lithium battery electrolytes.
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Solid-State Lithium Ion Electrolytes

C. Tealdi, E. Quartarone and P. Mustarelli

1 Introduction

Lithium-ion batteries are mature products in portable electronics, and are consid-
ered the most promising storage systems for automotive, and even for geographical
electric grids [1]. It is also accepted that the current research on lithium-ion batteries
will likely generate only an incremental improvement of the performances of these
storage systems, whereas any quantum jump will require a substantial change of the
cell chemistry, e.g. the development of Li-air or Li-sulphur technology [2]. On the
other hand, state-of-the-art Li-ion batteries are based on liquid (or gel) organic
electrolytes, which pose severe problems in terms of safety and cycle life.
Therefore, the replacement of the currently used organic electrolytes with inorganic
solid-state electrolytes (SSEs) is very appealing. First of all, SSEs can solve several
concerns on capacity losses, cycle life, operation temperatures, safety and reliability
better than the liquid ones [3]. In addition, they present other advantages such as
absence of leakage and pollution, and better resistance to shocks and vibrations [4].
Finally, they are generally single ion-conductors (lithium transference number equal
to one), which assure maximum electrochemical efficiency and the lowering of cell
over-potentials [5]. Lithium SSEs can find application in other technological sectors
where all-solid-state batteries and microbatteries are often mandatory, ranging from
microelectronics to sensors in medical and military fields, biomedical devices,
smart cards and other micro-devices (MEMS, NEMS), and also Radio Frequency
Identification (RFID) tags. This clearly justifies the increasing interest towards
SSEs, as shown in Fig. 1, which reports the number of papers in this topic (taken
from ISI Web of Science).

C. Tealdi � E. Quartarone � P. Mustarelli (&)
Department of Chemistry, Section of Physical Chemistry, University of Pavia, and INSTM,
Via Taramelli 12, 27100 Pavia, Italy
e-mail: piercarlo.mustarelli@unipv.it

© Springer International Publishing Switzerland 2015
Z. Zhang and S.S. Zhang (eds.), Rechargeable Batteries,
Green Energy and Technology, DOI 10.1007/978-3-319-15458-9_11

311



Lithium solid-state electrolytes can be roughly divided into three main catego-
ries: (i) ceramic (CE), (ii) glasses (GL), (iii) solvent-free polymer electrolytes
(SPEs). Indeed, the most appealing class is CE, which has been the object of recent
good reviews [6–8]. These electrolytes can easily offer a relatively high conduc-
tivity (up to 10−3 Ω−1 cm−1), and have the further advantage of a thermal expansion
coefficient that can be made similar to that of ceramic electrode materials, so
avoiding cracks and losses of contact during thermal cycling. An exceptionally high
conductivity of 12 m Ω−1 cm−1 at room temperature was recently claimed for
ceramic Li10GeP2S12 [9], but this result has not yet been confirmed by independent
research. GL electrolytes gained a great deal of attention during ’80 and ’90, chiefly
because of their isotropic nature, which could allow direction-independent con-
ductivity [10], absence of grain boundaries, ease preparation of thin films and wide
attainable composition ranges [7]. At present, they are still investigated chiefly as
model systems as far as concerns the relationships between local/medium range
structure and transport properties [11], whereas possible technological applications
are limited to anode-protective coatings for Li–O2 batteries and electrolytes for
some specific applications, e.g. in rechargeable batteries for intra-corporeal bio-
medical devices. In this chapter, GL electrolytes will be chiefly considered for their
historical relevance. SPEs electrolytes are not generally reviewed as solid-state
lithium conductors because of the polymeric—and partially amorphous—nature of
the matrix [5]. On the other hand, they are practically solvent-free, and often made
in form of (nano)composites with ceramic (nano)phases (SiO2, TiO2, layered sili-
cates, etc.). Therefore, they will be considered in this chapter.

Fig. 1 Number of papers on
solid-state lithium electrolytes
(from ISI Web of Science,
September 10, 2014)
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2 Ceramic Electrolytes

Crystalline inorganic electrolytes for Li-ion batteries can be divided into four main
families of compounds, depending on their crystal structure: (1) A-site deficient
perovskite-type Li-ion conductors; (2) Garnet-type Li-ion conductors;
(3) NASICON-type Li-ion conductors; (4) LISICON-type Li-ion conductors.

These materials are generally prepared in bulk by solid-state reactions or sol-gel
recipes. Recently, high-energy ball milling has gained interest both for inducing
chemical reactivity and for particle size reduction. Thin films can be conveniently
prepared by means of advanced techniques such as atomic layer deposition,
whereas more conventional methods like r.f. magnetron sputtering are not well
suited for these multiple-cations oxides. In the following, for each of these families
we will present the main structural features, discuss the transport properties and
illustrate the possible Li-ion conduction mechanism in the system.

2.1 A-Site Deficient Perovskite-Type Li-Ion Conductors

Compounds belonging to the solid solution of general formula Li3xLa(2/3)−xϒ(1/3)−2x

TiO3 (with ϒ indicating cationic vacancies on the A site) have been shown to
possess a perovskite-type structure in a wide range of composition, extending
approximately in the range 0.04 < x < 0.17 [12]. Lithium ion conductivity in bulk
materials of the lithium lanthanum titanate family (LLTO) was found to be extre-
mely promising (of the order of 10−3 Ω−1 cm−1 at room temperature), [13] largely
dependent upon composition, and reaching a maximum of 1.1 × 10−3 Ω−1 cm−1 at
room temperature for x = 0.11 [14]. Depending on composition and synthetic
conditions, in addition to the perfectly cubic perovskite structure, tetragonal,
orthorhombic and hexagonal distorted perovskite-type structures were also pro-
posed to account for the structural features of this family. Indeed, the structural
description of LLTO is still controversial, as also within a certain symmetry fre-
quently more than one space group was proposed. Such an ambiguity mainly
derives from the difficulties in identifying the Li positions, as well as the distri-
bution of intrinsic cation vacancies. Figure 2 shows, as an example, the crystal
structures of four polymorphs likely attributed to the LLTO family. As a rough
guide, Li-poor compositions (x < 0.1) are generally reported to crystallize with
orthorhombic symmetry (Fig. 2c), while for Li-rich compositions the tetragonal
symmetry is preferentially reported (Fig. 2b) [15]. Both the systems are charac-
terized by layers with large La-site occupancies, alternating with partially Li/La
occupied layers characterized by a larger concentration of cationic vacancies [16].
The cubic symmetry (Fig. 2a) was obtained for specific compositions through
quenching of the high temperature polymorph [17, 15 and references therein],
whereas the hexagonal polymorph (Fig. 2d) was proposed for the La0.5Li0.5TiO3

composition [18]. For a comprehensive structural survey, the reader is referred to
specific review papers on the LLTO family (e.g. Ref. [4] and references therein).
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One important feature to note regarding the structural description of LLTO is
that, for each polymorph, the crystallographic sites pertaining to La3+ and Li+ are
characterized by a partial site occupancy, in addition to a certain number of vacant
positions, depending on composition. The presence of such a structural disorder on
the La/Li crystallographic sites and, above all, of cationic vacancies, is considered
by most authors at the origin of the high conductivity values of LLTO at room
temperature [17], as the most likely mechanism for Li diffusion in the system is
suggested to be vacancy-mediated. A jump from a Li site into an adjacent vacant
site requires that the Li ions pass through a square-type bottleneck as sketched in
Fig. 3. Activation energy for Li ion migration in the system are correlated to the
bottleneck size, i.e. the migration space available at the saddle point configuration.

TheArrhenius plot of conductivity for variousLLTOcompositions invariably shows
a change in activation energy alongwith temperature [13, 17, 19 and references therein].

Fig. 2 Structural representation of the four main polymorphs of LLTO. a Cubic, space group
Pm3m [13]; b tetragonal, space group P4/mmm [78]; c orthorhombic, space group Cmmm [79];
d hexagonal, space group R-3c [18]. Legend: green—lanthanum, violet—lithium, pale blue—
titanium, red—oxygen, grey—cationic vacancies (Color figure online)
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Two main regions can be identified: a low temperature region (below approxi-
mately 130 °C) following an Arrhenius-type behavior and a high temperature
region where conductivity data are more correctly described by a Vogel-Tammann-
Fulcher (VTF) type behavior. Such a deviation from linearity is attributed to a pro-
gressive tilting and rotation of the TiO6 octahedra that may result in a progressive
change with temperature of the available migration space for Li ion diffusion at the
saddle point configuration. Activation energies for Li diffusion usually reported are
around 0.3 eV, with differences due to composition and preparation methods [17]. The
degree of ordering of the Li/La cations and vacancies strongly influences the transport
properties of the materials, with higher conductivity generally found for the most
disordered systems [20]. Interestingly, such a degree of order can be reversiblymodified
by careful temperature annealing in the 600–1150 °C range, thus partially allowing a
modulation of the transport properties at a specific composition.

LLTO electrolytes present the advantage of being stable in dry and hydrated
atmosphere and over a wide temperature range, while being characterized by a high
electrochemical stability (>8 V) and almost pure ionic conductivity [16]. However,
two main drawbacks affect the use of LLTO electrolytes: grain boundary resistance
and electronic contribution to conductivity [7]. Grain boundary resistance can be
improved through optimization of the sintering conditions, and a certain
improvement of grain boundary contribution was reported in combination with the
introduction of silica. Due to the presence of Ti4+, LLTO is not particularly useful
in combination with highly reducing negative electrodes (typically Li metal anode),
as this would introduce a considerable electronic contribution to conductivity [21].
However, recent reports are showing its promising application as a separator for
Li-air batteries [22].

2.2 Garnet-Type Li-Ion Conductors

Compounds exhibiting the general formula LixLn3M2O12 (Ln = rare earth) belong
to the large family of garnet-type oxides, crystallizing in a cubic structure, within

Fig. 3 Schematic representation of the square-type bottleneck for tetragonal LLTO. Ti and La
ions have been omitted for clarity. Legend: violet—lithium, red—oxygen, grey—Li vacant site
(Color figure online)
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the space group Ia-3d, where the Ln, M and Li cations sit on distinct crystallo-
graphic sites. In particular, the Li environment is tetrahedral. When x is equal to 3,
each crystallographic site is fully occupied and the compounds can be called
stoichiometric garnets; when x is greater than 3, the compounds are known as
Li-stuffed garnets and may exhibit high ionic conductivity [6].

The first studied Li-stuffed garnet-type compounds were Li5La3M2O12 (M = Nb,
Ta) [23]. Such compounds deliver a bulk conductivity of about 10−6Ω−1 cm−1 at room
temperature. Their crystal structure is schematically represented in Fig. 4, together
with an example of the structure of stoichiometric garnet. In Li-stuffed garnets the Li
ions additional with respect to the stoichiometric formula are distributed, with partial
occupancy, over tetrahedral and distorted octahedral sites [24]. It is in particular the
presence of vacant crystallographic sites at these additional Li positions that allows the
migration of Li ions according to a vacancy-mediated hopping.

Various types of cationic isovalent and aliovalent substitutions are possible for
this structure, and this allows also modulating the Li content within the system.
Interestingly, an almost linear relationship between Li content and conductivity was
found for 3 < x < 7 [23, 25], although differences in transport properties may
depend on both synthesis and sintering conditions. Indeed, the thermal history of
the compound can affect the Li ions distribution among the additional Li crystal-
lographic sites available for Li-stuffed garnets. The highest bulk conductivity in the
family of garnet-type Li-ion conductors, of 10−3 Ω−1 cm−1 at room temperature,
was found for the Li6.4La3Zr1.4Ta0.6O12 composition [23].

The garnet-type Li ion conductors generally show high ionic conductivity, wide
electrochemical window and excellent stability, even in combination with metallic
Li as the anode material, thanks to the low tendency of element such as Ta, Nb and
Zr to change their oxidation state. This also ensures negligible electronic contri-
butions to the conductivity.

Fig. 4 Structural representation of the garnet-type structure (cubic, space group Ia-3d)
a stoichiometric garnet Li3La3Ta2O12; b Li-stuffed garnet Li5La3Ta2O12, showing the possible
additional positions for Li ions and the partial site occupancy for Li ions on their respective sites
[24]. Legend: green—lanthanum, violet—lithium, blue—tantalum, red—oxygen, grey—cationic
vacancies (Color figure online)
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2.3 NASICON-Type Li-Ion Conductors

Compounds of general formula LiA2(PO4)3 (A = Ti, Zr, Ge, Hf) belong to the
family of NASICON-type Li ion conductors. Most of the NASICON (Na
SuperIonic CONductors) materials crystallize in a rhombohedral three-dimensional
(3D) network structure (space group R-3c) characterized by large tunnels perpen-
dicular to the c axis (Fig. 5a). Deviations form this symmetry were reported for
lithium-excess compounds, e.g. Li3Ti2(PO4)3, in which two types of crystallo-
graphic sites are available for Li [26]. These two sites are partially occupied and
such vacant sites represent a favourable condition to promote Li diffusion in the
system (Fig. 5b). The degree of order/disorder of Li ions between the A1 and A2
sites, as well as their occupation, is dependent upon synthetic conditions and
composition. Grain boundary resistance is high in polycrystalline samples but, in
general, a good densification process will reduce porosity and improve Li ion
conductivity [27].

Among the LiA2(PO4)3 system, the compounds with Ti present high Li ion
conductivity [7 and reference therein]. Partial substitution of Ti4+ by Al3+ results in
an improved conductivity for the series Li1+xAlxTi2−x(PO4)3, with the composition
Li1.3Al0.3Ti1.7(PO4)3 showing the best performances (about 3 × 10−3 Ω−1 cm−1).

Fig. 5 Structural representation of the NASICON-type structure of a LiTi2(PO4)3 (space group R-
3c) showing the Li ions channels along the a axis; b Li3Ti2(PO4)3 (space group R-3) showing the
Li sites partially occupied [26]. Legend: yellow—phosporus, violet—lithium, blue—titanium, red
—oxygen (Color figure online)
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Just like the LLTO family of Li ion conductors, LiTi2(PO4)3-based electrolytes
are unstable towards Li metal anodes due to the facile reducibility of Ti4+ [21], but
their excellent stability in water and air has prompted their application in
all-solid-state lithium batteries as well as in lithium/air secondary batteries [28].

2.4 LISICON-Type Li-Ion Conductors

Li14ZnGe4O16 is the main representative of the family of oxides known as
LISICON (Lithium SuperIonic CONductors). The crystal structure of this family of
compounds is a 3D skeleton where lithium ions can occupy four different crys-
tallographic sites, two of them being interstitial sites where the Li ions are highly
mobile. The conductivity of LISICON-type materials is generally poor, of the order
of 10−7 Ω−1 cm−1 at room temperature, although it rapidly increases to
0.125 Ω−1 cm−1 at 300 °C [29]. Use of Li14ZnGe4O16 is therefore impracticable
because of its low conductivity at room temperature as well as its high reactivity
towards Li metal.

The search for conductivity improvements in LISICON-type materials brought to
the investigation of the thio-LISICON family of Li-ion conductors, in which the
oxide ions are replaced by sulphur. The thio-LISICON family is represented by the
general formula Li4−xA1−yByS4 with A = Si, Ge and B = P, Al, Zn, Ga. The parent
compound of this family is Li4GeS4 and its structure is based on isolated GeS4
tetrahedra. In this structure (Fig. 6a) Li+ ions are located in both octahedral and
tetrahedral sites; LiS6 octahedra are connected each other to form chains along the b-
axis [30–32]. The conductivity of thio-LISICON materials exceeds 10−4 Ω−1 cm−1

at room temperature and is largely dependent upon composition. The highest con-
ductivity of 2.2 × 10−3 Ω−1 cm−1 was reported for the system Li3.25Ge0.25P0.75S4,
suggesting that lithium ion distribution and the presence of vacant sites on the Li
sublattice compared to the parent Li4GeS4 compound positively affect the Li ion

Fig. 6 a Crystal structure of Li4GeS4 [30–32]; b crystal structure of Li10GeP2S12 [9] showing the
channels running parallel to the c axis and occupied by the mobile Li ions on partially filled
crystallographic sites. Legend: yellow—phosphorus, cyano—germanium, violet—lithium, blue—
sulphur (Color figure online)
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conduction in the structure. A similar effect was reported for the Li4−xSi1−xBxS4
system (B = Al, P), for which both the introduction of Li vacancies (Al doping) and
Li interstitials (P doping) resulted in improved conductivities compared to Li4SiS4,
with better performances for the Si-P solid solution.

As already stated, even higher values were claimed for the compound
Li10GeP2S12, presenting a conductivity of 1.2 × 10−2 Ω−1 cm−1 at room temperature
[9]. Li10GeP2S12, although closely related to the thio-LISICON family of con-
ductor, present a completely different crystal structure (Fig. 6b) where Li ions with
partial occupancy are present in channels running along the c crystallographic axis.

3 Glassy Electrolytes

3.1 Historical Framework

Warburg was the first one to report on ionic conduction in glasses at the beginning
of the 20th century [33]. Glasses were also the first solid electrolytes to be used in
thermochemical probes, and many cation-sensitive glass electrodes have been
reported over the years. However, a characteristic of these glasses was their rela-
tively high electrical resistivity at room temperature. The progresses in identifying
glasses with higher ion conductivity were very slow until the ‘70s, probably
because of the lack of studies about the local glass structure and the inability to
separate carrier and mobility contributions to the conductivity.

The first examples of Fast Ion Conducting (FIC) glasses—at that time called
“superionic”—were reported by Kunze in 1973 [34], and by Chiodelli et al. in 1974
[35]. Both these works were concerned with the transport of Ag+ ions in
AgI-Ag2MO4 (M = Se, Cr, W, Mo) glassy systems.

3.2 FIC Glasses Structure, Composition and Fabrication

Glasses are amorphous solids that present the glass transition, Tg, a
quasi-thermodynamic phenomenon resembling a 2nd order phase transition. FIC
glasses may be binary, ternary or even quaternary systems, including:

• one or two glass formers AxBy (A = Si, P, Ge, B; A = O, S);
• one glass modifier MxAy (M = Li, Na, K, Mg, Ag; A = O, S);
• one or more dopants MxDy (M = Li, Na, K, Mg, Ag; D = I, Cl, Br).

Here, Si, P, Ge and B are the classical glass formers individuated by Zachariasen
chiefly on the basis of their ability to form coordination tetrahedra [36]. However,
other metals usually forming different polyhedra (e.g. octahedra) can act as glass
formers at least in certain composition ranges, e.g. MoO2 in AgI–Ag2MoO4 [37].
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Glasses were traditionally prepared by melt-quenching oxides, carbonates and/or
nitrates at high temperature (even well above 1000 °C), and by pouring the melt on
cold surfaces, or in liquid nitrogen. Glass-forming regions are normally reported in
2D and 3D ceramic phase diagrams. Glass-forming regions could be expanded by
fast-quenching (up to 106 K/s) obtained by means of roller-quenchers [38]. During
‘90s sol-gel recipes were increasingly used to prepare silicate and later borate
glasses [39]. Sol-gel techniques, in fact, allowed a further increase of the
glass-forming regions and reduced the loss of light elements (e.g. Li, Na), thanks to
the milder thermal conditions with respect to standard melt quenching.

During the last years, high-energy mechanical milling became a commonly used
method to form amorphous materials and glasses [40]. This technique has two
major advantages with respect to the other methods: the process is very simple and
the synthesis can be performed at or near room temperature. Another advantage is
that high-energy milling can induce chemical reactions and, therefore, make new
compositions available.

3.3 Models of Ion Transport

Chandra et al. [11] recently published a thorough review on ion transport in FIC
glasses. In most cases, ionic conduction is due to the motion of a single ionic
species, either anion or cation. We may express the conductivity, σ, as the product
of carrier charge concentration, n, and mobility, μ

r ¼ Ze n l ð1Þ

where Ze is the charge on the conducting ion. The problem of modeling the ionic
conductivity in glasses is that of understanding, and possibly separating, what
determines n and μ. In the discussion of ionic conduction processes in glass, the
models recurring up to the ‘90s were:

(i) the strong electrolyte or Anderson-Stuart (A-S);
(ii) the weak electrolyte (WE);
(iii) the defect hypotheses.

(i) The A-S model suggests that a substantial fraction of the ions is conducting.
The activation energy, ΔEA, is made of two terms

DEA ¼ DEB þ DES ð2Þ

where ΔEB is the electrostatic binding energy and ΔES is the so-called “strain
energy”, which accounts for the mechanical forces acting upon the ion as it
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expands the structure in order to move between sites [41]. Within some
approximations, the A-S model gives

DEB ¼ bZZ0e2=g r þ r0ð Þ ð3Þ

DES ¼ 4pGr0ðr � rDÞ2 ð4Þ

where b and g are adjustable parameters, with the latter being set equal to the
dielectric permittivity. Z and r and Z0 and r0 are the charges and radii of cation
and oxygen anion, respectively, rD is the radius of the network constriction
between the sites occupied by the cations, and G is the shear modulus of the
glass.
The A-S model has been mainly applied to the borate glasses [42]. Here, ΔEB

decreases substantially with increasing alkali oxide, and this is probably due
the cation jump distance, which decreases by decreasing the cation site sep-
aration, and thereby causing a greater overlapping of the coulomb orbitals.

(ii) WE theory was proposed by Ravaine and Souquet [43, 44]. They noted some
similarities between the electrochemistry of glasses and aqueous systems, and
hypothesized that when a modifier oxide or another dopant salt is added to a
glassy matrix, alkali dissociation is the dominant energetic barrier experienced
by the cation during the conduction process. Once a cation has been disso-
ciated from its charge-compensating ion, it is free to migrate until it recom-
bines. The dissociation takes place following simple chemical equilibria, e.g.

Li2O $ Liþ þ OLi� ð6Þ

where OLi− is called the “dissociated anion site” and Li+ is the “free” cation.
In other words, whereas the A-S model supposes that the majority of cations
do contribute to the conductivity, which is essentially determined by the
mobility term, μ, the WE theory claims that only a small fraction of the ions
are contributing, at a given time, to the conduction process. It should be
pointed out that A-S is a “microscopic” approach, whereas WE is a
“thermodynamic” one. In order to reconcile these two views, Martin and
Angell [45] suggested these two models could be thought as the extremes of a
more general approach, where both mobility and concentration cause
conductivity variations. The two extreme models are applicable when one
of the two barrier terms, migration (ΔES) or binding (ΔEB), is the dominant one
for a given glass: if ΔEB > ΔES the glass behaves like a weak electrolyte
whereas, in contrast, the glass is a strong one. Since a strain energy barrier is
always present because of the volume requirements of the migrating cations,
the authors postulate the existence of metastable sites of “intermediate” energy
to account for both dissociated and non-dissociated states.
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(iii) Ionic transport in crystals usually involves migration of defects (vacancies,
interstitial ions, interstitial pairs). Haven and Verkerk [46] argued that when
the ionic motion involves defect mechanisms the experimental diffusion
coefficient, D, is different (because of correlation effects) from the calculated
one, D*, which obeys the Nernst-Einstein equation

D� ¼ rkT=ne2 ð7Þ

Here, n is again the carrier concentration, and the other symbols have the usual
meaning. The so-called “Haven ratio”, D/D*, gives information about the
nature of the mechanisms involved in the conduction. In crystals the formation
of defects can be treated in term of a quasi-chemical equilibrium, where
concentrations and mobility of the defects may be controlled with doping.
Whereas for a long time we believed that such a procedure could not be
applied to glasses, since the ions cannot be considered as “foreign” to the
matrix [47], Moynihan and Lesikar [48] applied the concept of doping to the
Mixed Alkali Effect (the combination of two cations in a common glassy
matrix, MAE), to explain the rapid falls in conductivity.

More recently, other microscopic and thermodynamic models were proposed to
account for conductivity in FIC glasses. The most important of them are:

(a) Random-site model
Assuming that all the available ions as potentially mobile, Nassau et al. [49]
proposed there should exist a wide distribution of alkali ion sites in glasses
having differing local free energies. The activation energies of conductivity in
these glasses will vary resembling the distribution of the local free energies.
Glass and Nassau observed that the activation energy behaved as a linear
function of Li content for many Li-based FICs, including Li2O:Al2O3, LiO2:
B2O3, Li2O:Ga2O3 etc.

(b) Decoupling index model
Angell [50] proposed the so called “decoupling index model” by introducing
an index Rτ defined as the ratio of two relaxation times:

Rs ¼ ss=sr ð8Þ

where τs and τσ are the mechanical (=structure) and the electrical (=transport)
relaxation times, respectively. Glasses with high Rτ values (e.g. the inorganic
ones based on Zachariasen’s glass formers) are termed “strong”, whereas if Rτ is
low they are called “fragile” (e.g. polymers and organic liquids like glycerol).
For Ag+ ion conducting iodomolybdate glasses, Rτ * 1014 [51], whereas for
poorly conducting glasses, Rτ * 104. Because there is such a large variation in
Rτ, viscosity is indicative of analogous variations in ionic mobility and
conductivity. In the lower temperature region (below the Tg), Rτ is generally
higher than 1012, which is indicative of the fact that the ion transport is decoupled
from structural dynamics. Rτ changes very rapidly across the glass transition.
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(c) Cluster by-pass model
Ingram et al. [52] suggested that in FIC glassy electrolytes ordered clusters
(macro domains) with diameter in the range 2.5–5.0 nm will exist, within
which preferred conducting pathways (a sort of connecting tissue) are
imbedded. Fast ion conduction may be described as the migration of mobile
ions through these preferred conducting pathways, which surround insulating
(or less conducting) clusters. When the glass is quenched below Tg, the
residual liquid, initially surrounding the clusters, gets solidified as a highly
disordered phase forming conducting pathways. The presence of a few foreign
cations on the surface of the clusters during cooling may cause blocks to
preferred pathways. These blocks divert the current through the clusters.
Cluster bypass model successfully provided simple explanations of transport
in many FIC glasses, including those exhibiting mixed-alkali effect, high value
of decoupling index, Rτ, as well as the curvature observed in Arrhenius plots
of some AgI-rich glasses, which was explained as a result of continuous
exchange of mobile ions between cluster and tissue region [53].

(d) Dynamic structure model (DSM)
The approach proposed by Bunde et al. [54, 55] is based on number of key
features, the most important of them being: (i) at temperatures far below the
glass transition temperature, the glassy structure is completely frozen; (ii) the
mobile cations themselves are active enough to create/determine their own
glass structures; (iii) ion transport in glasses takes place stepwise following a
jump/hop mechanism. Within this model the Authors were able to explain
some important findings about FICs, and namely:

• the anomalous dependence of ionic conductivity on the content of glass
modifier. Up to 6 orders-of-magnitude increase were observed in the ionic
conductivity of xNa2O:(1 − x)B2O3 glass when x increased from 0.15 to
0.5;

• the strong decrease of the ionic conductivity as a consequence of MAE.
For example, decreases of conductivity up to 104 times were observed in
[xK2O:(1 − x)Li2O]:2SiO2 for x ≅ 0.5 with respect to the pure binary
systems;

• other minor consequences of MAE, such as variation in diffusion coeffi-
cient of mobile cations, maxima of Haven’s ratio, occurrence of internal
friction peaks in the mechanical loss spectrum.

(e) MIsmatch Generated Relaxation for the Accommodation and Transport of
IONs (MIGRATION) model
Recently, Funke and co-workers [56] explored the concept of ion hopping
dynamics in disordered materials. Following their approach, structural and
dynamic disorders are the key factors to understand ion conduction in FIC
glasses. Here, ionic transport can no longer be described in terms of individual
defects performing random walks in a static energy landscape, but rather in
terms of a more challenging many-particle problem, with the mobile ions
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interacting with each other and with their surrounding matrix. Each mobile ion
is surrounded by its mobile neighbors, which create a cage-like potential for it.
By ion initial hop, a mismatch is created and the actual position of the ion
would be different from the position where it is expected for by the neighbors.
According to the MIGRATION concept, the system operates in order to
reduce the mismatch through two competing relaxations ways: single-particle
and many-particles. In the single-particle route the ions hop backwards,
whereas in the other route the neighbours rearrange themselves. The
mismatch-generated relaxation process occurring along the many-particle
route finally leads to an accommodation of the ion at the new site.

(f) Graded percolation (GP) model
This model was recently proposed by Mustarelli et al. [57] in order to describe
the transport properties of AgI-based glasses. It is based on previous Reverse
Monte Carlo (RMC) structural models of borate and molybdate glasses [58],
coupled with bond valence calculations, which showed that the conductivity is
related to the formation of “infinite pathways clusters” for transport, where the
silver ions do experience a mixed iodine/oxygen (I/O) coordination. In GP
model, the main factor affecting ionic conductivity is the mobility of the Ag+

carriers, which is controlled by the Ag local environment. Ionic conductivity is
explained in terms of a percolation between a low-conducting phase (purely
oxygen-coordinated sites), and a high-conducting one (I/O coordinated sites).
The percolation takes place along pathways (nano-channels) with fractal
structure. The nature of the glass network (connectivity and dimensionality)
plays a significant role only for low I/O values. This allowed explaining the
transport and thermal anomalies observed in AgI-based borate and phosphate
glasses.

3.4 Li-Based FIC Glasses

Lithium-ion conducting glasses can be divided into two big categories: oxides and
sulphides. Lithium oxide glasses are more common and easy to prepare, however
their conductivity generally does not exceed 10−8–10−6 Ω−1 cm−1, which is not
enough for applications in high power density devices such as lithium batteries.
Sulphide glasses can offer much higher conductivity levels (10−5–10−3 Ω−1 cm−1)
due to the higher polarizability of sulphur ions, however they are very sensitive to
moisture and do require inert ambient for preparation and handling. In particular,
reaction with moisture can generate H2S [21]. This problem can be partially solved,
at the expenses of the conductivity level, by substituting a fraction of sulphur atoms
with oxygens. From the point of view of the composition, for a better addressing of
the glass forming regions, it is convenient to separately discuss binary and ternary
glasses.
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3.4.1 Li Binary Glasses

These are glasses of the systems xLi2O:(1 − x)MyOz and xLi2S:(1 − x)MySz
(M = Si, B, P, Ge, etc.). The conductivity normally increases by increasing the
molar fraction, x, of the glass modifier Li2O (Li2S). Figures 7 and 8 report the
behavior of the conductivity near the room temperature for some model lithium
oxide and sulphide glassy systems, respectively.

From the data here reported it is clear that sulphide glasses display ion con-
ductivity higher than oxide ones. It is also clear that the conductivity values
strongly depend on the structure of the matrix, which is almost fully interconnected
in the case of Si-based glasses, gets to be more open on B-ones and is chain-like in
0.5Li2M:0.5P2M5. A good discussion of the structure-properties relationships is
reported in Ref. [10].

3.4.2 Li Ternary Glasses

Ternary systems may be obtained by adding a dopant (e.g.: LiI) to the binary glass.
High conductivity levels in the range 10−3–10−2 Ω−1 cm−1 at 300 °C were early
reported for LiCl:Li2O:B2O2 [59]. Sulphide glasses are among the best Li+ con-
ductors at room temperature. Figure 9 reports the room temperature conductivity for
several compositions as a function of LiI content. It seems that conductivity tends to
a limiting value of approximately 10−3 Ω−1 cm−1 as also reported for silver glasses
doped with AgI [57].

Another way to improve the conductivity of glasses is to exploit the so-called
“mixed anion” or “mixed former” effect, where two glass formers are mixed to give

Fig. 7 Conductivity
behaviour of glasses of the
systems xLi2O:(1 − x)MyOz.
Triangles Li2O:SiO2; rhombs
Li2O:B2O3; squares Li2O:
P2O5. Graph redrawn from
Ref. [10] (Color figure online)
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a ternary system, or even a quaternary one if a dopant is also used. Examining the
alkali borophosphate families over a wide range of B/P ratios it was observed [60]
that the ionic conductivity of these glasses is a complex function of composition
and that, for the same alkali content, when P2O5 was substituted for B2O3 the
conductivity passes through a maximum. The same results were later reported for
sulphide glasses [61].

Among the most recent results, a conductivity value of 1.6 × 10−3 Ω−1 cm−1 at
25 °C was reported for the glass 50Li2S:17P2S5:33LiBH4 [62]. Seino et al. [63]
recently reported a value of 1.7 × 10−2 Ω−1 cm−1 for the glass-ceramic composition

Fig. 8 Conductivity
behaviour of glasses of the
systems xLi2S:(1 − x)MySz.
Triangles Li2S:SiS2; circles
Li2S:GeS2; squares Li2S:
P2S5. Graph redrawn from
Ref. [10] (Color figure online)

Fig. 9 Conductivity
behaviour of glasses
belonging to ternary systems
xLiI:(1 − x)[Li2S-MySz]
(M = Si, P, Ge). Triangles
SiS2; circles GeS2; squares
P2S5. Graph redrawn from
Ref. [10] (Color figure online)
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70Li2S:30P2S5. However, the high values obtained on glass-ceramic systems are
often due to grain boundary contributions and/or impurities (chiefly in the case of
sulphides), and need a very careful experimental check.

4 Solid Polymer Electrolytes

With respect to ceramic and glassy materials, the polymer electrolytes show
important benefits including flexibility, free-standing performances and an easier
processability. In addition, the use of “dry” polymeric systems may limit some
important drawbacks, related to the solvent leakage, the high Li reactivity and the
consequent dendrites formation [4, 64]. They behave both as the separator and the
electrolyte, also leading to more stable solid-state interfaces. In terms of battery
safety, the presence of a polymer in the cell may guarantee higher thermal stability
and thermal excursion up to 200 °C. Due to these promising aspects, SPEs are
considered as a possible alternative to the liquid ones in Li- or Na-based batteries.

The concept of SPE dates back to 70s, when Armand firstly proposed a new ion
conductor based on a lithium salt properly complexed by a polar and aprotic
polymer matrix without the use of any liquid component (additives or liquid
electrolytes) [65]. At the beginnings, the research on SPEs was exclusively focused
on poly(ethyleneoxide) (PEO) as the complexing polymer [66]. Ever since, a lot of
polymer/salt systems were deeply investigated, such as those based on PMMA,
PAN, PVDF [66–69]. In principle, SPEs must satisfy some basic requirements:
(i) ionic conductivity higher than 10−4 S/cm at room temperature, (ii) good thermal,
chemical and mechanical stability, (iii) lithium transport number close to the unity,
and (iv) compatibility with the electrodes and consequently wide electrochemical
windows [67].

In spite of the wide spectrum of SPEs available in the literature, the preferred
combinations are still those based on polyethylene oxide (PEO). PEO is a
semi-crystalline polymer whose glass transition temperature Tg and melting point
Tm are near −60 and 70 °C, respectively. It allows a better Li solvation due to its
structural similarity to the crown-ethers and to the presence of ether oxygen in the
structure, which confers some polarity (εr = 8) [4, 66–69]. Li transport takes place
in the amorphous polymer domains above the glass transition temperature, Tg, via
an oxygen-assisted ion hopping promoted by the long-range segmental motion
along the polymer backbone (see Fig. 10).

The ionic conductivity of the PEO electrolytes, therefore, strictly depends on
both crystallinity degree and Tg of the amorphous phase [70]. In particular, it is very
low at room temperature (<10−6 Ω−1 cm−1) where the crystalline fraction of the
polymer is predominant, but it abruptly increases around the melting temperature
reaching 1 Ω−1 cm−1 above 80–90 °C, where the entire polymer is in a viscous
liquid state. The research on SPEs ever pointed towards the enlargement of the
amorphous fraction by means of several approaches. One of the most followed
strategies was the choice of suitable Li salts and the identification of proper salt
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concentrations. Several PEOn-LiX were explored in the past, by changing both the
molar ratio n, expressed as molEO/molLi, and the anion X (where X = halide, ClO4,
CF3SO3, PF6, TFSI, BF4 etc.). Generally speaking, the presence of the salt increases
the polymer amorphous fraction, that can reach 100 % for well-defined molar ratios,
n, generally in the range 8–20, depending on the employed salt [4, 5]. In case of
fully amorphous PEO-LiX, ionic conductivity exceeding 10−5 Ω−1 cm−1 is gen-
erally observed, even at room temperature (see Fig. 11).

Fig. 10 Crystal structure of PEO6:(LiAsF6)1−x(LiTFSI)x. Blue spheres Li ions; Pink structures
a AsF6

− anion; mixed colors structure b TFSI− anion. Taken from Ref. [68] with the permission of
the publisher (Color figure online)

Fig. 11 Conductivity versus
temperature for some PEO:
LiX complexes at different
molar ratio, n. gl: Li2O:3B2O3

glass. Unpublished data from
the Authors (Color figure
online)
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However, the absence of crystalline domains causes a drastic worsening of the
mechanical performances (dimensional stability, filmability, free-standing proper-
ties). In addition, the amorphous phase is metastable and undergoes to crystalli-
zation within days or weeks, so causing drastic drops of conductivity. At higher salt
content (n < 6), thermal and spectroscopic techniques evidence the presence of
crystalline aggregates, which are responsible for the reduction of the conductivity
values, because of the formation of ion pairs. In 2005, Bruce showed that some
crystalline complexes (e.g. PEO-LiAsF6) with n = 6 are arranged in unique
cylindrical structures, where the lithium ions are not coordinated by the anions.
Such complexes are not good ion conductors, but their conductivity remarkably
improves when the AsF6

− anions are partially replaced by the isovalent TSFI− ones
[71].

SPEs are bi-ionic systems. This means that both anions and cations are mobile;
unfortunately the bulk conductivity is primarily due to the anion mobility. In fact,
lithium transference numbers, tLi

+ , as low as 0.05–0.3 are generally obtained in case
of PEO-based electrolytes [61]. The higher mobility causes an accumulation of the
anions around the electrodes, because they exchanges with Li+ only. The resulting
gradients in the salt concentration are responsible for the electrode polarization and
do lead to worsening of performances. Some attempts to overcome this drawback
were carried out during these last decades, as for instance the use of large and heavy
anions (e.g. TFSI−) or of anion receptors, like boron, linear and cyclic azo-ether
compounds, or calix-arene derivatives [72], which behave similarly to the
crown-ethers in case of cations. However, these strategies failed for different rea-
sons: in some cases no substantial enhancement of tLi

+ was observed, in other ones
the complexation of the anion caused a conductivity decrease. The more realistic
strategy to forbid counter-ion diffusion is the anion anchoring to the polymer chains
via chemical bonding to form single-ion conductors. The systems including charged
groups along the backbone are known as polyelectrolytes [64, 73]. In the particular
of case of batteries, this approach results in free cations with higher long-range
mobility and consequently tLi

+ values very close to unit. Several classes of polymers
were investigated as matrices for single-ion conduction, ranging from organic
and/or inorganic polyanions, to polymeric ionic liquids and charged di- or tri-block
copolymers [73].

The technological use of PEO-salt complexes may be possible if a proper
compromise among the following factors is reached: (i) suitable ionic conductivi-
ties, (ii) good mechanical properties, and (iii) higher transference number. Many
efforts were made to this aim. One explored way was the blending and/or
cross-linking of PEO with other compatible polymers, as poly(acrylic acid)
(PAA) and poly(methylmethacrilate) (PMMA), which improve the mechanical
performances and increase the conductivity as well as the lithium transport number,
by blocking the anion. In particular, polystyrene has been widely used to give a
better dimensional stability to the polyether systems. In this case, the physical and
chemical properties of the mixed system may be modulated by changing parameters
as the ratio between the two polymers [4, 73]. Gomez et al. [74] for instance, found
that the ionic conductivity of poly(styrene-block-ethylene oxide) copolymers
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increases with the molecular weight, due to local stresses in the block copolymer
microdomains, which interfer with the capability of PEO to coordinate Li+ cations.

The addition of ceramic particles to PEO-based electrolytes to form nano- or
micro-composite systems is maybe the most interesting way to prevent the electrode
degradation phenomena, to improve the chemical, thermal and mechanical stability
and finally to reduce the tendency to crystallization. Many micro- and nano inor-
ganic oxides were added to the polymer during the film casting, in particular
insulating SiO2, Al2O3 and TiO2, but also superacid conducting zeolites, or
lithium-based glasses, or more recently also LiNbO3 or BaTiO3 [75]. Besides the
benefits discussed above, the fillers also improve the ionic transport and the SEI
stability. The entity of these effects depends on the morphological features of the
filler, namely particle dimension, which should be lower than 1 µm, and micro-
structure. An important advance in this field is the use of mesoporous fillers, like
SBA-15 or MCM-41. It was found that the dispersion of such nanoporous fillers in
PEO-LiClO4 electrolytes leads to a conductivity enhancement three times higher
than that obtained in case of microsized silica. This improvement has been inter-
preted in terms of a suppression of the PEO crystalline fraction, as proved by means
of DSC measurements on the corresponding SiO2-based composite electrolytes.
The typical high surface area of the mesoporous materials favours the formation of
a larger polymer/filler interphase, which has positive effect even on both electro-
chemical stability windows and transport numbers [75].

Some years ago, LIBOB was proposed as a new salt for PEO-based SPEs and
nanocomposites with alumina and nanosized silica. This salt has a bulky anion with
plasticizing properties, able to hinder the polymer crystallization. Ionic conductivity
of about 10−5 Ω−1 cm−1 were observed at 30 °C. The most interesting result was a
transference number very close to 0.9 in case of a SPE based on PEO-PMMA block
copolymers with high LIBOB loading (n = 3). These membranes also showed a
wide electrochemical window exceeding 4.0 V and good interfacial stability with
the lithium anode. A further advance in this field is the dissolution in PEO matrices
of lithium borate salts, namely Li–[CH3(OCH2CH2)nO]3BC3H9 containing a
number of oxyethylene substituents, n, in the range 1–7. The salt with n = 3 shows
an interesting conductivity of 2 × 10−5 S/cm at room temperature [5, 75].

Other polymers were also studied as alternative matrices for SPEs, all of them
including ethylene oxide as basic unit, like for instance polyethylenoxide-
methylethermethacrylate (PEOMA) and polyethylenglycol-alkylacrylate. However,
no important improvements have been reported, and conductivity similar to that
one observed in case of PEO-LiX complexes was typically observed [4, 73].

More recently, as a consequence of the use of ionic liquids (ILs) in lithium
batteries, a new class of solid polymer electrolytes was proposed by Ohno and co.
[76]. Basically, these SPEs, better known as polymeric ionic liquids (PILs), are
prepared through the radical polymerization of ILs by properly combining different
cations, anions and polymer backbones [77]. PILs show the potential advantage to
combine the benefits of ionic liquids (high ionic conductivity, high thermal
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stability, non-flammability and low volatility) with those ones of polymers, namely
mechanical stability, free-standing properties, safety, easier processing, packaging,
etc. However, as in the case of other polyelectrolytes, the ionic conductivity is often
too low for practical applications. In fact, whereas typical conductivity values
obtained with the ionic liquids are around 10−3 Ω−1 cm−1 at room temperature, after
the polymerization process the conductivity dramatically falls, sometimes even of
2–4 orders-of-magnitude. Ohno found values 104 times lower for the system based
on ethylvinylimidazolium-TFSI after the polymerization [76]. This phenomenon
was rationalized in terms of a remarkable increase of Tg and of a reduction of the
free mobile ions, because of the covalent bonding of the monomer components.

Finally, the most recent promising classes in the field of SPEs are the zwitter-
ions, identified as “Li ion dissociation enhancers”, namely ionic liquids where both
the anion and cation are immobilized on the same structure. If dispersed into proper
PEO-like polymers, the zwitterionic compounds may increase the ionic conduc-
tivity of the polymer electrolytes [80]. In case of addition of 1-butylimidazolium-3-
(n-butanesulphonate) dissociator to Lithium methylacrylate copolymers, for
instance, the ionic conductivity achieves a maximum close to 0.6 m Ω−1 cm−1 at
30 °C, in presence of a Li+ mole fraction in the copolymer of about 0.050.

5 Conclusions

At present, the research on solid-state Li+ conductors is chiefly focused on ceramic
materials, which seem to offer the most room for improvements. Here, in addition to
the investigation of structure/transport relationships, many issues must be consid-
ered: meso- and microstructure (particle dimensions, grain boundaries, thin films,
etc.), chemical, electrochemical and mechanical stability. Glasses seem to have
reached their maximum potential, having been explored as far as concerns com-
position, transport mechanisms, local and even medium range structure. Polymers
(and composite) electrolytes may reserve some good news, chiefly in terms of
chemical stability towards the electrodes, and electrochemical compliance with the
recently proposed 5 V cathodes.

Magistris [10] concluded his review with these words: “Composite materials,
dispersed phases or dynamically heterogeneous (solid–liquid) systems are little
known and have enormous potential of optimization. They usually contain at least
an amorphous, or highly disordered component, and their conductivity behaviour is
strongly influenced by interfacial phenomena. If our skills in controlling the fine
scale morphology of the “electrolyte system” will grow enough, we may dream of
imitating a natural membrane, with its switchable and highly efficient ionic chan-
nels.” About twenty years later this fine control has yet to be fully realized, and a
great deal of attention must be devoted to bottom-up preparation techniques, such
as atomic layer deposition, pulsed laser deposition, molecular self-assembling, etc.
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Manufacture and Surface Modification
of Polyolefin Separator

Zheng Xue, Zhengcheng Zhang and Sheng Shui Zhang

1 Introduction

Separator is a crucial component in the liquid electrolyte battery, which is placed
between the positive and negative electrodes to prevent physical contact with each
other while allowing free ionic transport and insulating electronic flow. In most
cases the separator is a microporous polyolefin membrane that does not participate
in any reactions inside the battery [1, 2]. Essentially, the separator is required to be
chemically and electrochemically stable against the electrolyte and electrode
materials, and mechanically strong to withstand the stress tension in the assembly
and operation of battery. Structurally, the separator has sufficient porosity to absorb
liquid electrolyte for necessary ionic conductivity. While playing the essential roles,
the separator adds electric resistance and inactive volume, which adversely affect
the battery’s performances, in particular the energy density, power density, cycle
life, and safety. For high energy and power densities, the separator is required to be
very thin and highly porous while remaining mechanically strong. For safety, the
separator should be able to shut down the current when the battery is accidently
overheated, such as in an event of over-charging or short circuit, so that thermal
runaway can be avoided. The shutdown function is generally obtained by structural
design, for example, a multiplayer structure, in which at least one layer melts to
close up the pores before the battery reaches thermal runaway temperature and the
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others remain mechanically strong to isolate the electrodes from physical contact. In
this chapter, the manufacture, properties and surface modifications of the
polyolefin-based battery separators will be outlined.

2 Manufacture of Polyolefin Separator

Polyolefin materials used for the battery separator are based on a homopolymer or a
blend of polyethylene (PE) and polypropylene (PP) in a number of combinations
between high density polyethylene (HDPE) and ultrahigh molecular weight poly-
ethylene (UHMWPE). The methods for manufacturing the microporous polyolefin
membranes can be divided into the dry process and wet process. Both processes
contain an extrusion step to produce a thin film, and employ one or more orientation
steps to impart porosity and increase tensile strength. The membranes made by dry
process show a distinct slit-pore microstructure, while those by wet process feature
interconnected spherical or elliptical pores.

2.1 Dry Process

The dry process is based on a mechanical stretching principle to create microporous
structure, which is generally composed of three steps: (1) extruding, (2) annealing,
and (3) stretching. In the first step, the polyolefin resins are fed into an extruder
where the resins are heated to above their melting temperature, followed by
extruding the polyolefin melt through a shape-die and cooling down to form a
precursor film. The morphology and orientation of the precursor film depend on the
extruding conditions and the characteristics of polymer resins. The extruding
conditions include melt temperature, die gap/shape, temperature, blowup ratio, and
cooling speed. The parameters of polyolefin resins include Mw, Mw/Mn value, and
polymeric ratio in the case of a blend. In the second step, the precursor film is
annealed to form a well-oriented crystalline structure having lamellae arranged in
rows with their long axis perpendicular to the machine direction (MD). Such
structures are required for the formation of micropores in the next stretching step
since only the stacked lamellae can be stretched out to create pores. In general, the
annealing process with a control of the temperature and time is carried out at a
temperature slightly lower than the melting temperature of the polyolefin resins.

In the third step, the annealed film is stretched to form porous structure at a
temperature between the crystal dispersion and melting temperatures of the poly-
olefin resins, for example 100–130 °C for UHMWPE. Note that the crystal disper-
sion temperature is a parameter to describe the temperature characteristics of the
dynamic viscoelasticity of a thermoplastic polymer. The temperature in this step is
critical to determine the porosity. High temperature results in ineffective stretch due
to the resulting loss in molecular orientation, whereas low temperature leads to break

338 Z. Xue et al.



of the film due to the insufficient softness of the highly oriented crystalline film. The
stretching process generally consists of a cold stretch, a hot stretch, and a relax. The
cold stretch creates pore structure by stretching the film at a lower temperature with a
faster strain rate, the hot stretch increases the size of the pores by further stretching
the film at a higher temperature with a slower strain rate, and the relax reduces
internal stress within the film by heating the film for a short time. The stretching can
be divided into uniaxial stretch [3–8] and biaxial stretch [9–15]. In the former, the
film is stretched only along MD, whereas in the latter the film is stretched in MD at
lower temperature (70–110 °C), followed by stretching the film in transverse
direction (TD) at higher temperature (110–140 °C, depending on the melting point of
polymer). Variables of the stretching process include ratio, temperature, and speed of
the stretch. The porosity of the final film depends on the morphology of the precursor
film, annealing and stretching conditions, whereas tensile strength and its orientation
of the final film depend on the ratio of the MD and TD stretches. Both pore shape and
tensile strength of the uniaxially stretched film are strongly MD-oriented since the
film is stretched only in MD. Significant difference between the MD and TD
strengths may result in splitting problem, i.e. tearing as a result of puncture, which
creates difficulties in handling the separators during battery assembly.

Figure 1 shows microstructure of a melt extruded HDPE film before and after
stretch. Before stretch, the film shows a stacked lamellar morphology with the
lamellae oriented along the TD (Fig. 1a). With uniaxial stretch, some of the stacked
lamellae in the film separate to form microporous structure while others remain in
their initial morphology. Therefore, the pores thus formed are distantly MD-oriented,
being in almost perpendicular to the TD (Fig. 1b). In biaxial stretch, the MD-oriented
film is further deformed along the TD to make the pores expend toward the TD,
which as a result reduces the orientation of pores with an increase in the pore size.
Therefore, the membranes made by the biaxial stretch are less orientation in the pore
shape and tensile strength than those by the uniaxial stretch. Since the formation of
pores by stretching is based on a lamellae-arranged crystalline structure, the dry

Fig. 1 Microstructure of a melt-extruded HDPE film before and after stretch a before stretch,
b after uniaxial stretch, and c after biaxial stretch
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process is only applicable to these polymers with high crystalline row structure and to
the blends containing at least one of such polymers, such as PE-PP [16], polystyrene
(PS)-PP [15, 17], and poly(ethylene terephthalate) (PET)-PP blends [15, 17]. When
the polymers in the blend are immiscible with each other, the resulting microporous
film exhibits two polymer phases interconnected throughout the film. For PE-PP
blend membrane, thermal shutdown behavior was observed due to the different
melting points between PE and PP phases [16]. That is, the PE phase melts down and
closes up its pores in a temperature range of 135–140 °C, and the PP phase melts
about 170 °C. For the cases of PS-PP and PET-PP blends (both in a 1:9 wt. ratio), the
resulting membranes showed microcrack structures, which suggested that porous
structures were formed by a cracking mechanism. That is, the minor PS or PET phase
acts as a stress concentrator to induce the formation of cracks and the subsequent
growth propagates the cracks into the major phase of blends [15].

2.2 Wet Process

The wet process is based on a phase separation principle to create porous structures,
which is generally composed of the following steps: (1) mixing polymer resins,
mineral oil, antioxidant, and other additives and heating to make a hot homogenous
solution, (2) extruding the hot solution through a sheet die into a gel-like film,
(3) extracting mineral oil and other additives to form microporous structures. In the
first step, the dissolution is carried out above the melting temperature of the
polyolefin resins and in most cases in a temperature range of 140–250 °C,
depending on the types of polymers and solvents used. Upon the dissolution, the
heated solution is extruded through a sheet die and immediately quenched to obtain
a gel-like film. In this step, die gap determines the thickness of gel-like film, and the
temperature, polymeric concentration, as well as quenching speed determine the
size and shape of the oil droplets in the film. Slow quenching results in high
thickness and it as a result increases difficulty in removing solvent in the next step,
whereas rapid quenching decreases pore size and permeability. In the third step, the
mineral oil and other additives are extracted using a volatile organic solvent, in
most cases methylene chloride, to create porous structure. The wet process is
applicable to both crystalline and amorphous polymers, and its resulting film is
non-oriented for pore structure and mechanical strength. For semicrystalline poly-
olefin membranes, a stretching step can be added either before or after the
extraction to achieve high porosity and large pore size [18–21]. It has been proven
that the membranes produced by a process of stretching after extraction exhibit
much larger pore size and air permeability than those produced by a process of
stretching before extraction [21]. With addition of the stretching process, the
resulting pores become somewhat oriented. Figure 2 shows microstructure of PE
membranes manufactured by ExxonMobil/Tonen and Asahi, respectively, from
which noticeable difference in the morphology is visible.
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In addition, removable inorganic fillers such as CaCO3 and silica can be mixed
with the polyolefin resins in the first step to increase the porosity of the membranes
[16, 22, 23]. In such cases, additional step is needed to create the pores by removing
inorganic fillers, for example an acid washing step for CaCO3. On the other hand,
the added inorganic fillers may be used to increase electrolyte wettability and
retention if the fillers are stable against the battery components and their presence
does not significantly reduce mechanical strength. A positive effect of the CaCO3

fillers on the battery performance is that alkali CaCO3 can neutralize acidic HF,
which is inevitably present in the LiPF6-based electrolytes. In addition, it was
claimed [22] that leaving silica in the membrane could increase oxidation resistance
and durability in the short circuit conditions. Regarding distribution of the pore size,
Funaoka et al. [24] showed that addition of a hot solvent treatment before or after
the extraction could result in the formation of the pore size decreasing gradually
form the surface towards the center. For example, they dipped a regularly stretched
PE membrane in a 120 °C-paraffin bath for 5 s to obtain a membrane having an
average pore size of 8.2 μm in the vicinity of the one surface, 0.5 μm in the vicinity
of the other surface, and 0.12 μm near the center. They considered that such
structures favored increasing the electrolyte retention and battery safety.

2.3 Dry Process Versus Wet Process

As described above, the membranes made by the dry and wet processes show
significant difference in the orientation of the pore structures. This difference is well

Fig. 2 Microstructure of PE membranes by wet process a Tonen Setela (porosity: 45 %) and
b Asahi HiPore (porosity: 50 %)
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reflected by the physical properties, as summarized in Table 2. The membranes by
the dry process distinguish themselves by high MD-orientation in tensile strength
and thermal shrinkage, and low Gurley number. Such orientations will not cause
any adverse impacts on the battery performance as long as the separator is winded
along MD in the battery assembly. The Gurley number, which is defined as the time
required for a specific amount of air to pass through a specific area of separator
under specific pressure, is a measure of the air permeability. When the porosity of
the membranes is fixed, the Gurley number reflects tortuosity of the pores. As
shown in Table 1, the membrane by wet process has larger Gurley number than that
by dry process although they have the same thickness and porosity. This fact
indicates that pores formed by wet process are more tortuous, which is an important
feature to prevent the growth of lithium dendrites in the rechargeable Li and Li-ion
batteries.

3 Correlation of Polyolefin Nature and Membrane
Property

Battery separators are characterized by numerous properties, including material
nature, membrane structural and functional properties. Material nature includes
chemical stability, crystalline structure, hydrophilicity, thermal shrinkage, melting
point, Mw and Mw/Mn of polyolefin materials. Structural properties include thick-
ness, porosity, pore size, pore shape, pore tortuosity, and pore distribution.
Functional properties include mechanical strength, electrical resistivity, air per-
meability, thermal shutdown, electrolyte wettability and retention. Many of the
above properties are affected with each other and may be in a trade-off
relationship. For example, the mechanical strength is affected in opposite manner
by the thickness, porosity and permeability, as required by the battery performance.

Table 1 Typical properties of the polyolefin separators by different processes

Manufacturer Celgard ExxonMobil/Tonen

Membrane name Celgard 2400 Tonen-1

Process Dry Wet

Composition PP PE

Thickness, μm 25 25

Porosity, % 37 36

Gurley number, s 24 650

Tensile strength (MD), Kg cm−2 1300 1500

Tensile strength (TD), Kg cm−2 130 1300

Melting temperature, °C 163 135

Reference [25] [26]
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3.1 Mechanical Property

From the viewpoint of material nature, both the Mw and Mw/Mn affect mechanical
strength and thermal shrinkage of the membranes. Table 2 indicates their impacts on
the mechanical strength for three microporous PE membranes having similar thick-
ness and porosity. By comparing rows 1 and 2 and rows 2 and 3, respectively, one
finds that highMw and lowMw/Mn value are favorable for the mechanical strength. In
the case of blends, the mechanical strength of the membranes can be controlled by
adjusting the ratio of two polymers such as HDPE and UHMWPE for an
HDPE-UHMWPE blend [21, 23, 24]. For example, Ihm et al. [21] studied the effect
of theMw and content of UHMWPE on themechanical strength of HDPE-UHMWPE
blend membranes made by the wet process under the same extruding, stretching and
extracting conditions. They found that the mechanical strength was increased with the
Mw and content of UHMWPE. Regarding the orientations of the pore structure and
mechanical strength, they can be adjusted by changing the ratio of MD and TD
stretches [27], or even eliminated by using wet process without stretching process
[22, 23]. In the battery, however, no negative impact has been reported to be asso-
ciated with the orientation of mechanical strength.

3.2 Thermal Property and Shutdown Function

The material nature determines the operation temperature range of the polyolefin
separators. The highest temperature for the mechanical integrity of the membranes
is limited by the melting point of polyolefin materials. Table 3 summarizes the
typical physical properties of the PE and PP used for the battery separators. It is
shown that depending on the density and Mw, melting point of PE is in a range of
98–135 °C, and that of PP in a range of 168–175 °C.

Based on the difference in the melting point of PE and PP, thermal shutdown
separators can be made by laminating different PE and PP layers into a multiplayer
membrane. In shutdown membrane, one or more PE layers serve as shutdown and at
least one PP layer as the mechanically dimensional support. Typically, the PE-PP
bilayer [14, 29] and PP-PE-PP trilayer [27, 30–36] designs have been widely adopted

Table 2 Impact of Mw and
Mw/Mn on the mechanical
strengtha

Membrane code 1 2 3

Mw 10 × 106 5.0 × 105 5 × 105

Mw/Mn 12.0 11.0 6.9

Thickness, μm 25 25 25

Porosity, % 37 38 40

Tensile strength,
kg/cm2

770 650 940

Puncture strength, g 426 331 465
aData was cited selectively from Table 1 of Ref [28]
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by separator manufacturers. With such structures, the PE layer is capable of melting
and closing up the pores before the battery reaches such a temperature to initiate the
thermal runaway. As a result of the closing up of the pores, the electrical resistance of
the separator is dramatically increased, shutting down the current, whereas the PP
layer still remains mechanical strength to isolate the electrodes from physical contact
(internal circuit shorting). To evaluate the shutdown behavior, Venugopal et al. [37]
studied the temperature dependence of three separators soaked with a 1 M LiPF6 3:2
EC/DEC electrolyte by measuring the resistance of membranes during heating and
cooling. The results (Fig. 3) showed that the shutdown behavior of the PP-PE-PP
separator was in excellent agreement with the melting point of PE, and that the
membrane was able to withstand up to 165 °C, as determined by the melting point of
PP. There is only *30 °C temperature gap between the cell’s shutdown and the
melting down of PP layer, which may be sufficient for the protection of normal
operations of small batteries. However, such a temperature gap is not sufficient for the
protection of large batteries, especially in such conditions as nail penetration and
overcharge at high current density. In these cases, the heat transfer in the large battery
is not fast sufficiently so that the local temperature can easily exceed the melting point
of PP layer before the battery is effectively shut down. As a result, the strongly
oxidative cathode and the strongly reductive anode come into contact, and resulting
chemical reactions initiate the thermal runaway.

Table 3 Typical physical properties of PE and PPa

Tm, °C Tg, °C Tensile strength, psi Density, g/cm3

LDPEb 98–115 −25 1200–4550 0.917–0.932

LLDPE 122–124 1900–4000 0.918–0.940

HDPE 130–137 3200–4500 0.952–0.965

UHMWPE 125–135 5600 ≥0.940

PP 168–175 −20 4500–6000 0.900–0.910
aDefinitions: Tm crystalline melting temperature, Tg glass transition temperature. bAbbreviations:
LDPE low density polyethylene

Fig. 3 Temperature
dependence of the polyolefin
membranes soaked with a
1 M LiPF6 3:2 EC/DEC
electrolyte. Reprinted from
Fig. 7 of Ref. [37], Copyright
(1999), with permission from
Elsevier
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The multilayer shutdown separators usually are made by lamination of PE and
PP layers together through calendaring, bonding, or welding [27, 34, 36].
Preferably, the cross-plied lamination where the axis of one ply is angularly biased
relative to the axis of another ply can increase mechanical strength and
puncture-resistance. Alternatively, the multilayer separators can be made through
co-extrusion processes, in which all precursor layers are extruded simultaneously,
and then are annealed and stretched to form a multilayer microporous structure [27,
34]. Figure 4 shows micrographs of a Celgard PP-PE-PP trilayer membrane. It is
shown that the pores are more tortuous and that three layers have nearly equal
thickness. In consideration of the impurities brought in by the resin materials,
antioxidant, and other possible additives during extrusion, Kinouchi et al. [35]
claimed that dispersing small amount of metal oxide particles into two PP layers of
the PP-PE-PP trilayer membrane could effectively adsorb these impurities and
consequently reduce their negative impacts on the battery performance.

4 Surface Modification

As a favorable separator, the microporous polyolefin membranes are required to
absorb liquid electrolyte quickly in the electrolyte filling operation and retain the
liquid electrolyte permanently for long-term operation of battery. Unfortunately,
considerable difference in the polarity (dielectric constant) between the polyolefin

Fig. 4 Micrographs of Celgard PP-PE-PP trilayer membrane a Surface, and b cross section.
Reprinted from Fig. 5 of Ref. [2], Copyright (2004), with permission from American Chemical
Society
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material and electrolyte solvents makes it impossible. Beside this, the contact of the
separator and electrode considerably affects the performance of batteries. Even
small failure at the separator-electrode interface can result in uneven current dis-
tribution, which consequently causes the formation of lithium dendrites on the
negative electrode in the Li and Li-ion batteries. On the other hand, the highest
melting point of PP is only *165 °C, beyond which the polyolefin membrane fails
to separate the electrodes. In order to overcome these drawbacks, surface modifi-
cation has been frequently practiced. According to the nature of modifications,
these practices can be categorized into the physical modification and chemical
modification, as discussed below.

4.1 Physical Modification

Physical modification generally fills the pores of membrane with a gel polymer
electrolyte (GPE) or coats a functional layer onto the surface of membrane. The
functional layer could be any of a surfactant layer, a dense polymer layer, a porous
polymer layer, or a polymer composite layer. The physical modification not only
increases the wettability and electrolyte retention of the membrane, but also con-
siderably affects the structural and physical properties of the membrane, such as
porosity, thickness, shrinkage, mechanical strength etc. The filling practice was
earliest demonstrated in 1995 by Abraham et al., who encapsulated a GPE into the
pores of Celgard membranes by first soaking the membrane with a liquid electrolyte
containing tetraethylene glycol diacrylate (TEGDA) monomer and then photopo-
lymerizing the monomer [38]. Alternatively, the GPE can be impregnated into the
pores of membrane by immersing the membrane into a GPE solution and then
evaporating the solvent. Without exception, the encapsulation or impregnation of a
GPE greatly promotes the wettability and electrolyte retention of the microporous
polyolefin membrane.

Treatment of polyolefin separators with a wetting agent (surfactant) is the sim-
plest practice for the coating modification. To do this, the surfactant is dissolved
into a volatile solvent to form a dilute surfactant solution, followed by either
spraying the resulting solution onto the surfaces of separator or passing the sepa-
rator through the surfactant solution bath, and lastly evaporating the solvent [39].
The amount of surfactant is generally small so that its presence hardly affects the
thickness and porosity of the microporous membrane while significantly enhancing
the hydrophility of the polyolefin membrane. Since the surfactant is subject to
dissolving into the electrolyte, its improvement on the hydrophility is temporary
and its stability in the battery must be considered for the suitability.

Most practices for the physical modification are the coating of a polymer or a
polymer composite onto one or two surfaces of the microporous polyolefin mem-
brane. In order to enhance the interfacial contact between the separator and electrode,
a thin polymer layer that can be gelled by the liquid electrolyte can be coated onto the
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microporous membrane [40–46]. The suitable polymers for this purpose are poly
(ethylene oxide) (PEO) [40, 41] and PEO-like polymer [42], polyvinylidene fluoride
(PVDF) and its related copolymers such as poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) [43–45], and other electrolyte gellable poly-
mers such as a copolymer of acrylonitrile and methyl methacrylate [46]. Upon gelled
by the liquid electrolyte, the polymer becomes a GPE and it in turn serves as an
adhesive to bond the separator and electrode together in addition to increasing the
uptake and retention of the liquid electrolyte. In practice, the polymer layer can be
applied to themicroporousmembrane by ameans of dipping, spraying or coatingwith
a GPE solution, followed by evaporation of the solvent. In assembly of battery, a
heating step is preferably applied to promote the in situ formation of theGPEwhen the
polymer-coated membrane is used as the separator. Due to the need and consumption
for forming GPE, the polymer-modified separators are shown to have significantly
high uptake of liquid electrolyte as compared with the pristine separator.

A negative effect of the above modification is that the resulting polymer layer is
dense, which prevents the penetration of liquid electrolyte into the pores of
microporous membrane. Therefore, the polymer layer with porous structure is
highly desired so as to facilitate the electrolyte filling process. In such efforts, Jeong
et al. [46] employed the phase inversion method to coat a microporous polymer
layer. In their method, they first applied a dilute dimethylformamide
(DMF) solution of an acrylonitrile-methyl methacrylate copolymer (ANMMA, AN:
MMA = 84:16) onto the micropouous PE membrane with a thickness of 25 μm and
a porosity of 40 %, and then immersed the coated PE membrane into a water bath to
induce phase inversion. Due to the fast solvent exchange between the good-solvent
(DMF) in the polymer solution film and the non-solvent (water) in the bath, the
polymer layer with highly microporous structure is formed. They found that the
Li-ion cell using the separator with a 14 μm polymer coating layer exhibited very
stable capacity retention and excellent rate capability, which is attributed to the
strong bonding between the separator and electrodes. In particular, a facile one-step
phase inversion (coating process) is available when the polymer suits for a
good-solvent with low boiling point and a non-solvent with high boiling point. By
this manner, the polymer slowly precipitates out of the solution film to form porous
structure with evaporation of the good-solvent. For example, the PVDF-HFP
polymer can be dissolved into a hot mixed solvent of acetone (good-solvent) and
water (non-solvent). Coating the hot solution onto a polyolefin separator and
leaving the solvents to evaporate naturally in air leads to a porous PVDF-HFP layer
coated separator. Moreover, the porosity of the polymeric coating layer can be
controlled by adjusting the ratio of solvents. On the other hand, Kim et al. [45]
introduced small amount of inorganic filler, SiO2, into the polymer coating layer,
and they found that the presence of the hydrophilic SiO2 particles significantly
reduced the contact angle of the liquid electrolyte and accelerated the penetration of
the liquid electrolyte into the separator. Attributing to the improved interfacial
contact, the Li-ion cell using such a polymer-modified separator exhibited excellent
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capacity retention and rate capability. As comparison, Fig. 5 displays the surface
images of a microporous PE membrane before and after polymer coating by dif-
ferent methods. The differences in the surface morphology of the polymer layers
coated by the solution and phase inversion methods are very clear.

At elevated temperatures, the GPE becomes fluid, losing the ability to separate
the electrodes. Therefore, the modification of a polymer or a polymer composite
cannot improve the safety of battery in addition to the performance improvement by
increasing the uptake and retention of liquid electrolyte and promoting the inter-
facial contact between the separator and electrodes. In order to integrate the
improvement of safety and the advantages of GPE into a single separator, Zhang
et al. [47] proposed to significantly increase the content of SiO2 in the polymer
composite until the SiO2 filler becomes the main component of the polymer
composites. By this way, the SiO2 filler not only increases the wettability and
uptake of the liquid electrolyte, but also retains dimensional stability of the sepa-
rator even when the separator melts down at elevated temperatures. This concept
was demonstrated in a Li-S cell by coating a 13 μm 50:50 (wt.) PEO-SiO2 com-
posite layer onto one side of the Celgard membrane, showing that the Li/S cell with
the modified separator had very stable capacity retention.

Fig. 5 Micrographs of the surface structure of a microporous PE membrane before and after
polymer coating treatment a bare membrane, b with polymer coating by solution method, c with
polymer coating by phase inversion, and d with polymer/silica coating by phase inversion.
Reprinted from Fig. 4 and Fig. 2 of Refs. [42] and [45], respectively, Copyright (2006 and 2004,
respectively), with permission from Elsevier

348 Z. Xue et al.



4.2 Chemical Modification

Chemical modification covalently grafts polar groups onto the surfaces or pore
walls of the microporous polyolefin membrane, which turns the membrane from
hydrophobic to hydrophilic [48–50]. Such modifications generally enhance the
wettability and retention of the liquid electrolytes, especially those consisting of
high content of ethylene carbonate, propylene carbonate or γ-butyrolactone, on the
membrane without changing the structural parameters and physical properties of the
membrane. The chemical grafting can be carried out by high-energy radiation
induced polymerization [48–50]. During high-energy irradiation, the polyolefin is
radiation-induced to cleave C-C or C-H bonds to generate polymeric radicals, and
the resulting polymeric radicals subsequently initiate hydrophilic monomer to
polymerize. In consideration of the high reactivity of the Li-ion battery electrode
materials, only these monomers having no active protons, such as glycidyl meth-
acrylate [49], methylmethacrylate [50] and oligo(ethylene glycol) [51], are suitable
for the modification of the Li-ion battery separators. Due to the increased hydro-
philicity, both uptake and retention of the liquid electrolytes on the modified sep-
arators showed great improvement, and the improving effectiveness varies with the
degree of grafting and the type of monomers [49, 50].

Beside the functional groups, the strongly electron-withdrawing fluorine is also
shown to increase the hydrophility of the polyolefin membrane. To verify this, Li
et al. [52] directly fluorinated the PP separator under a F2/N2 gas atmosphere.
Results showed that the fluorination did not change the size and shape of mi-
cropores, instead significantly introduced CFx groups into the surfaces of PP sep-
arator. This treatment increased the surface energy of the PP separator from 37.8 to
47.7 m N/m, and accordingly led to about nine times increase in the alkali
absorption ratio (AAR) without loss over 90 days storage at ambient temperature.
Plasma grafting has also been used as the modifying carrier to coat the polyolefin
separator with nanoparticles by first plasma treating the membrane in oxygen to
create surface anchoring groups and then immersing the membrane into a disper-
sion of positively charged SiO2 nanoparticles [53]. This treatment led to the
nanoparticles electrostatically adsorbed onto the separator, which resulted in
immediate wetting of the polyolefin separator by the highly polar ethylene car-
bonate and propylene carbonate that otherwise are unable to wet the pristine
polyolefin separator.

5 Concluding Remarks

Separator is a crucial component of the liquid electrolyte battery, its essential role is
to isolate the positive electrode and negative electrode from physical contact while
permitting free flow of ions. The separator itself does not participate in any cell
reactions, however, its properties significantly affect the performance and safety of
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the batteries. For high energy and power densities, the separator is required to be
very thin and highly porous, while it adversely affects the safety and cycle life of
the battery as a result of the reduced mechanical strength. Safety is the top priority
for the rechargeable batteries, especially for applications in hybrid electric vehicle
(HEV) and plug-in hybrid electric vehicle (PHEV) where both the high energy and
high power are required. The PE-based multilayer shutdown separators are able to
protect small batteries in a temperature range of 90–130 °C, depending on the Mw

and Mw/Mn of the PE materials and the composition of the blend if a PE-PE blend
is used. However, protection for large batteries still remains challenge. None of the
polyolefin separators can be mechanically strong beyond the melting point (near
165 °C) of PP. Above the melting point, the polyolefin separator melts down,
resulting in physical contact of the electrodes, which consequently initiates the
highly energetic chemical reactions between the strongly oxidative cathode material
and the strongly reductive anode material. Even near the softening temperature of
polyolefin materials, the separators are subject to shrinking, which potentially
results in the internal circuit shorting of battery. Future development of the battery
separators should be made by balancing the performance, safety, and cost. The cost
of the polyolefin separators is mainly in the production process, therefore, devel-
oping a more cost-effective process is essential for the cost reduction of
polyolefin-based battery separators.
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Microstructurally Composed Nanoparticle
Assemblies as Electroactive Materials
for Lithium-Ion Battery Electrodes

Evan Uchaker and Guozhong Cao

1 Summary

Lithium-ion batteries are a well-established technology that has seen steady gains in
performance based on materials chemistry as well as microstructure design and
assembly over the past several decades. There are many material selections avail-
able when designing and assembling the device such as electro-active species,
additives, and particle size/morphology to name a few. Many of the research
proclamations focusing on the advantages of nanosized electrodes have yet to find
commercial application, and considerable improvements in energy density and
stability are still necessary in order to achieve energy storage parity. Therefore, the
design and use of kinetically stabilized nanostructures should be considered. Over
the past several years, significant studies have been conducted examining the
synthesis and performance of heterogeneous structures. While heterogeneous
structures typically refer to the combination of two or more materials, in this case it
refers to architectures displaying more than one size scale (i.e., micro/nano). A great
deal of recent efforts have focused on the formation and understanding of nano-
particle superstructures with a vast range of architectures. The design of micro-
structurally composed nanoparticle assemblies would, for instance, possess the
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structural and chemical stability of microsized electrodes while exploiting the
beneficial properties associated with nanosized electrodes and their large specific
surface area.

2 Introduction

Batteries, as devices for chemically storing energy, demonstrate high conversion
efficiency, relatively high energy density, long cycle life, and zero exhaust release.
They are ideal power sources for portable devices, automobiles, and backup power
supplies. Unfortunately, considerable improvements and advancements in
rechargeable battery materials and technologies are still necessary in order to
achieve energy sustainability; namely, the energy density, power density, and sta-
bility must be vastly enhanced in order to make smart grid and fully electric vehicle
technologies an attainable reality.

The development and implementation of nanostructured electrode materials has
been well documented over the past decade; many excellent reviews concerning the
benefits of nanostructured materials for electrochemical energy conversion and
storage have already been published, to which the reader is referred [1–3]. Given all
the unique qualities and benefits of nanostructures, the synthesis and character-
ization of nanostructured electrode materials of various chemistries have been
extensively investigated [4–6]. However, nanomaterials as a whole suffer from
several basic limitations that restrict their performance in energy storage applica-
tions [7]. Conversely, microstructurally composed nanoparticle assemblies can
potentially circumvent the thermodynamic instability, undesired side reactions, high
processing costs, and potential nano-toxicity effects associated with nanoparticle
usage [8–10]. Herein, this chapter strives to offer a succinct outline of the undesired
characteristics and limitations associated with nanosized electrode materials, pro-
vide a brief discussion of the benefits of microstructurally composed nanoparticle
assemblies, and then summarize the findings of studies employing nano-based
micro-assemblies for electrochemical energy storage systems, primarily Li-ion
batteries.

3 Nanostructured Li-Ion Battery Electrodes

3.1 Advantages of Nanostructured Electrodes

Despite being an overall mature technology, battery design and performance have
changed drastically over the past decade with the development and implementation
of nanomaterials [8, 11–13]. The nanoscale size reduction leads to enhancements of
the Li-ion battery intercalation capability by increasing the specific surface area for
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interfacial Faradic reactions, improving the mass and charge diffusion paths, and
modifying the surface thermodynamics which can facilitate phase transitions and
eliminate miscibility gaps [14]. However, the most dominant and substantial
advantages imparted by nanostructuring is drawn from enhancements in the kinetics
and corresponding diffusivities because the characteristic time for diffusion is
proportional to the square of the diffusion path length [15]. The reduction of the
electrode particle size into the nanometer-based regime tremendously improves the
intercalation kinetics and ultimately enhances the overall degree of intercalation.
Similar to the effects of transport on Li-ions, electron transport is also enhanced in
nanometer sized electro-active particles [13].

The benefits of nanostructured metal oxide electrodes have been well docu-
mented throughout the literature. Wagemaker et al. [16] compared the lithium ion
intercalation performance of anatase TiO2 micro- and nano-particles. The size of the
anatase TiO2 nanoparticles was incrementally altered in order to investigate the
nano-size effects. It was determined that the Li-ion solubility was greater with
decreasing particle size, and increased from 0.55 to 0.7 Li-ion per formula unit
when the micron-sized TiO2 particles were replaced with nanoparticles smaller than
40 nm. The discrepancy in the quantity of inserted Li-ion was ascribed to a more
homogeneous, and Li-rich phase in the nanoparticles compared with the micro-
particles that had coexisting Li-rich/poor phases because they were too large for
homogeneous Li-ion penetration [17]. Ganapathy et al. [18] also revealed that the
limiting Li-ion diffusion rate between two-phase boundary electrode particles has
an activation energy of approximately 50 kJ mol−1, but nanomaterials smaller than
40 nm did not have the phase boundary and had an activation energy of 10–
25 kJ mol−1. Hu et al. [19] also corroborated the enhanced electrochemical effects
of nanostructuring TiO2 as a Li-ion battery electrode material. They revealed that
the discrepancy in the quantity of intercalated Li-ion could be attributed to dis-
similar diffusion along the ab-plane, and that Li-ion surface storage on the nano-
particles is energetically more favorable than bulk insertion.

The development of silicon based anodes for Li-ion batteries has also received a
considerable amount of interest over the past several years. The Li–Si binary system
indicates that an individual silicon atom can accommodate the insertion of 4.4
lithium ions, yielding one of the highest known theoretical charge capacities;
additionally, the discharge potential of silicon is quite low, and it is already a highly
processed material. Although this theoretical capacity value is eleven times larger
than that of the current commercially used graphite anodes, the use of silicon as an
anode material is limited because the insertion of 4.4 Li-ions is accompanied by a
400 % volume expansion of the lattice. This tremendous expansion results in
cracking and disintegration of the electrode, with active material loss via reduced
electronic contact, giving way to severe capacity fade [20]. Such has been the case
for past studies involving Si bulk films and micrometer-sized particles, where
capacity fading and short battery lifetimes were attributed to the pulverization and
loss of electrical contact between the active material and the current collector.
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Fortunately, the use of Si nanostructures such as nanowires can alleviate these
issues because there is a critical particle size below which fracture will not prop-
agate [21, 22].

While Li-ion surface storage and increased fracture resistance are performance
benefits inherent to many nanostructured electrode materials, an even more com-
plex interaction has been observed in nano-sized LiFePO4 because of its incomplete
miscibility gap (region in a phase diagram in which two phases with nearly the
same structure have no solubility in one another) [23, 24]. Meethong et al. [25]
showed that the miscibility gap in pristine LiFePO4 diminishes with decreasing
nanoparticle size, suggesting that the miscibility gap completely disappears below
some critical value. The enhanced solubility of Li-ions in nano-sized LiFePO4 can
be ascribed to the presence of multiple phases in the individual particles. The
coexistence of two crystallographic phases within one particle leads to a
domain-wall-related energy penalty, which is determined by the strain prompted
from the difference in the lattice parameters and can destabilize the two-phase
coexistence in smaller particles. Nanostructures have been utilized to increase the
equilibrium compositions and effectively reduce the lattice mismatch between
coexisting phases. Therefore, the energy gain associated with phase separation will
drop with decreasing particle size and the miscibility gap will gradually diminish
[26]. Experimentally, the miscibility gap began to decrease while the solubility
increased starting with nanoparticles approximately 100 nm in diameter, and
showed a strong effect in particles smaller than 35 nm [27]. Changes in the mis-
cibility gap were ascribed to particle size associated modifications in the molar free
energy of mixing for either one or both phases. The associated particle size effects
were also speculated to emerge from the relative contributions of the particle-matrix
surface energy and stress, and the compatibility between stresses in the coherently
interfaced two-phase particles [25].

Studies have also revealed that the implementation of nanostructured electrode
materials can result in the initiation of new lithium storage mechanisms. These
effects typically manifest either via a pseudocapacitive storage mechanism that
accommodates lithium ions on the surface/interface of the particles below a critical
particle size or through a conversion mechanism that involves the formation and
decomposition of at least two separate phases [28–31]. The pseudocapacitive
mechanism is more pronounced because of the more prominent role of surfaces and
grain interfaces in nanomaterials. Reversible conversion reactions based on the
reduction and oxidation of metal nanoparticles can ensue between binary com-
pounds comprised of some second or third period element, a transition metal oxide,
and metallic lithium [32–37]. Nanoparticles are extremely effective toward this
means because of their large specific surface area that is very active toward the
decomposition of the lithium binary compound. Furthermore, reduction of some
micrometer sized materials to the nanoscale has been shown to activate or enable
reversible electrode reactions that would otherwise not take place, typically mate-
rials with low Li-ion diffusion coefficients.
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3.2 Shortcomings of Nanostructured Electrodes

One of the most prominent features of nanomaterials is their large specific surface
area that has a correspondingly higher surface energy than bulk contemporaries
which can allow for tailoring of the chemical potential [28]. As previously men-
tioned, this large and energetically relevant surface area can contribute to a
pseudocapacitive Li-ion storage mechanism [38–41]. However, there are several
shortcomings and limitations that can be categorized as direct consequences of this
additional free surface energy.

Diminished voltage plateaus and curved voltage profiles have both been
attributed to the strain and interfacial energy from coexisting lattice terminations
within electrode nanoparticles. These differing structural environments in the
near-surface region result in a distribution of the redox potentials; varying structural
environments depend on the distance from the surface and the surface orientation
itself, substantiating that size and morphology play an important role in dictating
particle stability [42]. Hence, the irreversible capacity can be larger for smaller
particles with a surface area greater than some critical value where the optimal
particle size is dictated by the voltage window [43]. Moreover, too high of Li-ion
intercalation at the surface leads to passivation of the surface region by surface
reconstruction or mechanical failure, and accompanying irreversible capacity loss is
inevitable [44, 45]. Thus, there exists an optimal particle range for nanomaterials
where cracks resulting from non-surface related volume expansion will not prop-
agate, and surface reconstruction will not occur [16].

Expanding upon this, the formation of the solid electrolyte interphase (SEI) is
even less predictable in nanomaterials because of their high surface area and cor-
responding high surface energy that increases the potential for secondary or side
reactions along the surface area of the particle. The SEI layer is a film that forms on
the surface of the electrode through the decomposition of the electrolyte into lithium
containing organics and inorganics in an attempt to reduce the contact area and
thereby prevent further electrolyte decomposition [46]. The formation of a stable
SEI is often critical because it can act as an interfacial stabilizer and improve the
capacity retention of the electrode over long cycle lifetimes at the expense of a large
irreversible capacity drop because its ionic and electronic conductivities are rela-
tively low and it effectively intercepts and stores Li-ions that would otherwise be
intercalated by the electrode [47]. However, a non-uniform, thick, and unstable SEI
can have unfavorable impact on electrode performance, and is more likely to be
present in nanomaterials rather than their bulk counterparts. Past studies have
clearly demonstrated the deleterious effects of SEI formation on nanostructured
electrodes. It was confirmed that a thicker SEI would form on LiCoO2 as the
particle size decreased [48]. The thicker layers negated the positive effects of
nanostructuring the electrode material by severely impeding Li-ion diffusion, and
diminishing the electrode performance at higher current densities. Similar results
were seen for LiMn2O4 where the SEI thickness on a cycled electrode increased in a
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near linear fashion with the number of cycles, and the cycle stability was the
performance parameter most impacted [49].

Another issue concerning the size-stability of nanoparticles is the proclivity of
the electro-active metal ion to dissolve in the electrolyte, resulting in cyclical
capacity degradation [50]. The majority of cases documenting the dissolution of the
electro-active metal ion have focused on LiMn2O4, where Mn-ions in the electrode
are easily dissolved into the electrolyte by acids generated via oxidation of the
solvent molecules, but the process can occur in any LixMOy phase [51–53].
Migration of the dissolved species to the anode can have fatal effects on the
functionality of the cell; their precipitation on the anode terminal destroys the
passivation layer on the negative electrode and can lead to the formation of a plated
layer [54]. However, dissolution can be prevented by applying an oxide coating on
the nanoparticles to decrease the surface area and eliminate any side reactions [55].
The electrochemical operating voltage range for nanostructured electrode materials
narrows during electro-active material dissolution.

Electronic and ionic conductivity have long been limiting factors to the devel-
opment of advanced electrode materials for Li-ion battery [56]. These barriers stem
from several fundamental issues: the metal oxide materials typically employed as
cathodes have relatively low electronic conductivity, there exists a complex rela-
tionship between the electronic and ionic conductivities in electrodes, and phase
transformations upon lithiation can change the conductive properties. Additionally,
it has been well established that nanomaterials suffer from much greater resistance
than their corresponding bulk material; nanowires, for example, typically display
resistivity values that are *20 % greater than what is seen in the bulk regime, and
this discrepancy can extend up to several orders of magnitude [57]. The reason for
the drastic increase in the resistivity of nanomaterials is due to the surface scattering
of electrons as a result of the sheer increase in the relative surface area and the
number of grain boundaries that are strongly dependent on the particle size and
morphology [58]. These physical parameters negatively impact the conduction
mechanisms because of the scattering of electrons at particle surfaces and grain
boundaries. These effects are also more pronounced in the electrode materials with
smaller mean particle size. To compensate for these effects, conductive additives
such as carbon are typically added to electrodes, but such incorporations decrease
the already low packing density of nanostructured electrode materials even further.

Tortuosity is one of the most important parameters to characterize a porous
medium, and reflects the reduction in transport within the electrode due to the
complex porous structure comprised of active particles, binder, and conductive
carbon [59–61]. Complex, tortuous nanostructures can lead to decreased effective
electrolyte conductivity and diffusivity for porous electrodes by limiting transport in
the electrolyte phase. The concept of electrode tortuosity (τ) is used along with
electrode porosity (ε) as a measure for the decrease in effective electrolyte con-
ductivity and diffusivity due to the structure of the electrode within the confines of
the porous electrode description; the tortuosity of a material should decrease as the
porosity increases, and Bruggeman suggested a quantitative relationship where
tortuosity is inversely proportional to the square root of porosity [62, 63]; note that

358 E. Uchaker and G. Cao



this simplification is only appropriate for describing the packing of equally sized
spheres [64]. Tortuous transport paths result in a higher macroscopic ohmic
resistance, which in turn hinders the delivered energy and power density [65].
Based on geometrical constraints, nanoparticle based electrodes would have less
effective packing with a large amount of small pores that would ultimately hinder
electrolyte penetration and thus negatively affect the tortuosity, conductivity, and
diffusivity.

An additional limitation stemming from the use of nanomaterials relates to their
packing density or mass loading which is the amount of active material per unit area
of the electrode. There are several characteristics that must be strictly controlled in
order to assure a homogeneous and ideal electrode mass loading; such features
include the physical composition, packing density to maximize active material
content, and open porosity to access the electrolyte. Ultimately, the desired mass
loading is dictated by and should reflect the diffusion coefficient of lithium ions,
electrical conductivity of particles, and electronic continuity to guarantee charge
exchange to the current collectors. The standard thickness and mass loading for a
typical commercial electrode is 50 μm and 20 mg cm−2, respectively [66].
However, the overwhelming majority of commercially available cells employ mi-
crosized electrode materials because the mass loading of nanosized particles is far
less, typically 1–2 mg cm−2 [67, 68]. Given that the density of a nanomaterial is
generally less than the same material formed from micrometer-sized particles, the
volumetric energy density is effectively limited in nanomaterials because there is a
larger ratio of components not participating in the electrochemical reaction (such as
binding agents or conductive additives) [8, 13]. In fact, carbon black additives can
constitute 80–98 % of the composite electrode surface area as governed by the
average particle size [69].

Processing conditions are also heavily impacted by the high reactivity of
nanoparticles. Many nanomaterials exhibit poor stability when exposed to ambient
atmosphere; such is the case for olivine LiFePO4 due to the high reactivity of Fe2+

in the presence of atmospheric oxygen and water. This undesired reaction under
ambient exposure is known to be more pronounced for smaller particles because of
their increased surface/exposure area, and can result in spontaneous lithium and
surface oxidation [70]. It has also been revealed that nanostructured electrode
materials with poor adherence to the current collector will agglomerate during
cycling; nano-SnSb undergoes successive agglomeration during Li-ion insertion
and extraction, and experiences quick capacity fade as a result [71]. Inactive LiMOy

phases with transition metal cations of lower oxidation are formed from redox
reactions with solution species [54]; moreover, these compounds can be sponta-
neously delithiated under ambient conditions involving reactions with CO2 [72].
Thus, the application of some electro-active materials may be limited due to the
high processing costs associated with avoiding these secondary reactions and sta-
bility issues.
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4 Nanoparticle Assemblies as Li-Ion Battery Electrodes

The controlled assembly and arrangement of nanoparticles across extended and
varying length scales is a critical element in the design of integrated materials with
advanced functions. There is strong motivation to use nanoparticles as building
blocks because of the uniquely extensive effects that are only observed in nanosized
systems. The interaction between nanoparticles in spatially assembled
micro-arrangements can dictate some of the properties, thereby broadening the
potential applications for which these materials can be utilized.

Structured micro-assemblies built from nanoparticle primary subunits can be
classified into several categories: arranged, hierarchical, and oriented nanoparticle
assemblies. In addition to this, one-, two-, and three-dimensional systems exist
under each of these divisions. Methods of preparation can differ vastly depending
on the material being synthesized or processed. There is hardly a universal method
that can be applied for the majority of chemistries, but there are several general
approaches involving wet chemical techniques that are commonly used. Examples
of commonly used techniques include: solvothermal, sol–gel processing,
surfactant-assisted synthesis, or solvent-controlled synthesis [73].

The following sections include examples of microsized nanoparticle assemblies.
The covered examples are not exhaustive but meant to provide the reader with a
broad summary of the available methods and considerations.

4.1 Arranged Nanoparticle Assemblies

Self-assembled nanostructures with particular morphology and novel properties
have been the subject of intense research over the past several decades due to their
novel properties and tunable functions that can be utilized in a wide range of
applications [74–76]. The use of organic surfactants and polymers in material
synthesis has been a popular method of achieving morphological control, where the
polymer or foreign ions typically work to regulate and stabilize the surface of the
nanoparticles or directly serve as a templating agent [77].

One of the more facile approaches, because of its ease of processing and lack of
template, that falls under this scope is the polyol method. Utilizing the polyol
technique, hollow vanadyl glycolate nanostructured microspheres were synthesized
via a highly scalable and template free polyol induced solvothermal process [78].
Subsequent calcination transformed the precursor material into vanadium pentox-
ide, a well-studied transition metal oxide. The vanadyl glycolate nanoparticles were
synthesized through a self-seeding process, and then aggregated around N2 bubbles
formed during the reaction that acted as “quasi-micelles” due to the large polari-
zation discrepancy between nitrogen and water. The proposed formation mecha-
nism provides a firm understanding of the processes leading to the observed hollow
microsphere morphology.
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As shown by the SEM micrographs in Fig. 1, the hollow microspheres had an
average outer diameter of approximately 3.0 µm and an inner diameter of
approximately 750 nm, and were composed of aggregated nanoparticles. The size
of the individual nanoparticles that formed the hierarchical aggregate nanostructure
ranged from 60–110 nm, and was confirmed with a calculated average size of
77 nm as determined by applying the Scherrer equation to the full width at
half-maximum of the (001) peak from the XRD spectrum. The thermally treated
material was tested as cathode for Li-ion battery, and showed excellent cycle sta-
bility and high rate performance; specifically, the discharge capacities of the V2O5

microspheres at current densities of 300 (1 C), 900 (3 C), 1800 (6 C), 3600 (12 C),
and 6000 (20 C) mA g−1 were 241, 165, 127, 96, and 78 mAh g−1, respectively
(Fig. 1). The exceptional electrochemical performance was attributed to the rela-
tively thin walled structure that ensured fast phase penetration between the elec-
trolyte and active material, and shortened lithium-ion migration distance. The
prolonged cycling stability is ascribed to the inherent morphological void that can
readily accommodate volume expansion and contraction upon cycling.

Similarly, Cao et al. [79] synthesized hollow V2O5 microspheres composed of
nanorods formed via self-assembly. Hollow microsphere precursors of vanadyl
glycolate composed of assembled nanorods were first synthesized utilizing the
polyol process, and were then transformed to V2O5 with a simple annealing
step. No change in the morphology was observed upon annealing. The individual
nanorods comprising the structure were approximately 200 nm in diameter and
varied in length, while the overall spherical structures were approximately 2 μm in
diameter. The structures were successfully able to intercalate up to one Li-ion per
V2O5 formula unit, and showed moderate capacity retention up to 15 cycles with an
initial discharge capacity of 286 mAh g−1 [79]. It was determined that intercon-
necting nanoparticles between the self-assembled nanorods lead to a reduction in
the Li-ion diffusion distance, thereby increasing the kinetics of the material and the
overall electrochemical performance. It has since been revealed that hollow struc-
tures can result in favorable enhancements in capacity retention with cycling due to
the presence of the inner cavity that can accommodate cycling induced strain due to
the de/intercalation of Li-ion [80].

Fig. 1 a, b SEM and c rate performance of the V2O5 microsphere electrode at 1, 3, 6, 12, and
20 C of hollow V2O5 nanostructured microspheres. Reprinted with permission from Uchaker et al.
[78]. Copyright 2013 American Chemical Society
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Lithium rich layered oxides are promising cathode materials on account of their,
typically, much higher capacity (>250 mAh g−1) and potential for reduced cost [81].
Despite these advantages, they suffer from intrinsic poor rate capability and cycle
stability, primarily because lithium extraction is accompanied with Li2O oxidation in
the initial charge followed by substantial transition metal ion migration into the
lithium sites [82]. This oxidation and subsequent irreversible migration event is
stabilized by surface structural rearrangement that effectively impedes Li-ion trans-
port [83]. To combat these issues, micro/nano Li1.2Ni0.2Mn0.6O2 (LNMO) cathode
materials were processed using a hydrothermal reaction followed by calcination [84].
Rod-like, micro-sized oxalate precursor matrices are formed during the facile
hydrothermal synthesis, as depicted in Fig. 2. Subsequent decomposition of the
oxalate precursor is accompanied with large amounts of gas release, leading to
the formation of cubic or spherical shaped nanoparticles as the assembly units of the
rod-like matrix. The release of gas during calcination also leads to the formation of a
fairly porous structure, which can ease electrolyte penetration.

The rod-like structures (1–3 μm in width and 3–10 μm in length) are assembled
from nanoparticles with average sizes of 20–150 nm. When electrochemically
tested, this material retains a high discharge capacity of 212 mAh g−1 (97 % of the
initial capacity) after 30 cycles at 1 C, and exhibits an initial discharge capacity of
198 mAh g−1 at 2 C. The superior performance is attributed to the merits of the
assembled micro/nano structures; namely, the ability to reduce secondary reactions
occurring between the electrode and the electrolyte because of the high surface area
of the not completely isolated nanoparticles. These effects ultimately improve the
capacity retention, as demonstrated by the high discharge capacities of 244, 225,
212, and 186 mAh g−1 at 0.2, 0.5, 1, and 2 C current densities for 30 cycles at each
rate. The capacity retention values of 94, 91, 97 and 94 %, respectively, at each
current density step attest to the outstanding current rate and cycling performance of
the micro/nano material. These findings support the use of micro-sized nanoparticle
assemblies given that the issues of poor rate capability and cycle stability are
circumvented with this material design.

The manipulation of arranged microscaled nanoparticle assemblies has also
proven to be a productive route toward improved battery performance.

Fig. 2 a, b SEM images of LNMO under different magnifications; c capacity retention versus
cycle number of the LNMO cycled between 4.8 and 2.0 V at various specific currents ranging from
25 to 500 mA g−1 [84]
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H2Ti2O5·H2O nanowire arrays with an average diameter and length of 80 nm and
8 μm, respectively, were directly grown on Ti foil through an alkali hydrothermal
process combined with an ion-exchange process, as shown in Fig. 3. This precursor
material was then chemically lithiated and annealed under Ar/H2 gas at various
temperatures to convert the precursor into hydrogenated spinel Li4Ti5O12 (LTO).
Heat treatment in hydrogen may cause the loss of oxygen in LTO, resulting in the
formation of both oxygen vacancies and trivalent titanium ions that can enhance the
electronic conductivity [85]. The presence of hydrogen was confirmed through XPS
analysis of the O 1s peak which was altered by the presence of Ti-OH bonds.

Under this design, the hydrogenated LTO nanowire arrays possess large specific
surface area that facilitates the fast transfer of Li-ions. The presence of Ti3+ ions can
facilitate the electronic conductivity by allowing electron hopping from Ti3+ to Ti4+.
The oxygen vacancies do not contribute to electronic conductivity, at least not
directly, as they support ionic conduction. However, the presence of oxygen
vacancies leads to more void space inside the crystal lattice, and thus may allow
easier migration/diffusion of lithium ions. Comparison of H-LTO nanowire arrays
with pristine LTO nanowire arrays demonstrates the value of hydrogenation in terms

Fig. 3 a, b Cross-sectional SEM and c TEM images of H-LTO nanowire arrays; d Comparison of
the specific discharge capacities for the LTO and H-LTO nanowire arrays at various current
densities. Reprinted with permission from Shen et al. [85]. Copyright 2012 John Wiley & Sons, Inc
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of their high capacity (173 mAh g−1 at 0.2 C), excellent rate capability (121 mAh g−1

at 30 C), and good cyclic stability (*5 % capacity loss after 100 cycles at a rate of
5 C), as shown in Fig. 3. Ultimately, the manipulation of the nanowire assembly
contributed to an effective ambipolar diffusion of Li-ion and electrons into and out of
the electro-active species in the H-LTO nanowire architecture - enabling remarkable
rate capability, cycling performance, and improved stability.

4.2 Hierarchical Nanoparticle Assemblies

Nanoparticle assemblies with hierarchical structure are another intriguing and
promising version of structured micro-assemblies built from nanoparticle primary
subunits. Tailoring porous electrode architecture at the mesoscale is largely an
unexplored research direction. Such structures are often three-dimensional in their
geometry and coordination. With many of such structures having proven their
validity, the design and fabrication of hierarchically structured porous electrodes
could result in revolutionary energy storage systems. Several examples and their
performance as Li-ion battery electrodes are discussed.

Mesoporous Co3O4 hierarchical nanobundles were produced through a facile
hydrothermal strategy paired with subsequent annealing [86]. Microscopy revealed
that the Co3O4 nanobelts are composed of many irregular pores uniformly dispersed
with an average diameter of approximately 15–25 nm. The overall nanobundle
consists of assembled nanobelts with an average diameter of about 200 nm and
length of approximately 5 μm. The formation of the porous structure in the Co3O4

nanobelts can be attributed to the thermally driven contraction process during the
thermal decomposition of the precursor accompanied with the release of CO2 and
H2O. Examination of the electrode after 60 cycles (ending in the discharged state)
revealed that the original morphology of the Co3O4 is perfectly retained. This
retentive quality was reflected in the electrochemical results. The reversible specific
capacity was stable at 1667 mAh g−1 at a current density of 0.1 A g−1 after 60
cycles. Even at high current densities of 1 and 5 A g−1, the Co3O4 electrode still
could deliver a remarkable discharge capacity of 1264 and 603 mAh g−1, respec-
tively, for 100 cycles.

Spinel CoMn2O4 porous nanosheets were assembled into hierarchical micro-
spheres using solvothermal synthesis followed by calcination [87]. The diameter of
the overall microspheres varies from 4–6 μm, and the nanosheets are relatively
thick at approximately 350 nm, as displayed in Fig. 4, but this in turn effectively
ensures architectural stability.

The hierarchical architecture with spherical morphology possesses relatively low
surface energy, which results in significantly less self-aggregation during the
charge/discharge process. As a result, CoMn2O4 hierarchical microspheres can
cycle relatively stable with high capacity and rate capability despite their overall
tremendous size (Fig. 4). Similar morphologies and enhanced electrochemical
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performances have been reported for an array of electrode material candidates,
including LiFePO4, Mn2O3, TiO2, Fe3O4, V2O5, and Co3O4 [88–93].

MoS2-polyaniline (PANI) nanowires were synthesized through the hydrothermal
conversion of MoOx/PANI nanowires using thiourea, and the end product is shown
in Fig. 5 [94]. The two-dimensionally MoS2 nanostructures grew anisotropically
due to the crystallographically layered structure held by van der Waals interactions.
The MoOx/PANI nanowire precursor provides an excellent one-dimensional tem-
plate for hierarchical MoS2/PANI conversion and growth because of the soft and
flexible PANI chains that buffer volume expansion and thus preserve the overall
morphology during the sulfidation process. The end result was a 200–500 nm
diameter nanowire uniformly coated with ultrathin, irregularly shaped MoS2
nanosheets approximately 10 nm thick.

Comparing the cyclic voltammograms for the MoS2/PANI and MoS2 micro-
particles clearly revealed that the polymer incorporated design can more actively
and reversibly store Li-ions. In addition to a higher specific capacity in the initial
cycle, the MoS2/PANI nanowires show better cycling performance than the MoS2
microparticles, as well as rate capability (Fig. 5). Based on the Nyquist impedance
results shown in Fig. 5c, the MoS2/PANI experienced significantly decreased
charge-transfer resistance at the electrode/electrolyte interface when compared with

Fig. 4 a, b SEM images, c first three consecutive CVs, and d cycling performance at various
current rates (1 C = 900 mA g−1) of the CoMn2O4 hierarchical microspheres. Reprinted with
permission from Macmillan Publishers Ltd: Scientific Reports 2: 986 © 2012 [87]
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the MoS2 microparticles, indicating the greatly decreased charge-transfer resistance
at the electrode/electrolyte interface. The improved electrochemical performance of
the MoS2/PANI assemblies was ultimately attributed to nano-confinement of the
MoS2 primary units which promote kinetics because of the shortened diffusion
paths, while the primary architecture at the micrometer scale effectively avoids
aggregation of the active nanomaterials and facilitates the transport of electrons and
ions. Similar results have been reported for Fe2O3 except that the adopted mor-
phology was spherical instead of wire based [95].

Similar to these structures, columnar-shaped hierarchical SiOx nanoconifers were
directly self-organized on metallic NiSix nanowires through chemical vapor depo-
sition [96]. The SiOx nanoconifers act as an active element for alloying/de-alloying
with Li-ions because of their substantially higher surface areas, and the metallic
NiSix template serves both as efficient electron transport pathway and as rigid
mechanical support. The deposited template wires have an average length and
diameter of 5 μm and 170 nm, respectively, with a uniform 30 nm thick NiSix core.
The SiOx shells do not conformally deposit on the NiSix template and instead adopt
a conifer shape where periodic SiOx columns are self-assembled with a high
packing density, and is a result of the limited number of nucleation sites. After the
first cycle, the SiOx nanoconifer cell shows a very high coulombic efficiency of over
97 % for the subsequent cycles. After 20 cycles, the capacity is measured to be
∼1375 mAh g−1, which corresponds to ∼80 % of the initial capacity. Then, its

Fig. 5 a SEM images of the MoS2/PANI nanowires; b rate performances (0.01–3.0 V at
100 mA g−1), and c Nyquist plots (100 kHz–10 mHz) of the MoS2/PANI nanowires and
commercial MoS2 microparticles. Reprinted with permission from Yang et al. [94]. Copyright
2012 John Wiley & Sons, Inc

366 E. Uchaker and G. Cao



capacity is gradually degraded to about 800 mAh g−1 up to the 100th cycle. For
comparison, SiOx bulk exhibits very low capacity around 500–600 mAh g−1, and its
capacity drastically drops after a few cycles. It is speculated that the regularly
spaced voids among individual SiOx columns accommodate cycling induced vol-
ume expansion and reduce the Li-ion diffusion pathways through facile electrolyte
penetration. In this regard, the columnar shape provides great advantages in terms
of structural stability as well as enhanced kinetics. Analogous morphologies and
results have been seen in Cu-Si-Al2O3 cable arrays as well [97].

Zhang et al. [98] synthesized Fe2O3 microboxes by controlling the thermal
treatment conditions under which Prussian blue (Fe4[Fe(CN)6]3) precursors were
processed. Using this method yielded three different structures: relatively dense iron
oxide shelled microboxes with a large interior cavity, highly porous microboxes

Fig. 6 SEM images of the a relatively dense, b highly porous, and c hierarchically structured
Fe2O3 microboxes; cycling performance over the voltage range of 0.01–3.0 V at a current density
of 200 mA g−1. Reprinted with permission from Zhang et al. [98]. Copyright 2012 American
Chemical Society
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constructed from enlarged Fe2O3 nanoparticles (*70 nm), and hierarchically
structured shelled microboxes consisting of Fe2O3 nanoplatelets (200 nm edge
length with a thickness of *40 nm); all of which are displayed in Fig. 6. Despite
the primary nanoparticle size being smaller for the porous microbox, the hierar-
chical microbox actually displayed a higher and more stable discharge capacity. As
shown in Fig. 6, the hierarchical Fe2O3 microboxes exhibited the highest reversible
capacity of 945 mAh g−1 in the 30th cycle, while comparable capacities of 802 and
871 mAh g−1 were also obtained for the dense and porous Fe2O3 microboxes,
respectively. This finding further verifies the impact and importance that hierar-
chical structuring can have on electrochemical performance. Specifically, the hol-
low structure and the porous shell architecture facilitate penetration of the
electrolyte and transport of Li-ion ions in the electrode and efficiently buffers the
stress caused by volume variation during the charge-discharge process.

Following this work, Li et al. [99] synthesized double-shelled Fe2O3/Co3O4

hollow microcubes using a Prussion blue-supported annealing chemical reaction
route. Cobalt acetate was used as the Co2+ source and reacted with OH– to generate
Co3O4 which then coalesced on the Fe2O3 hollow microcube shell acting as tem-
plate. The robust Fe2O3 hollow microcube at the inner layer not only displays good
electronic conductivity but also acts as a stable support for the hierarchical Co3O4

outside shell consisting of nanosized particles. Impedance analysis revealed that the
charge transfer resistance of Fe2O3/Co3O4 is much lower than that of pure Co3O4,
and the composite electrode recorded an initial coulombic efficiency of 74.4 % and
specific capacity of 500 mAh g−1 after 50 cycles at a current density of 100 mA g−1;
these results are a factor of 3 times better than that of pure Co3O4 nanoparticle
sample.

4.3 Oriented Nanoparticle Assemblies

There has been considerable effort carried out regarding the synthesis and char-
acterization of ordered nanoparticle superstructures with a vast range of architec-
tures, also known as mesocrystals. As initially described by Cölfen and Antonietti,
mesocrystals, short for mesoscopically structured crystals, are crystallographically
oriented nanoparticle superstructures [75, 100, 101]. For some time, mesocrystals
were only studied in biomineral materials, but current research efforts have shifted
to the development of mesocrystalline organic molecules, metal oxides, and other
functional materials [102].

To date, novel nanoparticle arrangement has been achieved with colloidal
crystals and supercrystals or nanocrystal superlattices; however, individual nano-
particle orientation is not taken into account under these systems. Similar to these
systems, mesocrystals can be classified by their high degree of crystallinity and high
porosity, but differentiate themselves with subunit (individual nanoparticle) align-
ment along a crystallographic register. These highly desirable properties are due in
part to mesocrystal formation mechanisms, which are still poorly understood, and
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make mesocrystals the ideal material candidates for catalysis, sensing, and energy
storage and conversion applications. Porous materials with large specific surface
areas have been shown to enhance the performance of lithium-ion battery electrode
materials because of the more prevalent and uniform pores that ease intercalation by
decreasing the Li-ion diffusion distance and pathways. Thus, mesocrystalline
materials could be exceedingly beneficial when used as electrode for electro-
chemical energy storage devices, particularly Li-ion batteries, because of the
inherent and uniform porosity associated with the well-defined nanoparticle ori-
entation [103].

4.3.1 Anodic Materials

The majority of the work on anodic electrode materials has focused on TiO2 and its
derivatives because of its proven safety, good cyclic stability, and high rate per-
formance [104–106]. Initial reports of TiO2 mesocrystals focused on the topotactic
conversion of NH4TiOF3 [107, 108], and were followed with the synthesis of rutile
TiO2 through the use of organic additives [109, 110]. Hong et al. [111] were among
the first to develop rutile TiO2 mesocrystals using an additive free, low temperature
synthesis process. It is worth note that lithiation in microsized rutile TiO2 is limited
to a negligible amount because of anisotropic Li-ion diffusion that perturbs the
rutile framework which successfully blocks Li-ions from occupying thermody-
namically preferential octahedral sites [112, 113]. There are no such effects in
nanoparticle rutile TiO2 because of the short diffusion length, and significantly
more Li-ions can be reversibly incorporated [114].

TiO2 nanowires were first synthesized by hydrothermal growth, and were then
dispersed in an aqueous acid solution to yield mesocrystal bundles through ho-
moepitaxial aggregation. The individual nanowires measured several hundred
nanometers long and were 3–5 nm in diameter, while the overall bundles had a
diameter of approximately 70 nm. Corresponding selected area electron diffraction
(SAED) patterns verified the single crystal characteristics of the overall bundle.
Higher resolution TEM images further confirm the presence of homoepitaxially
oriented nanowires as well as their growth along the [001] direction.

The TiO2 mesocrystals demonstrated good rate performance and delivered a
large stable capacity of 200 mAh g−1 at 0.5 C; furthermore, the mesocrystals had a
stable reversible capacity of 171.3 mAh g−1 after 100 cycles at 1 C. The enhanced
lithium storage properties were ultimately attributed to the mesoscopic structure of
the rutile TiO2 mesocrystals, which offered a large specific surface area of
38.5 m2 g−1 and short transport distance as evinced by the low volume of mes-
opores. Both of these factors would facilitate lithium-ion intercalation at the
interface, shorten both the mass and charge transport distances, and better
accommodate any volume change accompanied with lithium-ion intercalation.

A mechanism for the formation of the rutile TiO2 mesocrystals in the absence of
polymer additives was proposed to occur through the homoepitaxial aggregation of
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hydrogen titanate single crystal nanowire subunits. It is proposed that Brownian
motion would bring two titanate nanowires in contact which would then be held
together by weak van der Waals forces. The attractive force between two hydrogen
titanate nanowires would be rather weak since the Hamaker constant of water is
more than an order of magnitude larger than that of hydrogen titanate, giving rise to
the formation of mesocrystals. Additionally, the acidic conditions would ensure a
relatively slow condensation reaction between the two nanowire surfaces, allocating
for better crystal orientation prior to aggregation. It should also be noted that
aggregation along the [001] direction provided the maximum attachment among
neighboring nanowires, and the greatest reduction in surface energy. It is also
proposed that the slow phase transformation at low temperature accounted for the
stability of the mesocrystal against fusing into single crystal. Interestingly,
Wulff-shaped octahedral and nanorod-like nanoporous mesocrystals composed of
ultrathin rutile TiO2 nanowires were produced when the surfactant sodium dodecyl
benzene sulfonate (SDBS) was introduced into the reaction system [115]. The
morphology of the mesocrystals depended largely on the content of SDBS, spe-
cifically the titanate/SDBS ratio, resulting in rutile mesocrystals with different
shapes. Again, the mesocrystals formed through homoepitaxial self-assembly of
nanocrystallites, but this time with the assistance of the SDBS additive.

As opposed to rutile TiO2, Ye et al. [116] synthesized ellipsoidal anatase TiO2

mesocrystals approximately 380 nm in length and 280 nm in diameter through the
solvothermal reaction of acetic acid and tetrabutyl titanite (TBT), the end result of
which is shown in Fig. 7. The mesocrystalline structures displayed a seemingly
rough surface and were composed of oriented nanoparticles ranging between 10–
20 nm in diameter. SAED confirmed the single crystalline characteristics of the
mesocrystal and revealed that the elongated ellipsoid direction corresponded to the
[001] direction, as observed in the inset of Fig. 7c. Time dependent growth inves-
tigations revealed that the mesocrystals formed through a series of several chemical

Fig. 7 a, b SEM and c, d TEM images, and e electrochemical performance of nanoporous anatase
TiO2 mesocrystals. Reprinted with permission from Ye et al. [116]. Copyright 2011 American
Chemical Society
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reactions involving ligand exchange, esterification, hydrolysis-condensation, and
finally transient metamorphosis.

It is desirable to develop additive-free solution routes considering that the
organic additives usually employed in mesocrystal synthesis are too costly for
wide-spread application. Towards this means, the acetic acid solvent played mul-
tiple roles during the mesocrystal formation process. The acetic acid acted as a
chemical modifier and lowered the reactivity of TBT while reacting with it to form
metastable precursors for the slow release of soluble titanium-containing species so
that nascent anatase nanocrystals were continuously being formed. Acetic acid
reacted with TBT to yield butyl acetate that operated as a templating agent during
oriented aggregation while the nanocrystals were stabilized by acetic acid, thus
preventing single crystal formation and eventually leading to mesocrystal formation
along the [001] direction through the oriented attachment mechanism.

The mesocrystalline nature of the particles was most likely achieved through the
oriented attachment mechanism and infusion between the TiO2 nanoparticles,
leading to a decrease of the interfacial nucleation sites for the rutile phase. The
formation of the TiO2 mesocrystals through the oriented attachment mechanism
also decreased the number of grain boundaries existing between individual TiO2

nanoparticles, thus resulting in facile electronic conduction and fast Li-ion transport
between the electrolyte and the mesocrystal electrode. The uniformly dispersed
nanopores throughout the structure of the mesocrystals can facilitate contact with
the electrolyte, hence increasing the electrode/electrolyte interface which favors fast
Li-ion transport. These speculations were validated when the mesocrystal TiO2

anode was compared to a TiO2 anode composed of nanoparticles of approximately
the same size as the mesocrystalline subunits, approximately 15 nm (Fig. 7e). The
capacity of the mesocrystals and nanocrystals were comparable at lower current
densities. However, the mesocrystalline anode considerably outperformed its
nanoparticle counterpart at higher current rates, 152 mAh g−1 compared to
115 mAh g−1 at 2 C (1 C = 170 mA g−1), respectively, while demonstrating an
overall good rate capability. The mesocrystals also demonstrated good cycle sta-
bility, with approximately 74.2 % of the initial 205 mAh g−1 discharge capacity
retained after 60 cycles at 1 C.

Expanding upon their previous work, Hong et al. [117] went on to control the
morphology of both rutile and anatase TiO2 mesocrystals through the use of dif-
ferent counterions during synthesis. Dumbbell shaped rutile TiO2 mesocrystals
were obtained when an HCl aqueous solution was used (Fig. 8a/b), while
truncated-octahedral anatase TiO2 mesocrystals were obtained when the aqueous
solution was H2SO4 based (Fig. 8c/d). The dumbbell shaped rutile TiO2 super-
structures were approximately 800 nm in length, and assembled from thin nano-
wires with average diameters of 3–5 nm grown along the [001] direction. Nitrogen
adsorption analysis measured the specific surface area at 12.6 m2 g−1 and revealed
that the sample had a low volume of mesopores.

The samples treated with an aqueous H2SO4 solution produced truncated-
octahedral anatase TiO2 mesocrystals measuring 25–50 nm that were made up of
3–5 nm sized nanoparticles. SAED was used to determine that the nanoparticle
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subunits were highly oriented along the [101] direction and elongated along the [001]
direction, seemingly adopting a Wulff-shaped formation corresponding to the prin-
ciples of single crystal growth [115, 118]. These results indicate that the
truncated-octahedral anatase TiO2 mesocrystals were a single crystal intermediate.
The Brunauer–Emmett–Teller (BET) nitrogen adsorption derived surface area and
total pore volume was 225 m2 g−1 and 0.43 cm3 g−1, respectively. The anatase
mesocrystals had a narrow micropore size distribution of approximately 0.5 nm,
while the average mesopore was approximately 18 nm.

A proposed formation mechanism for the counterion controlled TiO2 super-
structures is depicted in Fig. 8e. It has been well documented that the titanate
precursor has a layered structure made up of edge sharing TiO6 octahedra with H+

or K+ occupying the interlayer spaces. The TiO6 octahedra will rearrange under
acidic conditions into either anatase, which is assembled from four edge and corner
sharing octahedra, or rutile, which is assembled from two edge and corner sharing
octahedra. Based on geometrical considerations, linear chains can only form
rutile-type nuclei whereas skewed chains can only form anatase-type nuclei [119].
Thus, the titanate nanowire precursor kept its morphology when subjected to acidic
conditions except when exposed to ½SO4

�� because of its steric hindrance effects.
Therefore, the titanate nanowires readily decomposed to nanoparticles in the
presence of H2SO4; in either case, the mesocrystals formed through oriented
aggregation.

The galvanostatic charge-discharge performance as a function of current density
for both the rutile and anatase mesocrystals was compared to nanoparticles of their
corresponding material and size; both mesocrystal specimens demonstrated their

Fig. 8 a SEM and b TEM images of the rutile TiO2 dumbbell mesocrystals, c and d TEM images
of the truncated-octahedral anatase TiO2 mesocrystals, e schematic of the proposed formation
mechanism of TiO2 superstructures with different morphology and phase. The insets in b and d are
the corresponding SAED patterns. Rate capability of the f dumbbell shaped rutile and
g truncated-octahedral anatase TiO2 mesocrystals and comparison with similarly sized commer-
cially available particles of the same phase (open—discharge, filled—charge). Reprinted with
permission from Hong et al. [117]. Copyright 2012 John Wiley & Sons, Inc
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advantages. At a discharge rate of 5 C, the rutile mesocrystals had a discharge
capacity of 103 mAh g−1, while the rutile nanoparticles only exhibited 28 mAh g−1.
Equivalent differences in specific capacity were observed at lower current densities
as well, attesting to the overall superiority of the mesocrystal material as revealed in
Fig. 8f. Similarly, the anatase mesocrystals exhibited a discharge capacity of
124 mAh g−1, while the anatase nanoparticles only exhibited 32 mAh g−1 at a
discharge rate of 5 C (Fig. 8g). For the anatase mesocrystal, discrepancies in the
capacity were more pronounced at higher discharge rates and less noticeable at
lower current density. The improved Li-ion intercalation rate performance was
attributed to the intrinsic characteristics of the mesoscopic TiO2 superstructures,
which had a single crystal-like and porous nature that facilitated fast electron
transport and relieved the strain from volumetric change.

Xu et al. [120] developed an electrochemical synthesis route that produced
leaf-like CuO mesocrystals without the aid of any surfactants. Copper foils were
simply immersed in an aqueous solution of NaNO3 to which a constant voltage was
applied. The resulting mesocrystals adopted a two-dimensional needle-like mor-
phology, and were designated ‘nanoleaves’, as shown in Fig. 9a. The CuO nano-
leaves were approximately 50 nm wide and several hundreds of nanometers long.
Moreover, the nanoleaves were composed of many small particles (Fig. 9b).
Figure 9c displays an HRTEM image of a single nanoleaf, while Fig. 9d reveals the
corresponding SAED pattern. The single crystal like quality of the SAED pattern
indicates that the nanoparticles making up the nanoleaf share the same crystallo-
graphic orientation. Time resolved deposition/growth analysis uncovered that the
CuO mesocrystals form through the oriented attachment of small nanocrystals. It is
speculated that the CuO mesocrystals formed through the dehydration of Cu(OH)2,
and subsequently self-assembled along a mutual orientation. The leaf-like mor-
phology was adopted because of defects and surface energy constraints, which lead
to different growth rates along the width and length of the nanoleaves. However, a
more lucid and detailed formation mechanism has yet to be divulged.

Upon investigating the electrochemical performance of the CuO mesocrystal, it
was established that the CuO mesocrystals exhibit a high initial discharge capacity
of 1063 mAh g−1 and a reversible capacity of 674 mAh g−1, which is close to the
theoretical capacity of 670 mAh g−1 as shown in Fig. 9e. The cycle stability is also
displayed in Fig. 9e, and slight capacity fading was observed over the course of 30
cycles. Comparatively, the CuO microflake electrode deteriorated quite quickly and
had a reversible capacity less than 200 mAh g−1 after 30 cycles. The improved
electrochemical characteristics of the CuO mesocrystalline nanoleaves were ulti-
mately attributed to their high surface area, confined thickness, and oriented single
crystal domains.

There are several other material systems that have been studied and not included
for the sake of brevity; some such systems are: SnO, SnO2, Fe2O3, and Co3O4

[121–126].
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4.3.2 Cathodic Materials

Compared to their anodic partners, there are considerably fewer studies concerning
cathodic electrode materials; it is probably attributable to the fact that cathodic
materials are typically complex oxides. The synthesis of nanostructured primary
units and crystallographic alignment of complex oxides are understandably more
challenging and difficult to control. Specifically, it is common for cathodic materials
to contain lithium in the as-prepared state. Provided the qualities of lithium, its
stoichiometry under most synthetic processing methods is problematic to govern.

Monoclinic nanostructured metastable vanadium dioxide, VO2(B), was synthe-
sized from the reduction of commercially available V2O5 utilizing additive-free
solution-based processing methods where oxalic acid served as both the reducing
and chelating agent due to its disposition to serve as a bidentate ligand [127]. The
size and morphology of the as-prepared VO2(B) material was examined using SEM,

Fig. 9 TEM images of the leaf-like CuO mesocrystals at a low and b high magnification; c TEM
image and d SAED pattern (from the highlighted area) of an individual CuO nanoleaf. e The cycle
performance of the leaf-like CuO mesocrystal compared with CuO microflake. Reproduced from
Ref. [120] with permission from The Royal Chemistry Society
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the results of which are displayed in Fig. 10a. A typical VO2(B) sample was mainly
composed of uniform micron sized ellipsoidal stars with an average height and
width of approximately 2.8 and 1.5 µm, respectively. Each mesocrystal was
composed of six arms that are self-assembled from stacked nanosheets 20–60 nm
thick and radially aligned with respect to the center of the structure. Cross-sectional
TEM images of an ultramicrotomed sample (Fig. 10b/c) approximate the overall
thickness of each hierarchically nanostructured arm at 200–300 nm. The inset of
Fig. 10c displays the SAED pattern for an arm region, the single crystalline nature
of which confirms mesocrystal formation. Indexing the SAED pattern revels that

Fig. 10 a Representative SEM image of the as-synthesized vanadium dioxide mesocrystals
showing the stacked nanosheets composing each arm; b and c TEM images of a cross-sectioned
VO2(B) mesocrystal and corresponding SAED pattern (inset). d Proposed formation mechanism of
the VO2(B) mesocrystals; e discharge-rate capability at various current densities and f cycle
stability and Coulombic efficiency over 50 cycles at 150 mA g−1. Reprinted with permission from
Uchaker et al. [127]. Copyright 2013 John Wiley & Sons, Inc
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the individual VO2(B) nanosheets exhibit preferential growth along the [010]
direction, indicating that the (010) plane has a relatively high stacking rate that is
realized by considering the relative stacking rate of the octahedra at various crystal
faces [128].

The rate capability of the VO2(B) mesocrystals was tested at incremental dis-
charge rates, for 15 cycles at each increment, starting at 150 mA g−1 (1 C) and
terminating at 1500 mA g−1, the results of which are displayed in Fig. 10e. Most
notably, the VO2(B) electrodes demonstrated a high capacity of 158 mAh g−1 at the
10 C rate. Cycle stability investigation at the 1 C rate determined that the VO2(B)
electrodes adopt a stable capacity value of approximately 195 mAh g−1 up to fifty
cycles. In essence, it was concluded that the exceptional capacity of the VO2(B)
superstructures can be attributed to the mesocrystalline arrangement that leads to
the exposure of the (001) facet, which has a lower energy barrier for faster and more
efficient Li-ion intercalation [129, 130].

Dang et al. [131] established a selective mesocrystal formation methodology for
various manganese oxides based on the topotactic transformation of a biomimet-
icaly prepared MnCO3 precursor through an Mn5O8 intermediate. The term to-
potaxy describes all solid state reactions that lead to a material with respective
crystal orientation that can be correlated with crystal orientations in the initial
product [101]. In brief, the mesocrystalline MnCO3 precursor was annealed to form
the Mn5O8 intermediate, while the mesocrystal morphology was maintained, and
was then reacted hydrothermally with LiOH to form the various mesocrystalline Li–
Mn–O compounds. The initial MnCO3 precursor took on a rhombohedral mor-
phology with an edge length of approximately 10 μm. The subunit particles that
made up the MnCO3 precursor were square, uniform platelets approximately
500 nm in size, as revealed in Fig. 11a/b.

The precursor morphology and subunit particle size was preserved during the
intermediate Mn5O8 topotactic transformation process; however, pores with an
average size of 100 nm were formed due to the decomposition of MnCO3, spe-
cifically the volume reduction attributed to the removal of CO and CO2 (Fig. 11c/d).
More notably, different Li–Mn–O compounds could be acquired by adjusting the
quantity of LiOH used during the hydrothermal process—specifically, LiMnO2,
LiMn2O3, and LiMn2O4. Too high of annealing temperature resulted in a randomly
oriented Mn2O3 product which also failed to adopt nanoparticle orientation fol-
lowing hydrothermal treatment. A schematic diagram of the various formation
pathways is illustrated in Fig. 11e.

The shape and size of the overall MnCO3 precursor was maintained through the
hydrothermal process, and imparted unto the LiMnO2, LiMn2O3, and LiMn2O4

products. However, the size and morphology of the subunit nanoparticles com-
prising the superstructures differed significantly. For instance, LiMn2O4 prepared
with only 12 wt% more LiOH exhibited both nanosheet and nanoparticle mor-
phology with average sizes of 100 and 250 nm, respectively. The packing density
and surface roughness of the mesocrystal composing nanoparticles could also be
tailored by adjusting the amount of LiOH used, based on SEM images.
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The lithium intercalation capability of the LiMn2O4 mesocrystals were then
investigated, and compared to that of porous, single-crystalline LiMn2O4 nano-
particles. The typical two-stepped plateau of the LiMn2O4 cubic spinel, corre-
sponding to two different Li-ion intercalation processes, was obtained and the
specific capacity was 98 mAh g−1 at 100 mA g−1. It is worth mentioning that the
half-cells were cycled between 3.1 and 4.4 V, which is a relatively high electro-
chemical window. A comparison of the capacity retention of the LiMn2O4 meso-
crystals and randomly oriented nanoparticles, when cycled at 100 mA g−1, is shown
in Fig. 11f. After 100 cycles, the mesocrystalline LiMn2O4 retained 86 % of its
initial capacity, while the nanoporous specimen was only able to maintain 74 % of
its preliminary value. Additionally, a composite electrode prepared from equal parts

Fig. 11 SEM images of the a, b MnCO3 and c, d Mn5O8 precursor mesocrystals.
e Transformation from MnCO3 precursors to lithium manganates via manganese oxides where
the final crystal phase depends on the [LiOH]/[Mn5O8] molar ratio during the hydrothermal
process. (f) Cycle stability in terms of capacity retention for the LiMn2O4 mesocrystals compared
with nanoporous LiMn2O4 particles between cutoff voltages of 3.1–4.4 V and at a current density
of 100 mA g−1. Reproduced from Ref. [131] with permission from The Royal Chemistry Society
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LiMnO2 and LiMn2O3 demonstrated exemplary capacity at various current densi-
ties, most notably 192 mAh g−1 at 10 mA g−1. The enhanced electrochemical
performance of the mesocrystals was attributed to their high degree of crystallinity
and exposure of specific surface facets.

Cao et al. [132] successfully developed an approach to regulate the morphology
of Mn and Ni based carbonate precursors. Highly uniform and oriented particulate
assemblies yielded well-designed superstructures with high tap density and high
voltage capability. LiMn1.5Ni0.5O4 (LMNO) adopts the spinel structure while
offering a high operating voltage and rate capability, but its morphology is difficult
to control because of the high synthesis temperatures often required. Manganese
and nickel containing carbonates were effectively synthesized by exploiting the
gradual production of NH3 and CO2 stemming from the decomposition of urea
during hydrothermal treatment.

The morphology was controlled by using different salt compounds; Fig. 12a, c
show the carbonate based Mn and Ni precursors formed using metal chlorides and
metal sulfates, respectively. The inset picture of Fig. 12a clearly demonstrates that
the mesocrystalline microcube had an edge length of approximately 10 μm and a
tap density as high as 1.7 g cm−3. Closer inspection reveals that the microcubes are
in fact built up from layers of oriented and stacked square nanosheets approxi-
mately 200 nm in dimension. Time resolved hydrothermal growth investigations
suggested that MnCO3 precipitated out preferentially, and that the Ni2+ ions took
some time to fully precipitate into NiCO3. However, the full precipitation of NiCO3

coincided with radical change in the sample morphology from random and irregular
to oriented and hierarchical. The carbonate based microspheres, Fig. 12c, had an
average diameter of 15 μm but were also composed of nanoparticle subunits, albeit
less uniform than the microcube counterpart. As expected, based on geometrical
considerations, the microspheres had a higher tap density of 1.9 g cm−3.

Elemental mapping of each morphology proved that MnCO3 and NiCO3 were
successfully co-precipitated throughout each particle; no detectable degree of
segregation was noticed. XRD confirms the presence of MnCO3 and NiCO3 in both
the mesocrystalline microcubes and microspheres, although the peaks are more
intense for the microcubes indicating a higher degree of crystallinity. The narrow
size distribution of both the superstructure morphologies is ascribed to Ostwald
ripening. Heat treatment of these materials with LiOH generated LMNO.

The electrochemical performance of the LMNO mesocrystals was compared to
that of irregularly shaped, commercially available material when cycled between
3.4 and 5 V. Figure 12e reveals that both the mesocrystalline microspheres and
microcubes exhibited superior cycle stability with essentially no capacity fade over
fifty cycles; the commercial LMNO sample demonstrated moderately lower initial
capacity and experienced an 11 % capacity fade under the same conditions. It is
possible that the improvement in cycle stability might be attributed to the unifor-
mity in particle size and geometrical robustness of the mesocrystal particles.
Overall, the study validated the superiority of the mesocrystal materials in terms of
higher volumetric capacity and stability.
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Lithium iron phosphate (LiFePO4 or LFP) has attracted much attention in both
research and industrial communities because of its high theoretical capacity of
170 mAh g−1, stable discharge rate at a voltage of *3.4 V, low cost due to
abundance of raw materials, and excellent thermal and chemical stability [133].
Yet, LFP has despairingly low electrical conductivity that limits its application in

Fig. 12 SEM micrographs of mesocrystalline microcube a carbonate precursor and b LMNO final
product; mesocrystalline microsphere c carbonate precursor and d LMNO final product.
e Comparative cycle performance of LMNO mesocrystalline microcubes, microspheres, and
commercial nanoparticles. f Rate capability of LiMn2O4 mesocrystalline microspheres; inset: first
dis/charge profiles of the LMNO mesocrystalline microcubes, microspheres, and commercial
nanoparticles at the 0.1 C current rate. Reproduced from Ref. [132] with permission from The
Royal Chemistry Society
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high power devices but could potentially be mitigated by the use of mesocrystalline
electrode materials. Bilekca et al. [134] synthesized LiFePO4 mesocrystals via an
extremely efficient microwave-assisted route. The versatility of this synthesis
method was illustrated by its ability to synthesize LiMnPO4 under similar condi-
tions. The as obtained product was composed of slightly elongated nanoparticles
(*100 nm) that nearly fused together into discs approximately 1 μm in diameter.
The LFP mesocrystals were tested as cathode material for Li-ion battery, and
exhibited an initially moderate capacity of 150 mAh g−1 that was extremely stable
upon cycling from 2.0 to 4.5 V at a rate of 340 mA g−1 (2 C). The LFP mesocrystals
also show modest rate capability (81 %) up to a discharge rate of 8 C. Despite the
lack of a carbon coating and modest cycling performance, the study did not clarify
or expand upon the relationship between the unique structural features and the
performance of the LFP mesocrystals and only suggested that the implementation
of mesocrystals as electrode material may be the linking factor [134].

In an attempt to compensate for the low electronic conductivity of LFP, carbon
coated LFP mesocrystals were later studied by Xia et al. [135], where they were
synthesized using a solvothermal and post-growth annealing route. A nearly
identical technique, except for the inclusion of surfactant during synthesis, yielding
an analogous product has been reported by Chen et al [136]. The annealing route
was required in order to convert the L-ascorbic acid into the carbon that coated the
surface of the primary nanoparticles. In this way, the carbon coating encasing all of
the nanoparticle primary subunits was uniform and the mesocrystal structure itself
provided a framework for improved conduction. Spindle-like structures approxi-
mately 2 μm in length and 1 μm in width, composed of nanoparticles approximately
100 nm in length and 50 nm in width, were observed with SEM and are depicted in
Fig. 13. TEM analysis revealed the mesocrystalline nature of the obtained product;
it was determined LFP was formed almost immediately during reaction and that the
morphology progressed through standard non-classical crystallization techniques
using a nanoparticle surface modifier as determined from time dependent growth
studies.

The spindle-like LFP mesocrystals demonstrated an incredibly stable cycling
stability of approximately 157 mAh g−1 over the course of 50 cycles at the 0.1 C
rate, with an overall drop in capacity of only 3 %. Conversely, electrochemical
impedance spectroscopy revealed that the charge transfer resistance (Rct) decreased
from 57.7 to 28.7 Ω after the 50 cycles; the LFP mesocrystals also exhibited a
moderate rate capability that terminated at 117 mAh g−1 at a rate of 5 C [135]. The
electrochemical performance was attributed to the porous structure that shortened
the Li-ion diffusion length, enhanced electrolyte penetration, and increased the
electrochemical reaction surface, thus alleviating electrode polarization. The
incorporation of the uniform carbon coating throughout the structure also aided the
electrochemical capability by enhancing the electronic conductivity.

In a separate study, LiFePO4 dumbbell-like mesocrystals, as shown in Fig. 14,
were prepared by a simple solvothermal process in the presence of polyvinyl
propylene (PVP) [137]. SEM imaging shows that the dumbbell-like microstructures
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have length ranging from 1.5 to 2 µm and that they are hierarchically constructed
with two-dimensional nanoplates that are approximately 300 nm in length and
50 nm thick. Without PVP, irregular and non-uniform plates with a large size were
formed; reduced amounts of PVP resulted in three-dimensionally hierarchical
microstructures formed from nanoplates, but with a wide size distribution.
Synthesis with other surfactants failed to produce oriented LFP mesocrystals but
rather irregular and non-uniform disc-like particles of large size.

On the basis of TEM time dependent investigations, a formation mechanism
behind the dumbbell shaped LFP mesocrystals was proposed. The process was
stated to carry out over several different stages that started with initial nucleation
and growth of rectangular nanocrystals that would then aggregate and orientedly
attach into large rectangular shaped structures due to PVP related effects. With
prolonged reaction time the previously formed structures consisting of nanoplates
demonstrated a preference to tilt at both ends because of lattice tension or surface
interaction in the edge areas, resulting in the formation of the bowed-out assembly.

Fig. 13 SEM images of spindle-like LFP structure obtained for a growth period of a 20 h, b pH of
10; c HRTEM image. d The charge/discharge profiles of the spindle-like LFP architecture in the
voltage range from 2.5 to 4.2 V at various current rates. Reproduced from Ref. [135] with
permission from Elsevier
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Li3PO4, whose presence was detected using XRD, would then dissolve and
recrystallize to LiFePO4 where it would collect on the edges of the pre-existing
LiFePO4 nanoplates. Thus, is can be surmised that dumbbell LiFePO4 mesocrystal
formation is based on a dissolution-recrystallization process with eventually com-
plete phase transformation.

Prior to electrochemical testing, the PVP was converted to carbon through
annealing; the inherent amount of carbon present was measured to be 1 wt%. At a
current rate of 0.03 C, the dumbbell mesocrystals had an initial discharge capacity
of 100 mAh g−1 that improved to 110 mAh g−1 after 70 cycles. The lack of capacity
fade indicates that the material is extremely stable. The capacity of the dumbbell
mesocrystals was also higher than that of commercially available LFP while
showing less polarization and a longer discharge plateau (Fig. 14d). The authors
reasoned that the disparity between the two materials may exist because of a
pseudocapacitive effect in the mesocrystalline LFP imparted by its nanosized
component. Similarly shaped LiFePO4 mesocrystals formed through several other
routes have been reported as well [138, 139].

Fig. 14 a, b SEM images, c cycle stability, and d comparison with commercially available
material of the LiFePO4 dumbbell-like mesocrystals. Reprinted with permission from Yang et al.
[137]. Copyright 2009 American Chemical Society
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5 Concluding Remarks

Ensembles and novel arrangements of nanoparticles can collectively exhibit prop-
erties vastly different than individual nanoparticles or bulk materials. Micro-sized
nanoparticle assemblies are a promising class of hierarchically nanostructured solid
materials that coincidentally have many inherent traits that are desired for Li-ion
battery electrodes. Such characteristics include: large surface area, high porosity,
small primary subunit size, large overall assembly size, and high degree of crys-
tallinity. A great deal of the research efforts, to date, concerning micro/nano
assemblies have focused on understanding their formation mechanisms, but newer
works reviewing their application are starting to emerge. In terms of battery per-
formance, the porous structure inherent to micro/nano assemblies can facilitate
contact with the electrolyte thereby leading to fast Li-ion transport mechanics while
at the same time accommodating lithiation induced volume expansion and strain
giving way to improved cycling stability.

For mesocrystals, the oriented arrangement of nanoparticle subunits can elimi-
nate the grain boundaries between adjacent particles thus offering much better
charge and mass transport, and ultimately better rate capability. Provided this
unique combination of nanoparticle properties and order combined with a micro-
scopic or even macroscopic size, mesocrystals have strong potential as active
materials for lithium-ion battery electrodes. These assemblies possess the structural
and chemical stability of microsized electrodes while exploiting the beneficial
properties associated with nanosized electrodes and their large reactive surface area.

Micro/nano assemblies have also demonstrated great potential for applications in
catalysis, sensors, and electronics. Other applications are yet to be explored where
huge surface area and good charge and mass transfer properties are required or the
hierarchical structure can offer synergistic advantages; for example,
nanostructure-based solar cells, such as dye-sensitized solar cells or quantum dots
solar cells, would greatly benefit from the applications of such micro/nano
assemblies, as they would offer charge transfer properties similar to single crystals,
large surface area as seen for nanoparticles, and desirable light scattering.
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2D and 3D Imaging of Li-Ion Battery
Materials Using Synchrotron Radiation
Sources

Ulrike Boesenberg and Ursula E.A. Fittschen

1 Introduction

Improving the performance of Li-ion batteries in terms of e.g. power density, life
time and stability is mandatory to promote applications beyond consumer elec-
tronics such as electric vehicles or large scale energy storage. Careful character-
ization of the involved materials regarding composition, phases and their
interactions with electrolyte and/or charge carriers is essential for understanding the
functionality and performance of the battery. X-ray based studies on the solid state
characteristics of materials/electrodes used in Li-ion batteries are very resourceful
for understanding performance of Li-ion cell systems. Recently a full beamline was
dedicated to the study of rechargeable batteries at Spring-8 in Japan [1]. X-ray
diffraction (XRD) and X-ray absorption spectroscopy (XAS) provide knowledge on
phase changes and redox activities and belong to the canon of standard techniques
for bulk material characterization.

Common battery electrodes are typically hierarchically structured. They are
usually composites of materials where particulates of active and conductive material
are embedded into a binder to form a porous structure. One can immediately
envision a whole number of challenges concerning issues like charge and mass
transport or interface reactions. Figure 1 shows the complex physical microstruc-
tural characteristics of a composite electrode [2].

On the material level the performance and capacity are linked to the physical
microstructure and local chemistry. Insertion of Li ions in intercalation materials
generally requires a slight adaptation of the crystal lattice to accommodate for the
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Li-ion and requires a change of oxidation state to compensate for the additional
positive charge, i.e. the Fe in FePO4 will undergo valence change from Fe3+ to
Fe2+. The high level performance of battery electrodes is thus quite a complex
matrix of chemistry and morphology on a range of length scales from nm to cm.

And indeed, inhomogeneities in elemental distribution, defects in the atomic lat-
tice and heterogeneity in physical structure, such as changes in porosity and tortuosity
on the mesoscale, are considered key factors for degradation and capacity fade [3–5].
Heterogeneities can easily lead to inhomogeneous current distribution and inacces-
sible capacity. Capacity loss is the major contribution to aging of Li ion batteries. For
an accurate description and modeling of the aging process, experimentally obtained
data is essential [6]. Deeper understanding of degradation mechanisms may lead to
improved electrode design and thus result in an increase of life-time.

Not only aging and degradation is affected by the microstructural characteristics
of an electrode. Parameters such as particle and/or agglomerate size, porosity, layer
thickness etc. can also make the difference in the application as high power or high
energy cells. This for example described for graphitic anodes in Ender et al. [7]. To
fully understand the correlation between morphology and chemistry, spatial char-
acterization is therefore needed over a large range from the nanoscale all the way to
the electrode level.

This chapter will highlight Li-ion battery research using 2D and 3D synchrotron
based X-ray imaging techniques and show examples from characterizations of full
electrodes as well as single particles. We will give a brief introduction into the
available techniques and designated set-ups to make room for the results that

Fig. 1 Segmented FIB/SEM images of electrode films with varying porosities. White represents
active material domains, light gray represents carbon domains, black represents pore domains, and
the top dark gray and bottom gray represent the exterior volume and current collector respectively.
Reprinted with permission from reference [2]. Reproduced with the permission of the
Electrochemical Society
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provide spatial resolved insight into battery material chemistry and physical
microstructure. For the details of the contrast methods and the X-ray optics we
would like to refer the reader designated textbooks or review articles where these
are developed in greater detail.

2 X-Ray Micro Probes

In situ micro analysis on Li ion batteries has been reviewed recently focusing on
electron microscopy and touching also other microscopic probes as well [8].
Electron microprobes offer spatial resolution of a few nano meters and less.
However in situ and operando capabilities are limited due to the low depth of
information and the restriction of the probe environment.

Although much less common, X-rays are an efficient probe for spatially resolved
measurements generally referred to as X-ray microscopy or X-ray micro- and
nanoprobe where data can be obtained in 2 or 3 dimensions (tomography). Their
high penetration depth and good spectral resolution allow access to relate physical
structures to properties with reasonable spatial resolution. Commonly down to
20 nm at 3rd generation synchrotron facilities and recently even down to 5 nm
using ptychography with soft X-rays (E < 2 keV) [9, 10]. In recent years, multiple
groups around the world have focused on imaging Li-ion batteries and their
materials on a range of length scales. Synchrotron light sources are often preferred
for their higher photon flux in comparison to lab sources. This drastically reduces
imaging times and facilitates higher spatial resolution.

2.1 X-Ray Imaging Contrasts Available for 2D/3D Imaging

The three most common X-ray contrast methods used for spatially resolved mea-
surements are absorption, fluorescence and diffraction/scattering. X-ray absorption
spectroscopy measurements are a special case of utilizing the absorption contrast,
due to the strong contrast variation in the vicinity of an absorption edge. The
selection of a suitable instrument and contrast method strongly depends on the
relevant scientific question. In the following we will briefly introduce a few fun-
damental characteristics of X-rays and highlight the three most common methods to
obtain contrast.

• Absorption contrast images in general show physical distribution of matter such
as morphology e.g. particle assembly in an anode, similar to optical and electron
microscope images. Special cases are

– phase contrast for soft matter and
– energy resolved imaging for chemical speciation.
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• Diffraction contrast images show changes in crystal structure. Crystallinity of
the material is a prerequisite. A special case is coherent diffraction imaging,
where the far field diffraction pattern is collected which allows conclusions on
the distribution of matter (morphology) with higher resolution than the optics
provided. This method is independent of the crystallinity of the material.

• Fluorescence contrast allows to access the distribution of elements depending on
the limits of detection for the respective elemental lines. In general the probe is
more sensitive for high Z elements having low limits of detection in the ppb
range.

2.1.1 Absorption Contrast

X-ray absorption contrast the most commonly applied contrast method is frequently
used in daily live for e.g. taking radiographs for medical reasons. Absorption
imaging visualizes matter according to its density and absorption cross sections.

Interaction of X-rays with matter is based on the interaction of high energy
photons with predominantly the core electrons of the respective atoms.

The X-ray attenuation is a measure to describe the X-ray interaction with a
respective element or compound. Overall it decreases with rising energy of the
photons and increases with increasing atomic number. This results in rather large
penetration depth and thus enables studies of volumes representative for the
regarded material. In comparison to other spatially resolved characterization tech-
niques such as electron microscopy, X-ray microscopy is therefore generally con-
sidered a bulk technique, unless special experimental setups or low energy X-rays
are employed to e.g. remain surface sensitive.

Within the illuminated sample volume, the absorption follows the Beer-Lambert
law IðxÞ ¼ I0e�lðEÞqx. Where I is the transmitted intensity after a path of the length
x (e.g. the thickness of the sample). I0 represents the intensity at x = 0, while µ(E)
corresponds to the energy dependent mass attenuation coefficient and ρ the density
of the material. Changes in the density of the material by e.g. defects (cracks, voids)
or phase boundaries will therefore lead to changes in the absorption and can image
morphology and phase distribution (phases with heavier elements vs. lighter
elements).

Phase contrast uses information concerning changes in the phase of an X-ray
beam that passes through an object. Images are created similar to phase contrast
used in optical microscopy. Accordingly, the beam’s phase shift caused by the
sample is not measured directly, but is transformed into variations in intensity,
which then can be recorded by the detector [11–13]. It can be better understood
thinking in terms of wave optics rather than ray optics. Typically this method
enhances edges of sample features. Phase contrast is most commonly used for
imaging materials that show poor absorption contrast i.e. biological matter, due to
the low absorption cross sections of the light elements but has recently been applied
to battery materials [14, 15].
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The weak interaction of X-rays with matter causes quasi none-destructiveness in
comparison to other probes such as ions and electrons and thus allows for in situ or
operando analysis. Nonetheless, radiation induced damage can become an issue
especially for experiments which have a long exposure, or high radiation dose per
area (focused beam) and can be non-neglectable.

Microscopes in the hard X-ray regime (E > 2 keV) are often operated in air due
to the high penetration power of the X-rays and can have a working distance of a
few centimeters, thus facilitating in situ or operando setups in comparison to e.g.
transmission electron microscopy or the sub-mm working distance in microscopes
using soft X-rays (E < 2 keV).

2.1.2 X-Ray Absorption Spectroscopy

As described earlier the absorption contrast of a given material decreases in general
with higher energies. However, each element has distinct and characteristic so
called “absorption edges”, where a core electron is excited and the transmission of
the material drastically drops as the attenuation coefficient of the element rises. The
energy of the absorption edge of an element varies with the oxidation state due to
the change in electron binding. In general the edge is shifted slightly (a few eV) but
distinctly to higher values for oxidized material in comparison to the metallic state.

An advantage of using synchrotron light sources in comparison to laboratory
based sources is the much higher photon flux and brilliance, which allows to tune
the energy of the incoming radiation with an excellent spectral resolution and
offering still high flux on the sample.

Scanning the energy provides means for acquiring absorption edge spectra and
allows for chemical speciation (e.g. determination of the oxidation state of an
element or possibly the compound) based on element/compound specific absorption
properties.

Measurements of transmission (or fluorescence) directly across the absorption
edge as a function of energy are generally called XANES for X-ray absorption near
edge structure. Extended absorption measurements up to about 1000 eV above the
energy of the absorption edge are called EXAFS for extended X-ray absorption fine
structure (Fig. 2a). Bulk EXAFS using large X-ray beams can reveal information on
nearest neighbors and distances to surrounding atoms. However, requirements on
the number of data points and signal-to-noise ratio are much more stringent than for
XANES and are therefore not commonly applied in high resolution imaging. Please
see e.g. [16, 17] for a more detailed description and explanation.

The variation of the absorption edge with the oxidation state is especially
interesting for active materials in Li-ion batteries, since the oxidation state can be
used as a measure for the state of charge (SOC) see e.g. [18, 19]. In Fig. 2b the
changes in the Ni K-edge -XANES spectrum at different SOC of LiNi0.5Mn1.5O4

composite electrodes are exemplarily shown. Ni is the redox active element in this
compound. The non-cycled electrode represents the pristine state (discharged) and
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the cycled electrode the discharged state, whereas the electrode extracted at 5 and
4.8 V represent charged states.

Spatially resolved XANES measurements can be collected by acquisition of a
number of 2D images at multiple energies in the vicinity of the absorption edge.
Another approach is to acquire a full energy spectrum per sample point before the
sample is moved to the next spot of interest.

The acquisition of multiple 2D image to obtain spatial resolved species infor-
mation is illustrated in Fig. 3 (1)–(3) [20]. It illustrates how the intensity distribution
changes for a stack of 2D image with changing energy and how the species
information is then reconstructed for each pixel. Usually reference compounds are
used to fit the obtained spectra for the determination of the phase distribution. This
can then be extended for 3D data collection, where the sample is rotated and such a
phase map is determined for each angle. This dataset can then be reconstructed and
rendered for display of 3D phase distribution.

Analysis software like e.g. the TXMwizard [21] enables stacking and alignment
routines for a set of 2D images from which then single pixel XANES or element
specific information can be extracted and further analyzed, e.g. by linear combi-
nation fitting of suitable standards or principal component analysis [21].

Absorption edges in general but most commonly those of 3D elements, which
are typically the redox active elements in materials for Li-ion batteries, can also be
used to extract elemental information. Imaging below and above an absorption edge
is often done to obtain element specific information in transmission geometry.
However, this can become rather time consuming for e.g. tomography, because the
measurement has to be repeated at multiple energies. Zone plates and lenses have to
be adjusted to maintain the focus at each energy while mirror systems can be
achromatic. Alignment and resolution correction of the multiple datasets may have
to be performed to obtain comprehensive information.

Preparation and mounting of suitable sample cells and electrode samples often
poses a challenge for X-ray microscopy. Microscopes operating in the hard X-ray

Fig. 2 a XANES and EXAFS at the Fe K-edge and b normalized XANES spectra of the Ni K
edge of LiNi0.5Mn1.5O4 at different SOCs and a Ni2+ reference. Reprinted with permission from
Menzel et al. [68]. Copyright (2012) by Elsevier
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regime bear the great advantage of operating with working distance usually in the
few mm to cm range, while microscopes in the soft X-ray regime operating at high
resolutions (<50 nm) have typically sub-mm working distances. Further, the latter
instruments generally operate under slight vacuum conditions to avoid absorption
of the X-rays by air.

Nonetheless, besides the geometrical limits, absorption effects by the sample
environment and materials are non-neglectable in both energy regimes. Those need
to be considered carefully already when the cell from which the material is to be
extracted is designed.

For example; capturing reaction progress in single particles or secondary par-
ticles, the concentration of the active material needs to be low, well defined and yet
provide sufficient contrast for the X-rays. For such cells, the electrochemical
response is often weak, but hopefully metastable intermediate states can be caught
before they can relax during harvesting of the electrodes.

Fig. 3 Principles of data processing for three-dimensional XANES microscopy. (1) One image is
acquired in absorption contrast at each energy in the XANES scan. (2) XANES are constructed
from each pixel plotting normalized absorption versus energy. (3) XANES from each pixel is fit to
create a chemical phase map. (4) The sample is rotated to collect a 3D dataset and a phasemap is
determined for each angle and (5) tomographic reconstruction and rendering for 3D phase
distribution. Reprinted with permission from [20]. Copyright 2011
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On the other hand, larger scale information such as e.g. porosity and tortuosity is
best collected from a large region of interest to provide sufficient statistics, which is
often contradictory to the sample volumes that can be measured with high
resolution.

From the instrumental side, long term drifts of stages, sample holders or simply
the sample in the imaged field of view (FOV) need to be avoided or compensated.
This issue becomes especially crucial for longer term measurements and high
resolution imaging (tomography).

2.1.3 X-Ray Diffraction

X-ray diffraction (XRD) bases on the interaction of the X-rays with the periodically
arranged atoms in a crystal lattice and thus provides means to describe structure in
terms of long range atomic order, phases, strain and stress as well as particle size in
powder materials or single crystals. For more information we to refer to textbooks
such as [22].

The angular-resolved signal referred to as reflections obtained from diffraction of
an X-ray beam is usually collected with a 1 or 2 dimensional detector. The dif-
fraction angles ϴ follow Bragg’s law: nλ = 2dsinϴ where d is the distance between
lattice planes in a crystal and λ the wavelength of the X-rays. The extraction of
information and processing of diffraction data often includes data base referencing
or Rietveld refinement to determine e.g. exact lattice parameters, phase fractions or
site occupation of atoms.

In Fig. 4 a scheme of a micro-XRD set up using a 2D CCD detector is depicted
as used by Reinsberg et al. [23]. A single bounce capillary is used to produce a
low-divergence beam focus. The reflections can be radially integrated to give 1D
powder diffraction patterns.

Fig. 4 Schematic of a scanning setup using diffraction contrast. The sample is scanned through a
focused beam and 2D diffraction patterns and X-ray fluorescence spectra are recorded
simultaneously. Reprinted with permission from Klaus Reinsberg
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Spatially resolved XRD relies on the crystallinity of the material. However, if the
beam is small in comparison to the imaged grains in the sample, they can appear as
a single crystals. In general, the data analysis can be quite complex for multidi-
mensional datasets.

2.1.4 X-Ray Fluorescence

X-ray fluorescence (XRF) allows for elemental imaging. It is directly correlated to
X-ray absorption. In X-ray absorption usually a core electron (e.g. K-shell) interacts
with a photon from the excitation radiation and parts from the atom. The vacancy is
then filled by an electron from outer shells (e.g. L or M). The energy from the
transition (difference of the final and the initial state of this electron) can be emitted
as fluorescence photon.

The energy resolved spectrum in general allows to identify each element by its
specific lines. The intensity is correlated to the concentration of the element.

XRF is therefore a suitable technique to provide qualitative and quantitative
elemental information. Furthermore, synchrotron XRF and also other set ups like
total reflection XRF (TXRF) are sensitive to low concentrations and can detect
elements on the 10 ppb concentration level.

The spatial resolution can be achieved either by scanning the sample through a
focused excitation beam or using an array detector together with an optic (full field).

For each pixel a full spectrum is acquired and then analyzed by fitting a model
spectrum to the peaks. For reliable quantification often preliminary information on
specific characteristics of the sample such as thickness or layered structure are
included to account for e.g. self-absorption effects. In Fig. 5 a schematic workflow
is shown. Figure 5a illustrates the acquisition of full spectra for each pixel using a
focused beam. In (b) the fitting of one of these spectra is shown. Figure 5c shows
how the image is obtained by plotting the integrated intensity (and optionally
corrected) for each pixel. Figure 5d shows a schematic set-up for a full-field XRF
detector in combination with a one dimensionally focused beam.

Inter-correlation of elements or morphology can be extracted using PCA or
cluster analysis. Please see e.g. [24] for more details on the method.

CCD energy dispersive array detectors have been used for full field micro-XRF
for different applications [25]. A prototype pnCCD form IFG/pnSensor is may be
the most advanced instrumentation available to date. Because the complete spec-
trum is to be acquired in each pixel the optics used in front of the detector need to
be fairly achromatic, which limits the choice of available optics and thus the
achievable spatial resolution. At the moment capillary optics are mostly used either
to guide the photons to the detector array (1:1) or provide slight magnification
(e.g. 1:8). In case of 1:1 optics allow the acquisition of about 50 µm spatially
resolved full energy spectra of an 12.7 × 12.7 mm2 area [26, 27]. From a set-up as
sketched in Fig. 5d), elemental distribution in space (2 or 3D) can be extracted. An
alternative to tomography and full field XRF to obtain 3D information using X-ray
fluorescence is the implementation of confocal micro-XRF. Here, one optic is used
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to focus the primary beam and another optic is applied to the detector to discrim-
inate fluorescence photons in depth. Because multiple elements and therefore
multiple fluorescence lines at a variety of energies need to be detected, the
implemented optics need to be achromatic. Typically capillary optics are used and
resolutions in the range of 10 µm can be obtained.

The advantage of X-ray fluorescence (XRF) imaging over scanning below and
above the respective absorption edge of multiple elements is to correlated infor-
mation on multiple elements within a single measurement. Additionally, limits of
detection for the respective elements are generally lower than in transmission
geometry.

Accordingly, acquisition of the full X-ray fluorescence spectrum at each pixel is
especially interesting for cathodes material containing multiple transition metals or

Fig. 5 Principle of Micro-XRF (a) the sample is scanned through the focused beam in 2 or 3
dimensions. A spectrum is acquired for each pixel, (b) Each individual spectrum is analyzed and
fitted using appropriate routines, (c) 2 or 3D information on the elemental distribution or
correlations between multiple elements can be displayed, (d) schematic setup of a full field
micro-XRF detector in combination with a sheet beam, reprinted with permission from reference
[25]. Copyright 2014 Royal Chemical Society
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materials containing trace concentrations of transition metals and other high Z
elements.

Recent developments of suitable detectors can make full use of the high flux
available at 3rd generation synchrotrons and thus open the door to scanning large
areas in the square millimeter to square centimeter range with sub-micrometer
resolution in a few hours, XANES mapping using the fluorescence detector or even
fluorescence tomography. Such a setup can be e.g. found at the PETRAIII storage
ring at DESY in Hamburg, the ESRF in Grenoble, APS in Chicago, AS in
Melbourne and others.

Nonetheless, sub 100 nm resolution poses restriction to sample size and envi-
ronment. Accordingly, larger samples may not be fitted into the setup and in situ
applications may be restricted. In addition to this limitation careful evaluation of
absorption and shading effects is required to ensure for reliable results especially
with thick samples.

2.2 Instrumentation: Full Field and Scanning X-Ray
Microscopy

In microscopy regardless if X-rays, electrons or optical light is used, two general
modes can be distinguished, which are

• the full field microscopy, where the object is fully illuminated and an array
detector provides spatial resolution, usually coupled to an optic and

• scanning microscopy, where the object is scanned through a focused beam and
the signal is analyzed for each pixel. An optic is required to focus the probing
beam.

A detailed review on general X-ray microscopy can be found e.g. in [13, 28].
Multiple kinds of X-ray optics exist to modify the beam. Robust and highest

resolution under working conditions of 20–30 nm can be obtained using
Fresnel-Zone plates, although their efficiency is comparatively low. The develop-
ment of highly efficient zone plates in the medium energy range (2–12 keV) has
enabled measurements under ambient conditions. The larger penetration depth of
hard X-rays promoted the development of sophisticated sample environments for
e.g. in situ set ups [29].

There has also been a tremendous development of designing and manufacturing
X-ray focusing lenses such as compound refractive lenses. Highly efficient in terms
of flux are mirrors aligned in Kirkpatrick-Baez geometry. Ref. [30] includes a
detailed review on the recent developments of X-ray optics for microscopy.

Most X-ray microscopes -regardless of fullfield or scanning type- work in
transmission geometry using the contrast of the X-ray absorption in the material.
However, emerging technologies which use other contrast methods such as fluo-
rescence [31], phase contrast [14], diffraction [32, 33] and diffractive imaging
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techniques (the latter allows for spatial resolution no longer limited by the optical
elements in the beam [34–36]) are also applied for studies of battery materials.

Examples for X-ray microscopes both in the soft and hard X-ray regime can be
found at almost every synchrotron in the world with further developments with
regard to measurement time, stability and resolution constantly taking place.
A scheme of such a set-up is depicted in Fig. 6 as an example from a set up at the
European Synchrotron Radiation Facility (ESRF) [37]. The monochromatic beam
coming from an undulator source is focused using a zone plate objective lens and an
aperture. The sample is raster scanned in 2 or 3 dimensions through the beam, often
interferrometrically controlled. Stages ensure the accuracy of positioning. In this
example both the fluorescence signal and transmission signal are detected
simultaneously.

On the other hand, using the unfocused or only slightly collimated beam, optics
such as Fresnel-Zone plates, can be placed behind the sample to reproduce an image
in higher magnification on CCD detector, so called full field transmission X-ray
microscopy (FFTXM).

This technique bears the advantage of imaging a larger field of view (FOV) at
once, depending on the achieved resolution of the integrated optics. Because
information from about 1 M pixel can be obtained simultaneously the 2D infor-
mation may be acquired much faster than in the scanning mode, provided that the
contrast is strong.

Usually, tomography or 2D XANES which require the scan of the rotation or the
energy across an absorption edge can be performed in a much more time efficient
way, when using full field set ups. The spatial resolution ranges from around 30 nm
up to several µm, depending on the optics.

On the other hand, FFTXM is obviously limited in coupling with contrast
methods, where 2dimensional data is acquired for each pixel such as diffraction or
ptychography (diffractive imaging).

Fig. 6 Schematic setup of a scanning setup at an undulator beamline at ID21 at ESRF. Reprinted
with permission from reference [37]. Copyright 2010 American Chemical Society
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One example for a full-field Microscope operating in transmission geometry and
using Fresnel-Zone plates to obtain ca. 30 nm resolution can be found at Beamline
6-2, SSRL Stanford, USA. [38] Fig. 7 sketches the general setup for such an
instrument. The instrument is based on the design of an Xradia (now Zeiss)
microscope for use with a laboratory X-ray source. An elliptical capillary condenser
focuses the monochromatic X-rays onto the sample. The condenser provides a
hollow cone illumination of the sample over the field of view (FOV). An objective
lens, consisting of a micro- zone plate, images the transmitted X-rays onto a
transmission detector system, yielding either a *30 µm2 FOV with 10 × objective
or *14 µm2 FOV with 20 × objective.

The implementation of a rotation stage enables tomographic imaging and thus 3
dimensional reconstruction. An extensive review on three dimensional techniques
for imaging the physical micro structure of matter over a large range of length
scales can be found e.g. in [39].

To overcome the issue of a limited FOV of FF microscopes -while maintaining
the high spatial resolution- multiple images are acquired with a slight overlap and
stitched together using appropriate routines [9, 40, 41]. Stitching is very successful
for 2D imaging, also under operando conditions. However, it becomes time con-
suming for tomography, especially when multiple tomograms with variation of the
beam energy are needed [see Fig. 3 (4) and (5)].

The Figures of merit of the analysis in terms of sensitivity, spatial resolution and
time resolution will greatly depend on the respective beam line and set up e.g.
source, optics, and detectors.

In a round-robin project Kanitpanyacharoen et al. [42] have compared the
characteristics of X-ray tomographic microscope instruments at multiple
Synchrotrons such as the Swiss Light Source (SLS), the Advanced Photon Source
(APS) and the Advanced Light Source (ALS) which produced comparable results.

Fig. 7 Schematic of the transmission X-ray microscope at SSRL located at a wiggler beamline,
the microscope setup consisting of a capillary condenser (C), the sample stage, pinhole (P), Zone
plate (MZP) and area detector (TDS). A phase ring (PR) can be used to provide Zernike phase
contrast. Reprinted with permission from reference [38]. Copyright Microscopy Society of
America 2010
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3 X-Ray Micro Probes in Li-Ion Battery Research

3.1 Imaging and Spatially Resolved XANES (XAFS)
in Transmission Geometry

Most X-ray microscopes and spatially resolved imaging techniques especially with
the option of tomography and thus 3D imaging utilize the absorption contrast of a
material. In the following section we illustrate the results obtained for Li-ion bat-
teries by a few selected examples from this vastly growing research area.

The research focuses on two major size ranges addressing different functionality
aspects. First, there is a high level of interest on the general morphology of full
electrodes. Data obtained on porosity and tortuosity is used to identify the bottle-
neck of transportation mechanisms. These parameters are further implemented in
models since they are regarded keys to accurately describe aging and degradation
mechanism in electrodes.

On the other hand describing and visualizing the phase transformation in single
particles is mandatory to fully understand reaction mechanisms, i.e. core-shell
reaction mechanism or the crystallographic orientation of the reaction front within a
single particle. The canonical example is LiFePO4 for which the exact mechanism
of phase transformation is still extensively discussed [43]. The latter aspect often
combines absorption contrast with energy selective measurements (XANES) to i.e.
monitor the oxidation state and thus the reaction progress.

3.1.1 Electrode Level

Maybe, the first 3D imaging of a large volume (hundreds of micrometer) capturing
the morphology of a commercial graphitic anode [44] and cathode [45] was
achieved using an X-ray microscope (laboratory instrument) [18]. Those experi-
ments give insight to the large scale porosity and physical macrostructure of the
electrode and can be e.g. performed with X-rays penetrating through the intact steel
housing of the cell, see Fig. 8 [46]. Geometrical parameters such as porosity,
tortuosity, surface area and pore and particle size distribution were extracted. For
example Channagiri et al. elaborated on the increase in porosity measured in
commercial LiFePO4 electrodes with increasing number of cycles and where thus
able to put these changes and effects into numbers [47]. On the other hand Ender
et al. have used X-ray nanotomography to visualize the differences in electrode
morphology between high power and high energy graphitic anodes [7]. They
observed increased porosity by almost a factor of two for the high power anodes
which relates to a lower tortuosity and a narrower particle size distribution.

Rather than focusing on the physical macrostructure, Chen-Wiegart et al. [48]
have pointed their efforts at elucidating the effect of cycling on the single particle
level and the chemistry of different materials. To adapt the sample to the limited
FOV of high resolution microscopes they have used a focused ion beam (FIB) to
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cut a cone of a mixed electrode containing particles of LiCoO2 and lithium nickel
manganese cobalt oxide (NMC), which could be well identified from their differ-
ence in absorption contrast [48]. The sample was cycled multiple times. They found
cracking dominantly in NMC particles, which showed a larger number of “higher
curvature” features than the LiCoO2. [48] Understanding these changes is relevant.
Cracking may lead to alteration of the integration of the particle into the conductive
network. Cracks can also create new surfaces for side reactions with the electrolyte.
Both effects directly affect the cycle life and available capacity of the electrode.

The origin of cracks and other morphological changes is often found on the
molecular level e.g. when insertion of Li ions causes a change of volume.

Because volume changes of the active material during battery operation is
considered a significant barrier for the long term functionality of alloying and
conversion materials, these systems have received considerable attention for X-ray
microscopy. On these systems using SnO [49, 50], Ge [51], CuO [52] or even
lithium-sulfur [41] also one of the first in situ imaging in absorption contrast was
performed. For example the Ge particles showed volume extensions up to 400 %
and could only be measured with *30 nm resolution by stitching multiple FOV
next to each other [51].

Ebner et al. have used model electrodes with SnO for studies under operando
conditions in 3dimensions. From the 3D tomographic reconstructions they deduce
particle size distribution, porosity and tortuosity for several materials [5, 53]. They
propose a new and efficient way to gather such information from 2D images. In
their studies they witnessed variation in onset and rate of core-shell lithiation for
different particles. They also monitored crack initiation and growth along preex-
isting defects, and irreversible distortion of the electrode. Careful evaluation of the
changes in absorption contrast further enabled Ebner et al. [4] to quantitatively

Fig. 8 a A virtual diametrical slice through the battery showing the cell architecture. b A
cut-away image of the reconstructed cell, showing the manganese oxide cathode attached to the
positive (uppermost) battery terminal. c At higher resolution, the virtual slice shows the manganese
oxide electrode in the charged state. Reprinted with permission from reference [46]. Copyright
2014 Wiley VHC
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analyze the progress of lithiation/delithiation through single particles of SnO within
the working electrode under operando conditions. Detailed knowledge of these
structural features and aging processes are essential for adequate models describing
the cycling and aging process of composite electrodes and opens the door to new,
improved electrode designs.

In situ 3D tomography studies covering a large field of view 40 µm and ca.
30 nm resolution by Wang et al. [54] on Sn anodes showed how the initial lithiation
and delithiation affect the physical microstructure of Sn particles and correlate to
mechanical degradation.

Since low atomic number elements have a low cross section of interaction with
high energy X-rays, imaging materials such as graphite (anode), binder, carbon
black or the solid electrolyte interface layer (SEI) in transmission geometry is
problematic due to the low contrast. Unfortunately, using lower energy photons for
imaging is generally hampered, due to the increasing air absorption and limited
penetration.

Promising strategies regarding this issue were followed recently. Eastwood et al.
and Lin et al. have made use of the phase contrast to successfully image a graphite
electrode with sub-µm resolution [14] or to understand the dissolution and
re-deposition of polysulfides in lithium sulfur cells [15]. Another approach followed
by Zielke et al. was to model structures corresponding to low atomic number
elements in combination with FFTXM tomography reconstructions [55].

3.1.2 XANES Imaging

Elucidation of the phase transformation in single particles shows the impressive
capabilities of high resolution X-ray microscopy coupled with XANES and/or
elemental contrast and allows for unprecedented geometric and chemical insight
into the active materials of an electrode. For example, 3D XANES imaging of NiO
particles in a conversion reaction with Li captured the reaction propagation along
defects and cracks [20].

Despite extensive studies the phase transformation in single particles of LiFePO4

upon de-lithiation is still one of the most discussed mechanisms [43]. This is best
studied by in situ or operando studies, to overcome the open question of material
relaxation during the harvesting, but. Those pose a tremendous challenge on the
experimenter. Very well defined particle shapes were investigated at specific states
of delithiation by Boesenberg et al. highlighting the importance of correlating
microstructural properties and chemical state/phase distribution, see Fig. 9 [56]. The
extremely high defect density in the central part of the studied individual particles
limited the phase transformation to the mostly intact outer edge of the particles.
This is in agreement with a more recent study in higher resolution by Shapiro et al.
using soft X-ray ptychography [10].

Obtaining representative results for analysis on the individual particle level is a
general problem. To probemultiple particles sections of a LiFePO4 electrode stacked in
the vertical direction has been prepared using FIB (at an intermediate state of charge).
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These specimens have then been spectroscopically imaged using a STXM. In
combination with TEM images the phase distribution over many particles was illus-
trated. It was found that the stage of chargewas fairly homogeneous distributed over the
complete depth of the electrode (from current collector to the separator). Regarding the
individual particles, it was found that particles in general appeared either charged or
discharged. The percentage of charged to discharged particles in relation to their sized
changed fromca 67%discharged in smaller particles (around 200 nm) and around60%
for larger particles (>250 nm) [57]. 2D imaging with chemical contrast spanning from
single particle to multiple particles of LiFePO4 under operando conditions were
recently realized at BNL [58, 59]. Here evolution of charging in individual particles in
the µm size range could be visualized.

Crucial information on the transport and degradation mechanism of NCM
materials can also be obtained by X-ray microscopy. Full-field imaging below and
above the absorption edge of Mn, Co and Ni on the secondary particles of NMC
materials is able to capture elemental distribution in the cycled state [60].
Accordingly, migration and segregation can be monitored. This is illustrated in
Fig. 10 (a–c). On the left hand side the individual elemental distributions for Mn,
Co and Ni of a secondary particle are shown after cycling. In d) all three elements
are correlated. A cross section (e) illustrates the increase in Mn concentration in
comparison to Ni and Co at the edge of the secondary particle after cycling. This
indicates ongoing elemental migration during the cycling of these layered materials.
Similarly, this method was used to illustrate the Ni distribution in single particle of
LiNi0.75Co0.10Mn0.15O2 with a core shell concentration gradient by Sun et al. [61].

But not only intercalation materials were characterized by XANES mapping, a
recent study by Wang et al. shows an in situ study of the conversion reaction in
CuO [52]. They capture both the evolution of morphology as well as the phase
distribution at selected voltages revealing a core shell lithiation-delithiation
mechanism.

Fig. 9 (a) FF TXM image of a selected crystal in a sample with nominal composition Li0.74FePO4

collected at 7080 eV. (b) Chemical phase map obtained by LC fitting of XANES data at each pixel.
Reprinted with permission from reference [56]. Copyright 2013 American Chemical Society
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3.2 Micro-Diffraction

Bulk X-ray diffraction, thus averaging the X-ray diffraction signal over a large
amount of sample (*mm3), ex situ or under operando conditions can be considered
a standard technique using laboratory based or synchrotron based sources.
Countless findings rely on the precise description of the atomic order obtained from
Laue diffraction patterns to describe structure, phases, reaction pathways, strain,
disorder etc.

Although spatially resolved Laue diffraction has been established even in 3
dimensions [33, 62, 63], its application to describe the distribution of atomic
order (such as phases) throughout the electrode is much less common. A study by

Fig. 10 Panel a-c Distribution of TMs (Mn, Co, and Ni, respectively) over a single selected slice
(one voxel thickness) through the 3D volume of the 1x-cyled electrode. Panel d: Overlay of all
TMs over the same slice. Panel e: Elemental concentration profile over the line (5 μm in length)
indicated in panel d. Reprinted with permission from reference [60]. Copyright 2014 American
Chemical Society
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Liu et al. [64] using micro-diffraction has illustrated nonuniform distribution of
state of charge (SOC) by capturing the inhomogeneous distribution of state of
charge in electrodes of LiFePO4. They found those to occur horizontally over the
length and width of an electrode (Fig. 11) as well as vertically over the depth of an
electrode probing from the current collector the electrode-separator interface
(Fig. 12). In Fig. 11 the state of charge distribution at 50 % charging in an electrode,
with the current collecting contact at one side of the square electrode is shown. It
demonstrates how inhomogeneities in charge are found on a relatively large scales
of millimeters. For each pixel a powder diffraction pattern was integrated from the
2D image obtained by the CCD detector.

In depth-profiling shows further a significant difference between the state of
charge at the current collector and the electrode-separator interface by a change
(Fig. 12e) from 50 to 70 % in the state of charge over a depth of 50 µm [64].

To describe the electrochemical lithiation of the layered oxysulfide
Sr2MnO2Cu3.5S3 Roberts et al. [65] have used micro-diffraction in combination

Fig. 11 a Optical image of the 40 mm × 45 mm rectangular LiFePO4 electrode. b FePO4 phase
concentration profile of the prismatic electrode at 50 % SOC (charged at 2 A g-1). Reprinted with
permission from reference [64]. Copyright 2010 American Chemical Society

Fig. 12 a SEM image. The approximate locations of the vertical and horizontal scans are
superimposed. FePO4 phase concentration versus scan distance along, c the vertical direction at
50 % SOC (charged at 20 mA g-1). FePO4 phase concentration versus scan distance along, e the
vertical direction of the LiFePO4 electrode at 50 % SOC (charged at 3 A g-1). Reprinted with
permission from reference [64]. Copyright 2010 American Chemical Society
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with micro-XRF and micro-XANES. Micro XRD was capable to show extrusion of
metallic Cu at an early state of preparation of the active material, where the XANES
spectra still resembled the pristine condition.

Smearing the borders to absorption imaging, coherent diffraction imaging
(CDI) and ptychography have recently been used to obtain extremely high reso-
lution images of battery materials [10, 66, 67] in the sub 10 nm range. The method
is based on the collection of far field diffraction patterns where the illumination of
the sample in the confined coherent beam is highly redundant, thus overlapping.
Iterative reconstruction of the object’s transmission function and the wave field of
the illumination is then performed using a phasing algorithm [34]. In principle,
ptychography can overcome the limitations of X-ray optics and bears the potential
of extreme resolutions coupled with excellent chemical speciation using the local
complex refractive index. The potential for Li-ion battery materials was illustrated
by Shapiro et al. [10], who have imaged a single particle of partially delithiated
LiFePO4 with chemical speciation. They were able to correlate the formation of
cracks to the c-direction of the crystal and with the phase transformation. The
observed phase distribution around the crack led to the conclusion, that the reaction
is solid-state limited and kinetically controlled by microstructural defects.

3.3 Micro X-Ray Fluorescence

Using a micro-XRF approach, elemental distribution for a number of elements can
be studied simultaneously. Acquiring the full XRF spectrum at each pixel is
especially interesting for cathodes material containing multiple transition elements
like e.g. lithium-nickel-manganese-oxide. Because of the low detection limits of the
method, XRF is also a suitable method to detect and localize trace elements e.g.
impurities or contamination deposited on the electrodes.

Benefits of micro-XRF regarding investigations on elemental migration, as part
of the degradation process in a Li-Ion cell have just been recognized by the
community. Accordingly, there are just a limited number of studies using this
technique due to the previously limited resolution and long acquisition times.

Robert et al. have illustrated the beneficial effect of combination of spatially
resolved XRF with XRD for active battery electrodes under in operando conditions,
by detecting and correlating the distribution of Cu and Mn in layered oxysulfide
Sr2MnO2Cu3.5S3 particles [65].

The authors recent studies using confocal X-ray fluorescence on elemental
deposits on the anode in course of cycling vs. nickel doped manganese spinel
indicate deep penetration of both transition metals, nickel and manganese, into the
pores of the anode structure [68]. Figure 13 shows elemental distribution of Ni
(green) and Mn (red) on a cycled graphite anode vs. nickel doped manganese
spinel. The current collector is indicated by Ga (blue), which is an impurity present
in the Al current collector.
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A confocal micro-XRF XANES setup was also employed to investigate the
oxidation states at the cathode/electrolyte interface [69]. This set up allows to study
the oxidation state of both Ni and Mn in situ at different depth levels. It was shown,
that aged (over 50 charge/discharge cycles) nickel doped manganese spinels
cathodes change from 30 % Mn3+ and 70 %Mn4+ to ca. 100 % Mn4+ at the surface
region (ca. 20 µm) although Ni is the redox active element of the material. The
pristine oxygen deficient spinel fd3 m (Mn oxidation state 3.7) and the “Mn4+ only”
spinel P4332 oxidation state was used as reference. Mn2+ was not considered,
because if present it readily dissolves in the electrolyte. Therefore, if at all present in
the solid fraction should be a minor contribution. Nonetheless, XANES gives an
average valence of all the chemical species present in the probed volume. Hence, it
needs careful consideration of the references. Changes in the oxidation state of
non-redox active elements implies further changes (chemical or structural) in the
material to remain charge balanced, and can thus reveal information about aging
and degradation processes. In Fig. 14 the measurement points in different depth are
indicated by red dots.

Nonetheless, these are only snapshots at selected points. To capture elemental
and valence distribution in a representative area/volume a rapid measurement
technique is essential. The authors have recently made use of the ultrafast scanning
setup available at P06, DESY, Hamburg to investigate elemental distribution on the
electrode level of nickel doped manganese spinel full cells after cycling [70].

Though sub µm spatial resolution are easily achievable at this set up, lower
resolution was favored to image the complete sample. The data was collected with

Fig. 13 Ni (gr), Ga (bl) Mn
(r): 3D fluorescence images
over an area of
100 × 100 × 200 µm3 with the
current collector at the
bottom, Ni and Mn in the bulk
material obtained by confocal
XRF [68]
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a 2 µm step size and 1 ms exposure time per pixel, thus the acquisition was finished
within a 4 h. Figure 15 shows the individual elemental distribution of Mn and Ni (a
and b, respectively) and the correlated distribution in an rgb image with Mn(r), Ni
(g) and Zn (b). Zn is a low concentration contamination possibly from the pro-
tective foil around the sample to avoid air exposure. The experiment revealed few
but significant inhomogeneities both in the Ni and Mn distribution over the full
electrode and regions with distorted stoichiometry. The example illustrates also the
importance of knowledge on multiple length scales from the nano to the microscale.
With a small FOV of a few 10 µm it would be a challenge to find the regions of
interest (inhomogeneities) and estimate their quantity.

Fig. 14 Sketch of the measurement points for confocal XANES measurements at the
electrode/separator interface and in depth and the results showing valence change of Mn at the
surface after aging (according to Menzel et al. [69])

Fig. 15 µ-XRF images of nickel doped manganese spinel electrodes cycled in full cells versus
graphitic anodes. (a) and (b) elemental distribution of Mn and Ni, respectively and (c) a correlated
rgb image of Mn(r), Ni (g) and Zn(b). The data was collected at PETRAIII, DESY, Hamburg
Germany using a Maia detector with 2 µm pixel size and a dwell time of 1 ms per pixel
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4 Concluding Remarks

Spatial characterization on all relevant size levels will truly help to understand the
ongoing processes and functionality in active battery materials and the electrodes
made thereof. Although the here presented examples are focused on conventional
intercalation materials because of the good access to the transition metal absorption
edges, the door is wide open to study novel battery concepts utilizing the con-
ventional as well as more sophisticated contrast methods. Especially spatially
resolved spectra-microscopy in the hard X-ray regime is a powerful tool to char-
acterize ongoing phase transformations of hierarchical materials but the experi-
ments are always a delicate balance between spatial resolution, measurement time
and the imaged region. While highest spatial resolution is best achieved using
transmission electron microscopy (TEM), X-rays are especially valuable when it
comes to chemical speciation because of the high spectral resolution and larger
penetration depth. X-ray microscopes around the world span an amazing range of
length scales from the cm (with sub µm resolution) to the nm with many available
contrasts to be chosen for the respective problem to be studied. While especially the
more sophisticated contrast methods such as diffraction or diffractive imaging,
phase contrast and XRF require some expert knowledge for data analysis, they can
also provide unique information. Regarding the development in this field, this
chapter can give only a non-comprehensive insight into the wide range of available
tools using X-ray microscopy and their applications in research for lithium
batteries.
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Hazard Characterizations of Li-Ion
Batteries: Thermal Runaway Evaluation
by Calorimetry Methodology

Yih-Wen Wang and Chi-Min Shu

1 Introduction

As society becomes more dependent on electronic equipment, the development of
capable energy storing systems continues to grow at a rapid rate supported by the
crucial demand all over the world. The most familiar products are consumer
electronic devices such as computers, camcorders, cellular phones, power portable
tools, industrial movement of materials handling equipment, and automotive
applications. Rechargeable batteries have a lower total cost of use and fewer
environmental impacts than the other disposable ones. As an energy-storage device,
rechargeable batteries are characterized by high power density, flat discharge pro-
files, sound low temperature performance, addition to their rechargeable-ability.
More recently, rechargeable batteries have received renewed interest as a power
source for electric vehicles (EVs) and hybrid electric vehicles (HEVs). The
advantage of the efforts and benefits is the automotive industry achieving high
voltage energy storage systems. In addition, large-scale applications of rechargeable
battery packs in EVs to reduce CO2 or other pollutants’ emissions are considered a
green system from an environmentally friendly power source [1, 2]. With the rapid
development of new energy vehicles, power battery industries swiftly have become
a popular investment.

As significant performance improvements have been made with rechargeable
battery systems, such as the lead-acid, the nickel-cadmium, nickel-hydrogen,
lithium-ion batteries (LIBs), polymer Li-ion batteries and so on, have been introduced
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into commercial use under advanced development [1, 3]. Much of the development
work on new systems has been supported by the need for high-performance batteries
for portable consumer electronic applications and automotive vehicles. The typical
performance, characteristics and applications of progressive secondary batteries are
summarized in Table 1.

The chemistry, performance, cost and safety characteristics vary among the
different commercial rechargeable batteries. The LIB is one of the most popular
battery types so that more than 90 % of battery packs use Li-ion cells for portable
electronics, such as cellular phones, laptop computers and camcorders, and they
have one of the best energy-to-weight ratios (maximum power density), large
temperature working range, better life performance such as no memory effect and a
slow loss of charge when not in use, and wide availability. The development trends
of the battery industry guide its investment strategy, and provide a reference for
venture capital institutions. Lead-acid batteries account for half the demand of
mainstream secondary batteries. LIBs have emerged in the last decade to capture
over half of the sales value of the secondary consumer market. The market share of
LIBs, which are mainly used for smart phones, tablet computer, transportation
vehicles, mobile power pack, wearable electronics, stand-by applications, and un-
interruptable power system (UPS), was 15.6 billion USD in 2013. The penetration
rate of global LIB capacity shipped for use in electric motors is moving forward [4].
Accompanying the needs of increasing battery capacity, the development of
large-scale LIBs has continued. Systems adopting the load of a great quantity of
cells could improve not only the heat dissipation but also simplify the management
of the battery. However, in the face of large-scale battery development, stability and
uniformity of the cell materials affect significantly the chemical, electrochemical
and safety performance. Therefore, understanding the properties and
chemical/electrochemical hazards of the cell components is the primary purpose. In
addition, specifications for cell thermal abuse have raised some safety issues for a
large number of consumers in electric products. LIBs are known for high power
capacity, high charging and discharging efficiency, and long life span. They are
now commonly used in consumer, industrial and military electronics applications,
especially digital cameras, mobile phones and notebooks. LIBs can be categorized
by different anode materials, such as Li-Co, Li-Mn, and LiMPO4 (M = Fe, Mn,
etc.), which have become popular in recent years and graphite is used as cathode
material. The electrolytes in LIBs typically consist of lithium salts, such as LiPF6,
LiBF4 and LiClO4, in an organic solvent that conducts lithium-ions, acting as a
carrier between the cathode and the anode when the battery carries an electric
current through an external circuit. Li-Co batteries, which account for the majority
on market, should have circuit protection to ensure safety. On top of that, the
rechargeable battery packs have suffered fire or explosive accidents that caused
shortages in global supply, and the manufacturers are now thus actively seeking
new development and inherently safer design of cell materials.
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Both electrical disconnection of the electroactive species and electronic short
circuits must also be avoided. In addition, thermal abuse should be taken into
account in safe battery design. The organic solvent or polymer electrolytes that are
typically used in LIBs are not stable in the presence of lithium activities while using
elemental anodes in contact with electrolytes containing cationic groups. Safety
issues related to thermal runaway involve a complicated process involving chem-
istry, material properties and engineering design, and should be considered from
electrode materials and electrolyte to cell design. However, many different electrode
materials, electrolytes and battery types show different thermal runaway behaviors,
and these exact reactions at different thermal runaway stages are under investiga-
tion, depending on the component materials, cathode, anode and electrolyte. The
reactions also are dominated by the state of charge, discharging rate, etc. To dis-
close all of these reactions requires our sustained research.

In recent years, numerous fires or explosive incidents have been caused by LIBs,
because of their short-circuiting, crashes, or thermal instabilities worldwide. It can
be seen that the fires or explosions are caused by thermal abuse of the battery pack,
which is where the runaway reactions were triggered. It is commonly thought that
the LIBs failures are related to the flammability of the electrolyte, the rate of charge
and/or discharge, and the engineering of the battery pack. It can rupture, ignite, or
explode when exposed to high temperature or short-circuiting. The adjacent cells
may also then heat up and fail, in some cases, causing the entire battery to ignite or
rupture. Nevertheless, numerous battery failures or explosions with electronic
products have happened worldwide, and faulty LIB packs may be the reason.
Table 2 lists some accidents researched from the Internet and newspapers. Many
laptop brands, such as Sony, HP and Dell, have recalled their products to rule out
potential explosive hazards, and even Apple has investigated explosive hazards in
its iPhone smartphone. LIBs’ potential unstable properties also threaten the EVs.
For these reasons incidents of overheating and of batteries catching fire during
device usage have caused safety concerns on LIBs. The thermal abuses in the
electrode-electrolyte reactions occurr at elevated temperatures under conditions of
heating, crushing, or short-circuiting [5].

Li-ion batteries, unlike other rechargeable batteries, have a potentially hazardous
flammable electrolyte with a powerful oxidizer, and require strict safer design
during charging or operation. This chapter will verify the safety characteristics and
hazards of commercial LIBs. Overcharge, external heating, short-circuit/crush are
the main reasons to result in explosion or rupture of LIBs due to electrochemical
reactions and thermal behaviors that could compromise unsafe operations.
Accompanied with broad and new applications, however, large-scale LIBs should
consider safety more seriously. Safety test standards and testing methodologies are
introduced to cell design and advanced materials.
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2 Chemical/Electrochemical Reaction with Rechargeable
Batteries

The applications of LIB have attracted wide attention, from small cells in electronic
products to large-scale devices in power tools and EVs. However, the chemistry,
electrochemistry and thermal instability of LIB components must also be consid-
ered. A cell consists of cathode (positive electrode) and anode (negative electrode)
immersed in a dissociated salt electrolyte solution in which Li+, H+ ions, etc.
transfer between the two electrodes will cause an electrochemical reaction. These
materials characteristics require a better understanding of material issues so as to
master their physical, electrochemical/chemical properties, thermal stability and
more specifically reactivity. The cathode materials in LIBs, such as LiCoO2,
LiMnO2, Li[NixCoyMnz]O2 and LiFePO4, are thermally unstable and release
oxygen at elevated temperatures, which induces an autocatalytic reaction with the
electrolytes [5].

2.1 Theory of Electrochemical Power and Energy

Power density is the ratio of the power available from a battery to its volume
(W/liter). Specific power generally refers to the ratio of power to mass (W/kg).
Comparison of electrical power (P) to cell mass is more common. Defined by
voltage (V) and current (I) [1],

P ¼ VI ð1Þ

Since

V ¼ IR ð2Þ

P ¼ I2R ð3Þ

Power also can be described by energy (E) emitted per unit of time (t) [6]:

E ¼
Z

Dt

0

IV(t)dt ¼
Z

Q

0

V(q)dq ð4Þ

where Q is the total charge per unit weight (Ah kg−1) or per volume (Ah L−1)
transferred by the current I = dq/dt on charge/discharge. The features of merit of a
rechargeable cell are its density (specific and volumetric) of stored energy, its
output power for a given charge/discharge current, and its calendar life.
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P(q) ¼ V(q)I ð5Þ

Thus

P ¼ Et ¼ VIt ¼ QV ð6Þ

When a current flows through a device it induces Joule heating. In a LIB, the
electrical resistance consists of the resistance of the positive and negative elec-
trodes, electrolyte and separator. In each region, the current passes through different
phases, hence Joule heating should be considered in all the phases. Joule heating is
always positive and contributes to a rise in temperature. The reaction directions for
charge and discharge cycles are opposite to each other, thus entropy change is
endothermic during charge cycle and exothermic during discharge cycle. To
enhance the energy density of a rechargeable battery with solid electrodes to where
it can compete with the internal combustion engine, it will be necessary to find a
way to raise V while retaining a large cathode Q at high currents I, such as the
layered oxides LiCoO2 and LiNiO2 having an intrinsic voltage limit. Here we
address the safety issues related to strategies for individual rechargeable battery
cells. The management of the battery modules becomes more complex, as does the
cost, the larger the number of cells required for a given battery application [7].

In an electrochemical cell, reactions essentially take place at two sites in the
device. The overall reaction in the cell is given by addition of these two half-cell
reactions [1].

aAþ bB $ cCþ dD ð6Þ

The change in the standard free energy ΔG0 of this reaction is expressed as,

DG0 ¼ �nFE0 ð7Þ

where F is a constant known as the Faraday (96,487 coulombs), and E0 the standard
electromotive force.

When conditions are other than in the standard state, the voltage E of a cell is
given by the Nernst equation,

E ¼ E0 � RT
nF

ln
acCa

d
D

aaAa
b
B

ð8Þ

where a is the activity of relevant species, R is the gas constant, and T is the
absolute temperature.

The change in the standard free energy G0 of a cell reaction is the driving force
which enables a battery to deliver electrical energy to an external circuit. The
measurement of the electromotive force, incidentally, also makes available data on
changes in free energy, entropies and enthalpies together with activity coefficients,
equilibrium constants, and solubility products.
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The reaction heat generation when the LIB is undergoing thermal runaway,
mainly including solid electrolyte interface (SEI) decomposition, electrode reaction
with electrolyte, and electrode decomposition. For the individual reaction, the heat
generation can be expressed as Eq. (9) [7],

Q ¼ dH
dt

¼ DHMnAexp
�Ea

RT
ð9Þ

where H is the heat of reaction, M is the mass of reactant, n is the reaction order, A
is a pre-exponential factor, and Ea is the activation energy. The total heat generation
is the summarized values of all the reactions.

2.2 Electrochemical Reaction Mechanisms of LIB

The three participants in the electrochemical reactions in a LIB are the anode,
cathode and electrolyte. A LIB is also known as a swing battery or rocking chair
battery as two-way movement of lithium-ions between anode and cathode through
the electrolyte evolves during charge and discharge process. When a lithium-based
battery is discharging, the lithium-ions are extracted from the anode and inserted
into the cathode, while electrons flow in through an external electrical circuit. The
reverse process occurs when the cell is discharged. Electrical energy can only be
extracted if electrons flow through a closed external circuit. The overall reaction has
its limits. Overdischarge will supersaturate lithium metal oxide, leading to the
production of lithium oxide and often to unrein highly energetic reactions. The
more lithium the electrodes can take in, the more total energy the battery can store,
and the longer it can last. Liquid electrolytes in LIBs generally consist of Li salts in
an organic solvent, which conduct Li+ ions, acting as carrier between the cathode
and the anode when a battery passes an electric current through an external circuit.
Table 3 shows the batteries are based on the graphite (C)/LiPF6 in ethylene car-
bonate–dimethyl carbonate ((EC–DMC)/LiMO2 sequence and operate on a process.
Unfortunately, organic solvents are easily decomposed on anodes during charging.
However, when appropriate organic solvents are used as the electrolyte, the solvent
is decomposed in initial charging and forms a solid layer called the solid electrolyte

Table 3 General chemical reaction mechanisms of the LIBs

Reaction Mechanism

Cathode half-reaction LiMO2 $ Li1�xMO2 þ xLiþ xe� (10)

Anode half-reaction nCþ xLiþ þ xe� $ LixCn (11)

Full cell reaction LiMO2 þ nC $ Li1�xMO2 þ LixCn (12)

Note Where M is Co, Ni, Fe, or W, etc., the cathode materials may be LiCoO2, LiNiO2, LiMn2O4,
LiFeO2, or LiWO2, etc., and the anode materials may be LixC6, TiS2, WO3, NbS2, or V2O5, etc.
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interphase (SEI), which is electrically insulating yet sufficiently conductive to Li
ions. Furthermore, there is a constant risk of electrolyte decomposition caused by
high temperatures or overcharging [7, 8].

The electrodes of LIBs undergo exothermic reactions with the cell electrolyte
when exposed to elevated temperatures. For example, layered LixCoO2 is used as
the cathode presently in most of the lithium-ion cells due to its easy synthesis and
excellent reversible lithium extraction/insertion properties. LiCoO2 is one of the
most common commercially used cathode materials offering good capacity and
high voltage. The proposed autocatalytic reaction mechanisms of a LixCoO2

cathode are as follows [5, 9–11]:

LixCoO2 ! xLiCoO2 þ ð1� xÞ
3

Co3O4 þ ð1� xÞ
3

O2 ð13Þ

Co3O4 ���������!400K;Solvent
3CoOþ 0:5O2 ð14Þ

Co3O4 þ 0:5C�!400K
3CoOþ 0:5CO2 ð15Þ

CoO
��������!473K;Solvent

Coþ 0:5O2 ð16Þ

2LiCoO2 þ CO2 ��������!520K;Solvent
Li2CO3 þ 2Coþ 0:5O2 ð17Þ

2:5O2 þ C3H4O3�!D 3CO2 þ 2H2Oþ Heats ð18Þ

The reaction in a solvent predominantly composed of Li2CO3 from decompo-
sition of lithium alkyl carbonates and the combustion of solvent reacting with the
released oxygen may generate the heat of the cell. Because of the
cathode-electrolyte reactions, the generation of heat can be calculated from the
battery exposed to a high temperature environment. The autocatalytic reaction of
Li0.5CoO2 in the presence of EC solvent to proceed to CoO is as follows [7, 9],

Li0:5CoO2 þ 0:1C3H4O3 ! 0:5LiCoO2 þ 0:5CoOþ 0:3CO2 þ 0:2H2O ð19Þ

Graphite remains the pre-eminent anode material for lithium-ion batteries
because of its good performance. Thermal reactions at salt-based SEIs proceed via
surface salt decomposition and yield mainly LiF; the reaction in predominantly
solvent based SEIs proceeds via decomposition of lithium-alkyl carbonates to
Li2CO3. The reaction mechanism of anode for lithium-ion cell is expressed as
follows [12, 13]:
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• Thermal decomposition of lithium alkyl carbonate

2Liþ ðCH2OCO2Li)2 ! 2Li2CO3 þ C2H4 ð20Þ

ðCH2OCO2Li)2 ! Li2CO3 þ C2H4 þ CO2 þ 0:5O2 ð21Þ

ROCO2Li ! R� þ H� þ LiCO3 ð22Þ

R� þ O2 ! ROO� þ H� ! ROOH ð23Þ

• Decomposition of LiPF6 and thermal reaction of PF5 with intercalated Li ions

LiPF6 ! LiFþ PF5 ð24Þ

PF5 þ Li ! Li1�xPF5�x þ xLiF ð25Þ

• Reactions of PF5 with dimethyl carbonate (DEC), which HF is significantly
lower the stability of solutions

PF5 þ C5H10O3 ! C2H5OCOOPF4 þ C2H4 þ HF

! C2H5OCOOPF4 þ C2H5F
ð26Þ

C2H5OCOOPF4 ! PF3Oþ C2H5Fþ CO2 ð27Þ

• Thermal reaction of HF with Li2CO3 in SEI layer

2HFþ Li2CO3 ! 2LiFþ H2CO3 ð28Þ

• Thermal reaction of HF with intercalated Li ions

�CH2�CF2� ! �CH¼CF�þ HF ð29Þ

HFþ Li ! LiFþ 0:5H2 ð30Þ

In practice, organic solvents are easily decomposed on the anodes during
charging and are not stable in the presence of high lithium activities. There is also a
potential risk of electrolyte decomposition as a result of high temperatures or
overcharging. This decomposition is a common problem when using elemental
lithium anodes in contact with electrolytes containing organic groups.

2.3 Adiabatic Calorimeter Testing

Heat cannot be directly measured instead of by using temperature measurement.
Some calorimeters are able to directly measure the heat release rate or thermal
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power. There are different ways to classify the calorimetric and thermo-analytic
methods. The energy release from chemical reactions is a key parameter for
chemical research and related industries. When energy is generated by an exo-
thermically induced reaction and the heat transfer to the outer surface is lesser than
the generated amount, thermal runaway could occur and might cause fire or
explosion accidents. Thermal stability screening is the cornerstone of reactivity
screening. The most common tests employed for initial thermal stability screening
are differential scanning calorimetry (DSC) and differential thermal analysis (DTA).
Thermal analysis is a technique in which a physical property of a substance is
measured as a function of temperature while the substance is subjected to a con-
trolled temperature program [14, 15]. Figure 1 shows a DSC signal during the
exothermic reaction of energetic chemicals.

If the initial screening tests indicate exothermic activity, then more sophisticated
adiabatic thermal testing, such as by the use of accelerating rate calorimeter
(ARC) and vent sizing package 2 (VSP2), can provide better quantitative data on
apparent onset temperature, reaction enthalpy, instantaneous heat production as a
function of temperature, maximum temperature and pressure excursions as a con-
sequence of runaway, and additional data useful for facility design and operation
[16, 17]. There are many reasons for explosions of hazardous substances. Runaway
exothermic reactions are one of the most common and these can be avoided if
reactions are understood. It should be remembered that specific materials can
decompose exothermically so that there is a temperature at which a thermal run-
away and potential subsequent explosion can be initiated. Heat from reaction will
increase in rate with temperature. For a safety issue, the temperature-pressure-time
(T-P-t) data of substance obtained under adiabatic conditions is needed. If the
thermal stability screening tests by DSC/DTA show that a substance of interest is
thermally unstable close to the temperature range of large-scale storage or handling
(using criteria provided in the description of the respective screening test), further

Time/Temperature
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Fig. 1 Typical DSC thermogram curve by thermal analysis
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investigations by specific, more accurate, more sensitive and more dedicated tests
are recommended. In particular, ARC and VSP2 are often used within the context
of thermal stability screening. The adiabatic calorimeter is used for screening
purposes due to the higher-quality and more useful results. Adiabatic calorimeters
could be simulating exactly a real-life scenario, pressure measurement, discrimi-
nating between runaway reaction, giving high quality thermal data, and taking
whole devices such as batteries. Other thermal stability tests such as isothermal
storage tests and gas evolution tests are addressed in the context of a consequence
analysis. Table 4 lists the experimental data from adiabatic calorimeter. Quantities
that can be determined by thermal stability tests include:

1. Precise thermal stability (including autocatalysis and inhibitor depletion,
chemical in compatibility, etc.)

2. Maximum operating temperature to avoid exothermic decomposition
3. Maximum rate of reaction
4. Runaway behavior
5. Adiabatic temperature rise
6. Gas evolution (mass flux) during decomposition and/or runaway reaction
7. Behaviors of the material under external heat load such as an external fire
8. Induction time to the start of exothermic reaction; e.g., when inhibitor depletion

is involved
9. Incompatibility with metals, additives, and contaminants.

To investigate the heat generation and gas evolution during decomposition and
runaway, the adiabatic calorimeter simultaneously records the temperature and the
pressure trajectories, which are usually proportional to the gas evolution during
reaction or decomposition. The accelerating rate calorimeter provides the
temperature-time and pressure-time data for tested materials under adiabatic con-
ditions. The adiabatic calorimeter is particularly well-suited for determining a useful
onset temperature T0 for exothermic activity. Due to its greater sensitivity, the T0

determined by the calorimeter will nearly always be significantly lower than T0

values measured by DSC/DTA.
Generally, thermal runaway occurs when an exothermic reaction goes out of

control, that is the reaction rate increases due to an increase in temperature, causing
a further increase in temperature and hence a further increase in the reaction rate,

Table 4 The experimental
data measured from adiabatic
calorimeter

Basic data Model data

Onset temperature Temperature of no return

Temperature versus time Activation energy

Pressure versus time Order of reaction

Self-heating rate Arrhenius frequency
factor

Pressure rising rate Heat of reaction

Time to maximum adiabatic
rate

Specific heat
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which possibly results in an explosion. The temperature of an energetic chemical is
determined by the temperature balance between the amount of heat generated and
that dissipated by the system. The heat generation follows the exponential function
and the heat dissipation keeps the linear function, as depicted in Fig. 2.

An actual test to depict thermal runway reactions is in the plots often referred to
as Semenov plots, as drawn in Fig. 3. The curved line represents the heat generation
due to an exothermic reaction with exponential function assuming Arrhenius law,
while the straight lines represent the heat removal which is a linear function with
Newton’s law of cooling at different coolant temperatures. The temperature of the
coolant can be sufficiently low (case of line B) or insufficiently, like in case C where
thermal control is not possible under any circumstances. Line B has one tangent

Temperature

R
at

e

-System-
Heat dissipation from a system, the rate increases 
linearly with temperature.

Temperature

R
at

e
-Material-
Self-heating of a reaction obeying Arrhenius 
Kinetics, the rate increases exponentially with 
temperature.

Fig. 2 Comparison of heat generation of an energetic chemical and heat dissipation of the
surrounding system

Temperature

R
at

e

A B C T1TNR

Heat
generation

Fig. 3 Self-heating of a reaction and heat dissipation from a system, at three ambient
temperatures, A, B and C. A can control the sample to temperature T1, B is at the critical
temperature TNR, and C cannot control the thermal runaway
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point with curved line, this point is a critical point, while heat removal is equal to
heat generation, and thus, this critical equilibrium temperature is called the tem-
perature of no return (TNR). The LIB can be regarded as a reaction system, in which
heat is generated by the electrochemical reactions between its compounds. And
then, under different working and boundary conditions, when the battery temper-
ature reaches to the TNR, the thermal runaway will inevitably occur [7, 18, 19].

Calorimetry methodology is important for the design and testing of inherently
safer batteries. Table 5 displays the testing needs of battery via various calorimeters.
Once the properties of the cell components are known then the components need to
be evaluated in combination with each other. An adiabatic calorimeter is often used
when conducting multiphase compatibility studies. Testing full cells is an important
aspect of battery safety evaluation, that include,

1. Thermal stability test.
2. Charging and discharging.
3. Designing and testing of protective devices, such as PTC (positive temperature

coefficient) current limiting devices, CID (current interrupt device) which shuts
off power based on internal pressure, and vent system.

4. Test uses and misuse scenarios.

Table 5 Battery safety testing needs by various calorimeters

Testing
subject

Calorimeter Data

Components DSC, DTA, TGAa,
ARC, and VSP

Compare the relative hazards of various active
materials for the purpose of thermal screening:

1. Onset temperature, enthalpy, maximum heating rate
2. Time-temperature history effects onset temperature
3. Gas pressure generation rate, maximum gas
pressure, total gas
4. Materials’ properties: heat capacity, vaporization
and thermal transport characteristics

Mixtures DSC, DTA, ARC,
VSP, and C80b

Compare the relative stability of pressure rise of
electrolyte reactivity and cathode decomposition at
higher temperature

Battery
packs

ARC Uncharged, charged, overcharged, and cycling:
Adiabatic onset temperature, enthalpy, maximum
heating rate

Pressure rising rate, maximum pressure, vent opening
pressure and temperature heat output during normal
operations

aThermogravimetric analyzer
bReaction, isothermal and scanning calorimeter

Hazard Characterizations of Li-Ion Batteries … 433



3 Thermal Runaway Reaction of LIBs by Calorimetry
Methodology

The chemical and electrochemical reactions of battery abuse are complex and
dependent on the temperature and power density, which can be increased by
electrical heating during use, by chemical reactions, and by external thermal effects.
Heat accumulation is therefore more likely to be a problem when exothermic
reactions reinforce the heat generated by the current flow. Nonetheless, thermal
runaway is still possible during the charging of these batteries if they are subjected
to overcharging or elevated temperatures. Heat generation increases exponentially
with temperature while heat removing only dissipates linearly. Insufficient heat
removing or incorrect venting devices could cause thermal runaway, fire, or
explosion [20]. For example, the overcharge can be severe as additional energy is
added to the cell. The cell current is forced through the cell up to some limiting
voltage. Heat is generated by electrochemical reactions and by current flowing
through the cell. If overheated or overcharged, LIBs may suffer thermal runaway
and in case of some unpredictable accidents. Faulty chargers can affect the safety of
the battery because they can destroy the battery’s protection circuit [21].

In extreme cases this can lead to combustion. Short-circuiting will cause the cell
to overheat and possibly to catch fire. Adjacent cells may then overheat and fail,
possibly causing the battery packs to ignite or rupture. In the event of a fire, nail and
crush are somewhat similar hazards for a battery. External damage allows the battery
packs to discharge uniformly and generate heat locally due to short-circuit of the
battery [21, 22]. Heat is generated by current flowing through the cell, and by current
flowing through the nail. Initially the nail is positioned outside of the battery wall
and, when the test begins, is forced through the battery wall and into the battery at a
constant speed. As the nail moves forward, forming direct shorts between adjacent
electrode pairs, the current flowing through the nail itself decreases.

In practice, thermal abuse conditions, such as over charge/discharge, short cir-
cuits, and exposure to higher temperature, accelerate the rate of heat generation in a
LIB. The thermal abuses in the electrode-electrolyte reactions of the LIB occur at
elevated temperatures under conditions of heating, crushing, or short-circuiting.
The cathode materials in LIBs, such as LiCoO2, LiMnO2, Li[NixCoyMnz]O2 and
LiFePO4, are thermally unstable and release oxygen at elevated temperatures,
which induces an autocatalytic reaction with the electrolytes [23]. A thermal run-
away reaction that leads to an explosion is the result of an exothermic reaction of
the active materials that causes a temperature increase and gas generation. The
runaway reaction initially proceeds slowly, but it accelerates exponentially as the
temperature increases until the process becomes dramatically out of control. The
exothermic onset temperatures, the rate of heat production and the rate of pressure
development at runaway are needed to be characterized for inherently hazardous
chemicals. The calorimetric methodology is an important and effective measure to
analyze the thermal hazards of an unstable substance. The use of adiabatic systems
has the advantage that no heat loss is allowed from the sample, and as a result, its
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thermal behavior on a real-scale size can be predicted. A high heat of reaction is not
on its own sufficient to make an exothermic reaction hazards. A large quantity of
gas released during a fast self-heating process causes the true danger associated
with an explosive reaction. In a closed vessel, such as the steel casing of a battery,
the high pressure generated by the gas evolution can ruin the container. Adiabatic
calorimeters have been used for the measurement of temperature (T)–pressure (P)–
time (t) profiles. The low thermal inertia of the adiabatic calorimeter is useful for
extrapolating beyond the peak temperature of the experimental trials. Thermal
runaway is one of the failure causes in rechargeable batteries. Many researches have
been conducted to evaluate the hazards of battery components and to find safer
alternative materials. We listed the researches related to the thermal hazards of LIBs
by various calorimetry methodology to briefly describe the potential properties of
LIB in Table 6.

Many factors influence the operational characteristics, capacity, energy output
and performance of a battery. Bcause of the many possible interactions, these
effects can be presented only as generalizations, and the influence of each factor is
usually greater under more stringent operating conditions. There are many causes to
the LIB safety problems, such as:

1. Flammable and ignitable electrolyte.
2. Thermally unstable cathode.
3. Overcharge sensitive cathode/anode.
4. Thin fragile separator.
5. High sensitivity to metallic elements.

It is commonly recognized that the thermal instability, fire or explosion of LIBs
are related to the flammability of the electrolyte, the rate of charge/discharge, and
the electrochemical potential of the battery pack. In general, thermal runaway is
initiated at an exothermic reaction out of control, that is, the reaction rate increases
exponentially with the increasing temperature. Furthermore, a thermal runaway
reaction that leads to an explosion is the result of an exothermic reaction of the
active materials that causes a temperature increase and gas generation [7, 45]. The
thermal abuses in the electrode-electrolyte reactions of the LIB occurred at elevated
temperatures under conditions of heating, crushing, or short-circuiting. The cathode
materials in LIBs, such as LiCoO2, LiMnO2, Li[NixCoyMnz]O2 and LiFePO4, are
thermally unstable and release oxygen at elevated temperatures, which induce an
autocatalytic reaction with the electrolytes. The organic solvents are easily
decomposed on the anodes during charging and are not stable in the presence of
high lithium activities. The electrochemical reactions of battery abuse are intriguing
and dependent on the temperature, which can be increased by electrical heating
during use, by chemical reactions, and by external thermal effects. The electrolytes
used in LIBs are less stable in the presence of high lithium compositions, which is a
common problem when using elemental lithium negative electrodes in contact with
electrolytes containing an organic or polymeric cationic group [23].
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The calorimetric application of thermal hazards analysis for energetic LIBs has
proven to be a useful alternative technique because of the requirement of temper-
ature measurements. The ARC experimental results of the thermal runaway test
showed that the temperature of the exothermic reaction was near 100 °C. As the
exothermic reaction progressed beyond 150 °C, the reaction rate accelerated, and
the battery disintegrated. At this point, the battery components were ejected from
the casing, which could lead to burns or even explosions [9, 23].

According to the studies reviewed, the porous separator breaks down at tem-
peratures above 120 °C and then induces an internal short circuit [29]. A thermal
runaway reaction of LIBs occurs after the self-generated heating reaches a critical
temperature and is usually accompanied by an explosion. Therefore, the safety
issues of LIBs should not be ignored, and their safe use should be ensured. After
cycling, the LIBs had charging voltages of 3.7 and 4.2 V on commercially available
18650 LIB with nominal capacity of 2600 mAh, and were then used to test the
thermal runaway reaction in an adiabatic calorimeter [5]. The VSP2 trials of the
LIBs provided T-P-t profiles for the runaway reactions taking place under thermal
adiabatic conditions. A charged 18650 cylinder cell exothermally initiated at
approximately 129.1 °C, and between 120 and 160 °C, the heat accumulated and
triggered a thermal runaway reaction. Beyond 160 °C, the violently rapid, self-
heating reaction resulted in a thermal explosion accompanied by high temperature
and pressure, as shown in Figs. 4 and 5: The ARC tests for the CR2325 coin cell of
LixCoO2 (4.1–4.3 V), in which the maximum temperature and self-heating rate

Fig. 4 Self-heating rate profiles of the commercial 18650 LIBs by a VSP2 adiabatic test is
outlining four stages of thermal runaway
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were below 300 °C and 100 °C min−1, respectively [23]. Furthermore, the liquid
electrolytes in the LIBs conducting lithium-ions, acted as a carrier between the
anodes and cathodes when the battery passed an electrical current through an
external circuit. The exothermic temperature range of the commercial electrolyte
solutions was determined to be 170–330 °C by the ARC tests [46, 47]. Richard and
Dahn used an ARC to determine the thermal abuse behaviors of the battery elec-
trolyte and of Li1+xMn2-xO4 in the electrolyte; the self-heating rate was initially
detected at 130 and 190 °C, respectively. The self-heating at 50 °C increased
swiftly after 100 °C for the 18650 LIB as measured by the ARC tests. Without
sufficient heat removal in a battery, a runaway reaction can occur that may even-
tually be followed by autocatalytic decomposition or a thermal explosion [48]. If
LIBs are capable of auto-reactive decomposition at elevated temperatures and if by
charging the battery packs are heated so that the electrodes accelerate toward a
runaway reaction, then the energetic substance is an explosive. The thermal run-
away reaction of a charged LIB showed a maximum self-heating rate, a high final
temperature, a high final pressure and a high pressure rise rate. Hence, to understand
the thermal runaway hazards of the LIB, we summarized the experimental data to
assess the degree of hazard of the energetic LIBs.

The thermal reactive hazards of the charged batteries exponentially increased
with temperature, while the uncharged batteries did not have such a sharp trend.

Fig. 5 Pressure rise rate for the thermal decomposition of the commercial 18650 charged (4.2 V)
and uncharged (3.7 V) LIBs
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Thus, we determined that with an increasing charge level, there were more battery
hazards. Comparison of the thermal decomposition at the charge cells shows which
experienced catastrophic gas generation. Hence, the impact of the charge level on
the thermal runaway reaction needs to be taken into account when considering the
safety of LIBs. The time required to reach maximum temperature trajectories is a
practical measure for comparing the various LIBs. The temperature induction and
the heat accumulation of the LIBs mainly resulted in thermal runaway reactions.
When the temperature gradually increased to approximately 120 °C, the LIBs
experienced solid-electrolyte interphase (SEI) decomposition. Moreover, the sep-
arator diaphragm fused at approximately 130 °C, causing the electrodes to shut
down. Then cathode oxidation by the electrolyte of the LIBs initiated a self-heating
reaction and heat accumulation from 130 to 160 °C in the experimental trials.
Finally, the swiftly increasing temperature and pressure resulted in a thermal
explosion. The heating rate increased dramatically until the temperature reached
above 180 °C, and the sharp exothermic heat generation and gas liberation could
exacerbate potential damage to the LIBs [5]. In our experiments, high temperatures
caused the LIBs to suffer thermal runaway and cell rupture if inadvertently mis-
treated. Roth et al. who reviewed the electrochemical reactions of LIB, state that
SEI typically decomposes at 90–130 °C, intercalated lithium reacts with the elec-
trolyte at 90–290 °C (electrolyte decomposes at 200–300 °C), and positively active
materials decompose and react with the solvent at 150–500°C [32, 37].

We investigated the initial reaction of LIBs under adiabatic conditions by cal-
orimeters. The use of the adiabatic system has the advantage that practically no heat
loss is allowed from the battery, and therefore, the behavior of a real large-scale
battery pack can be estimated. We obtained the essential parameters of the thermal
hazard via adiabatic calorimeter, such as the onset temperature (T0), self-heating
rate (dT/dt), pressure rise rate (dP/dt), maximum temperature (Tmax) and pressure
(Pmax). Finally, the self-reactive heats of various LIBs were measured via the
adiabatic calorimetry methodology to rank the thermal hazards. Then, the dynamic
scanning calorimeter and adiabatic calorimeter were used to analyze and dynami-
cally scan various kinds of chemical components inside the LIB under charge,
discharge and overcharge conditions to determine their thermal behavior. The worst
case of LIB under exothermic behavior and heat accumulation inside the cell
without sufficient heat dissipation were determined by combining the data from
calorimetry methodology. Our purpose is to enhance LIB being designed and
produced under the principle of inherently safer concept. To achieve such purpose,
measurements of exothermic onset temperature, peak power, heat of decomposi-
tion, adiabatic self-heat rate, pressure-rising rate, maximum temperature of reaction
system, maximum pressure, adiabatic time to maximum rate, etc., were performed
to establish the thermodynamics of exothermic behavior in LIB. Figure 6 shows the
main thermal hazards by the internal and external damages during 100–200 °C that
result in uncontrolled runaway. Under an unexpected abuse situation, the heat
generated inside the cell at 100 °C will initiate the organic electrolyte decompo-
sition. The fusion of the separator when the temperature reaches 150 °C will cause
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the short circuit of the cell. Furthermore, the electrodes decompose to release
oxygen at 200 °C. The reaction of a cell changes with the increasing temperature.
Thermal runaway includes the thermal decomposition of the electrolyte, oxidation
reaction of cathode and electrolyte, reduction reaction of anode and electrolyte,
thermal cracking of cell electrodes, and separator fusion. Figure 7 and Table 7
demonstrate the internal short circuit and exothermic reactions of a LIB. The giant
enthalpy inside the cell is the reaction of cathode and electrolyte. The thermal
stabilities of the cell components, such as electrode, electrolyte and separator, are an
important safe issue to develop high power density LIBs [5, 49, 50].

Internal

External

Overcharge

Electro-
chemical
reaction

Short circuit

Crash

Heat source

Penetration

B
at

te
ry

Electrolyte reaction

Separator burst/melt

Short

Spark

Heat generation

Fire

Explosion

Chemicals release

Thermal runaway features:
373—393 K Heat initial and accumulation

393—413 K Anode decomposition and 
Separator fusion

413—433 K Cathode decomposition 
and reaction with electrolyte

413—433 K LixC6/binder and 
reaction with electrolyte

453—473 K Thermal runaway
gas eruption fire/explosion

Cell/battery responseHazards

Fig. 6 Thermal runaway due to various abuse conditions of LIBs

Table 7 The activation process of the battery failure, thermal runaway causes the rapid release of
energy

Use/misuse/abuse
Thermal runaway and cell 

failure

Heat accumulation

in cell

Exothermic activity 

on electrochemical 

reaction

• Rapid rise pressure and 

temperature of a 

cell/battery

• Fire or explosion

Acceleration/active action of

further reaction
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4 Thermal Hazard Evaluation and Analytical Equations
of LIBs

Li-ion batteries are potentially vulnerable to abuse conditions due to their complex
chemical and electrochemical reactions. Electrical abuse (overcharge and external
short circuit) may be mitigated by controlling circuitry. Consequences of short
circuit caused by mechanical abuse such as nail and crush, etc. or manufacturing
issues will depend on the cell design, manufacturing quality as well as nature of the
event. Most internal potential hazards result in poor battery thermal performance
which may trigger runaway reaction. The internal short circuit of a cell can induce
an energetic exothermic process and cause significant self-heating reaction inside
the cell [51]. The calorimetry methodology gives a quantitative test concerning the
thermal potential of a LIB, and also provides the information related to the reaction
rate profiles of the enthalpy of a cell and the parameters that affect the volatility of
the cell components/materials. We summarized the thermodynamic/kinetic relations
to describe the reactivity of the energetic LIBs. The heat generating mechanisms
have been explained as to the reasons that enhance thermal instability at elevated
temperature. With the knowledge of the mechanisms of cell internal electrochem-
ical reaction, from quantitative measurement of the LIBs subjected to the thermal
abuse it is possible to propose new strategies to improve thermal stability on LIBs.
Performance and thermal analysis in combination are practical methods in opti-
mizing the design of scaled-up cells and batteries for power applications.
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Temperature

Electrolytes yielded 
high vapor pressure 

at ca. 373 K

Anode SEI decomposition; 
Electrolyte reacted with Li+

and SEI, gas generation;
Separator fusion 

at ca. 423 K

Solvent + LiPF6/cathode decomposition 
+ reaction with electrolyte →

short circuit → heat accumulation 
→ gas blast at 453-473 K

LixC6/binder + electrolyte
Cell break down
Oxygen release

Catalytic burning

Exothermic stage

High temperature

Acceleration

Thermal runaway

Fig. 7 Thermal runaway progress and internal reaction of a lithium-ion cell
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The temperature of a short circuit cell will only increase if the generated heats
are insufficiently removed. In a short circuit cell, heat is initially generated by the
electrical current in the cell (Eq. 1). Richard et al. proposed that the electrical power
of a lithium cell due to the short circuit at elevated temperatures the chemical
reactions at the electrodes could generate heat (Pelec) [48]. When electric current
flows through the cell, cell voltage V deviates from open-circuit potential V0 due to
electrochemical polarization. The energy loss by this polarization dissipates as heat.
Equation (31) is exothermic at both charge and discharge cycles [7].

Pelec ¼ I ðV� V0Þ ¼ I2R ð31Þ

The combination of the heat generation by two reactions, the decomposition of
the metastable components of the SEI and the reaction of intercalated Li with
electrolyte to form stable SEI, caused the cell temperature to increase. They can be
expressed as a heat generating function as follows [52]:

Pchem ¼ ½ðDH1

Cp
A1 exp

�Ea1

kBT
Þxnf þ ðDH2

Cp
A2 exp

�Ea2

kBT
Þxi exp�z

z0
�Cpm ð32Þ

where the heats of reaction for the formation of stable SEI from metastable SEI and
for the formation of stable SEI from lithium and solvent reaction are represented by
H1 and H2, respectively. Cp is the specific heat of the cell. Ei and Ai are the
activation energy and the frequency factor for the different reactions. The amount of
lithium intercalated into the carbon is represented by xi, and the lithium in the
metastable SEI is represented by xf. The thickness of the SEI layer is related to the
amount of lithium present in both stable and metastable SEI components, z. n is the
reaction order, kB is Boltzmann’s constant and T is the temperature of the cell.

In an adiabatic experiment, no heat is lost to the surroundings, and all of the
liberated reaction energy is used for the self-heating reaction of LIBs. The adiabatic
thermal explosion is important for practical discussions of safety because it rep-
resents the most dangerous case. The self-heating of a LIB by an exothermic
reaction can be described by the heat of reaction (ΔH), total heat capacity, cell mass
(mcell) and adiabatic temperature rise (ΔTad) of the LIB These quantities are related
as follows [23, 53, 54]:

DH ¼ mcell � Cp � DTad ð33Þ

The heat of reaction of a cell is determined by the adiabatic calorimetric
experiments, which indicate the dramatic exothermic hazards of charged Li-ion
cells at elevated temperatures.

In a runaway reaction, the overpressure in a vessel is normally due to the heat of
reaction, which is released by the runaway of the energetic substances. The adia-
batic exothermic behavior was more quantitatively shown in the VSP2 trials, which
provided temperature-pressure-time profiles for the runaway reactions. A LIB
typically forms materials on the anode, depending upon the ease of decomposition
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by the electrochemical reactions. Without sufficient heat removal, a runaway
reaction can occur, that may eventually be followed by auto-ignition or a thermal
explosion. The runaway hazards of a LIB can be recognized by analyzing the
adiabatic trajectories obtained from VSP2 calorimetric trials. When the potential
exists for an adiabatic runaway reaction, the temperature and the pressure trajec-
tories of the reaction can be used as a proper measure of the magnitude of the
thermal hazard of the LIB using the VSP2 adiabatic calorimetric methodology. The
potential thermal hazards of LIBs may cause problems during various kinds of
applications. For example, the heat of reaction for the charged LIBs as determined
by VSP2 experiments is calculated in Table 8 and Fig. 8.

Finally, We applied the simple analytical equation of self-heating rate by an
exothermic reaction, which for an adiabatic temperature rise can be written as
[5, 7, 53]:

dT
dt

¼ DTadA expð�Ea

kBT
Þð1� lÞn ð34Þ

Table 8 Calculation for energy of reaction on 18650 cell from VSP tests

Worked example:
From adiabatic calorimetric tests a fully charged 18650 cell is known to have caused a thermal
runaway reaction. A reaction become dominant above 125 °C and reached 578 °C after 70 min.
The cell blasted finally by means of the thermal abuse failure

Question:
Calculate the energy of reaction of a cell after thermal runaway under adiabatic conditions

Data:
1. The mass of a cell is 46.0 g
2. Apparent onset temperature (T0) is 125 °C, and the maximum temperature (Tm) is reached at
578 °C
3. The specific heat of cell (Cp), which includes the cell and its can, is approximated 0.73 J g °
C−1

4. Temperature versus time profile by adiabatic calorimeter is delineated in Fig. 7

Solution:
1. The energy of reaction is directly linked with the cell failure, that is, the potential of
destruction of a runaway. Where a reactive cell cannot exchange energy with its surroundings,
adiabatic condition prevail. The temperature rise is proportional to the energy released
2. The experimental data, the adiabatic temperature rise (DTad), is a convenient way to assess the
severity of a runaway reaction. It can be calculated by the following,
DTad ¼ Tm � T0 ¼ 578� 125 ¼ 453 �C
3. The specific heat of cell (Cp) is calculated by the following equation:

Cp ¼
P

i
miCpi

P

i
mi

¼ ðCcellmcellþCcan�mcanÞ
mcellþmcan

4. These values can be calculated by substituting the mass of the cell, specific heat of cell and the
adiabatic rise into Eq. (33). In this example, the energy of reaction is given by the following
expression:
DH ¼ mcell � Cp � DTad

¼ 46 (g)� 0:73ðJ/g �C)� 453ð�CÞ ¼ 15;211:74 J
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ln
dT
dt

¼ lnDTad þ ln A� Ea

kBT
þ lnð1� lÞn ð35Þ

where μ is the degree of conversion. If A is much greater than ΔTad and (1 − μ)n,
then Eq. (34) can be simplified as:

ln
dT
dt

� lnDnadA� Ea

kBT
ð36Þ

By plotting the natural logarithm of the self-heating rate versus the inverse of
temperature, the activation energy (Ea) of LIBs can be calculated from the slope,
and the frequency factor (A) of the simplified Arrhenius equation is determined
from the intercept of the fitted line.

It is better to measure the self-heating rate of 18650 LIBs using a VSP2 adiabatic
calorimeter. The experimental data can then be used to determine Ea and A with an
Arrhenius plot, which is shown in Fig. 9. The fitted lines were used to calculate the
kinetic parameters of the thermal explosion for various LIBs. These results agree
with the values of Ea and A of Li-ion coin cells that were found using ARC tests by
MacNeil et al. [23] and Argue et al. [55]. Wang et al. summarized that the reaction
heat generation is the total result of all possible reactions when the cell is under-
going thermal runaway, mainly including SEI decomposition, electrodes reaction
with electrolyte, electrodes decomposition. For the thermal runaway reaction, the
heat generation can be expressed as Qcell [5, 7, 56, 57]:

Fig. 8 Temperature-time profiles of 18650 lithium-ion cell after thermal runaway
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Qcell ¼ DHmnA exp
�Ea

kBT
ð37Þ

From calorimetry methodology, Richard et al. calculated the power generation of
the cell (Pcell) by ARC measurement as the following:

Pcell ¼ Cpm
dT
dt

ð38Þ

We then substituted Eq. (34) into Eq. (38) to obtain the simplified expression for
the heat of reaction of lithium-ion cell.

Pcell ¼ CpmDTadA expð�Ea

kBT
Þð1� lÞn ð39Þ

Based on the observations of these studies, the self-heating rate of LIBs
increased exponentially with the temperature. The results of the adiabatic runaway
reaction experiments agreed with those of the calorimetric methodology. Violent
thermal decomposition and explosions due to runaway reactions pose serious safety
hazards that must be considered when using LIBs.

The total heat generation as a function with temperature increase, P(T), is the
electrical power due to the short-circuit, Pelec, and the chemically generated power
due to the reaction of the cell, Pchem, are added, but then the power loss to the
environment, Pout, is subtracted.

P(T) ¼ Pelec þ Pchem þ Pout ð40Þ

where Pout is the main thermal exchanges between the cell surface and environ-
ments and includes convection heat transfer (Qconv) and radiation (Qradi). When the
cell/battery temperature (Tcell) exceeds the ambient temperature (Tamb), the

ln
 d

T
/d

t

1/T (1/K)

Arrhenius line

Self-heating rate

lnAY

/kESlope

Tk

E
lnA

dt

dT
ln

Intercept

Ba

B

a

=
−=

−=

Fig. 9 Characteristic
self-heating rate for an
energetic substance by
Arrhenius equation
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convection starts to dissipate the heat. When in high temperature cells/batteries,
radiation plays an important role and should be considered. Convective and radi-
ative heat flux out to ambient is evaluated in the following Eq. (35) [7]:

Pout ¼ Qconv þ Qradi ¼ hAðTcell � TambÞ þ erAðT4
cell

� T4
ambÞ ð41Þ

where h is a convection heat transfer coefficient, A is the area of the cell, ε is the
emissivity of the cell surface and σ is the Stefan–Boltzmann constant.

Li-ion batteries, unlike other rechargeable batteries, have potentially hazardous
and pressurized materials and energy density, and require strict quality control
during manufacturing. Calorimetry methodology is useful for the design and
determining of inherent safer LIBs, although there is a limitation of battery pack
size which can be tested. A faulty battery can affect the safety of the battery because
it can destroy the battery’s protection circuit to cause a serious fire or explosion.
Calorimetry methodology has previously been shown to give useful qualitative tests
concerning the cell components and thermal abuse on the relativity of electro-
chemical reaction. The analytical equations precisely consider the complicated
process involving material properties, chemistry, and engineering to achieve a
comprehensive thermal analysis. Based on this model, some important phenomena
such as the thermal response profiles and the temperature distribution on the surface
can be simulated precisely. The model is coupled with electrochemical reaction and
thermal response to study in detail the temperature field distribution and evolution
inside cell. It also considers the geometrical features to simulate an oven test, which
is significant in larger cells for electric vehicle application. Safety improvements
can more from various technology improvements, such as thermally stable cathode,
non-flammable electrolyte, improved separator, coated active materials and increase
formation and quality assurance of the battery packs.

5 Summary

Li-ion batteries are being developed for high-power applications in HEVs and EVs
currently being designed for traffic transportation. These cells offer superior per-
formance in terms of power and energy density over current cell chemistries. Cells
using this chemistry are the basis of battery systems for both gasoline and fuel cell
based hybrids. However, the safety of these cells needs to be understood and
improved for eventual widespread commercial application in power system.
Short-circuiting a battery will cause the cell to accumulate heat and possibly to
catch thermal runaway. Adjacent cells within the battery pack may overheat and
fail, possibly causing the entire battery to ignite or rupture and damage the products.
The energy content of an electrical and chemical reaction in case of fire is often
serious. In about 2010, large LIBs were introduced in place of other batteries to
power systems on some aircraft; some serious lithium-ion battery fires, or smoke,
occurred on the Boeing 787 passenger aircraft, which did not cause crashes but had
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the potential to do so [58, 59]. In the US, the Federal Aviation Administration (US
FAA) Office of Security and Hazardous Materials Safety (ASH) has striven to
enhance safety in air transportation by preventing hazardous materials accidents and
incidents aboard aircraft. 144 air incidents involving smoke, fire, extreme heat or
explosion of the batteries carried as cargo or baggage have been recorded since
1991–2014 [60].

Batteries are sources of energy and when used properly will deliver their energy
in a safe manner. There are instances, however, when a battery may vent, rupture,
or even explode if it is abused. The design of the battery should include protective
devices and other features which can prevent or minimize the problem. Table 9 lists
the strategies of battery safety improvement. These conditions may cause an
internal pressure increase within the cells, resulting in an activation of the vent
device or a rupture or explosion of the battery. There are a number of means to
minimize the possibilities of these occurrences and Fig. 10 shows the safety
mechanism of the LIB pack [61]. The thermal behavior of commercial and pro-
totype cells has been measured under varying conditions of cell composition, age

Table 9 Strategies of battery safety improvement

Battery/cell
monitoring

• Operates at battery level

• Monitoring and software control of cell

• Balancing

• Calorimetry test on battery packs

Inherent safer
materials

• Contribution at cell-level

• Development of improved safety in anode, cathode, separators and
electrolytes

• Calorimetry test on materials

Safety devices • Work at cell and battery-level

• Include PTC, CID, vent, fuses, or interlock, etc. are designed to
intervene before runaway occurs

• Pressure relief and calorimetry studies

Internal
short-circuit

External
damage

International
standards, codes 
and qualification 
for battery safety

Battery
Abuse

External
short-circuit

Overcharge
Overdischagre

Protected Circuit
(I, V, T abnormal)

Protected Circuit / 
Pre-charge

(Battery modulel)

Mechanical proof

PTC
CID

Electro-
chemical
reaction/

components
failure

-Damage-
Heating

Gas eruption 
Fire

Explosion

-Safe design-
Electronic design

Mechanical design
Material design

Fig. 10 Safety mechanism of lithium-ion battery pack
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and SOC. The thermal runaway behavior of batteries has been measured along with
the thermal properties of the cell components. We have also described gas gener-
ation and gas composition over the temperature range corresponding to the thermal
runaway regime. These studies have allowed characterization of cell thermal abuse
tolerance and an understanding of the mechanisms that result in cell thermal run-
away. Therefore, thermal analysis and management is very important to improve
the electrochemical and safety performance in batteries.
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Li-Ion Battery Pack and Applications

Michael S. Mazzola and Masood Shahverdi

1 Introduction

An accurate battery pack model is of significant importance for electric-vehicle
drivetrain design and simulation. It is not uncommon to see simple resistance battery
models used in vehicle simulations or energy storage system simulations [1, 2] even
involving fast dynamics in vehicle power delivery. In contrast to the view that
vehicle system level simulation does not require highly accurate battery models [3],
a high fidelity battery pack model is critical for the vehicle simulation because the
drivetrain power management, the motor/generator control, AC/DC and DC/DC
converter design and control, the battery pack state of power (SOP) management,
etc. are highly dependent on the accurate prediction of the battery power and battery
state of charge (SOC). This is true largely because of the dynamics of the battery
current when a real-world battery electric vehicle (BEV), hybrid electric vehicle
(HEV), or plug-in hybrid electric vehicle (PHEV) is modeled with realistic drive
cycles. As a result, simple models are not capable of predicting the dynamic
responses of the battery pack, which can limit the validity of the entire simulation,
especially if controller performance is included.

Battery packs usually consist of hundreds of battery cells connected in series and
parallel, including battery packsmade up of several batterymodules, with each battery
module containing several battery cells in series, parallel, or series–parallel config-
uration. Much battery modeling work has been reported at the battery cell level [4–9],
with less work discussing battery models at the battery pack level. The work of
integrating cell models into pack models may end up being done by the system level
designer or power electronics designer who do not have expertise in batteries. Going
from battery cell model to battery packmodel is not simply aggregating cell models to
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make a pack model, because not only could it introduce unnecessary computational
requirements for the system simulation, but also because some phenomena that can
easily be observed in the battery pack are ignored [10]. Significant fidelity loss will
occur if inadequate attention is paid to the battery pack behavior, as opposed to
cell-level modeling alone. Thus it is worth investigating the construction of a battery
pack behavior model separately from the cell model.

A high level of model accuracy (less than 1.11 % error) for a 360-V, 21.3-kWh
lithium-ion battery pack has been achieved by correlating the bandwidth of the battery
model with the bandwidth of the battery application [11]. Since a battery is a con-
tinuous nonlinear system which involves complex reactions between anode and
cathode no natural exponential moments should be expected because of the nonlin-
earity of the underlying processes. The electrical analogue battery model, which has
been the subject of many modeling papers addressing different formats and different
chemistries, is actually a truncatedmulti-term exponential series in which exponential
terms are used to approximate the battery behavior. Without linearization there are no
natural time constants in these models arising from physical or chemical analysis, and
thus it can be argued that the limited number of time constants available in the battery
model should be based on the users’ simulation objectives [12]. This relationship
between achievable model bandwidth and application need is ignored in most sce-
narios. While much work has been done seeking natural moments for the exponential
terms [13–15], in reality the model parameters (including the time constants that
define the bandwidth of the battery model) are estimated to give the “best fit” to an
arbitrary load stimulus during the battery test. Large modeling errors may result. An
alternative is to base the bandwidth of the model on the bandwidth of the battery
application; and when this is done a priori of the parameter extraction, then signifi-
cantly higher fidelity can be achieved for an electrical analogue battery model of the
same order of dynamic approximation. In short, the bandwidth of the battery pack
model is chosen to be the bandwidth of the actual battery pack application [12].
A description of the general model is found in Sect. 2, with an example of parameter
extraction in Sect. 3. The application in hybrid electric vehicles of two Li-ion
behavioral models of varying assigned bandwidth is covered in two examples in
Sect. 4. Section 5 concludes the chapter with a summary.

2 Electrical Analogue Battery Model

The electrical analogue battery model [16–18] (Fig. 1) includes two parts. The left
part is the SOC estimator, where battery SOC is calculated based on direct
coulomb-counting. The right part is the circuit behavior representation of a physical
battery, which can be conveniently solved using circuit simulation software such as
MATLAB/Simulink and CADENCE/Pspice. The bridge between the two parts is
the state of charge—open circuit voltage (OCV) mapping. The OCV estimation
depends on the SOC estimation, as the OCV on the circuit part is found by cor-
relating the OCV with the estimated SOC on the mapping.
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Based on Kirchhoff’s current law and voltage law, a discrete time mathematical
description of the electrical analogue battery model is derived as state update
Eq. (1) and output Eq. (2).
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where the state variables Vc1;k�1; Vc2;k�1; and SOCk are capacitor C1 voltage,
capacitor C2 voltage, and battery SOC, respectively. Rs; R1; C1; R2; and C2 are
model parameters which need to be identified prior to using this model and will be
discussed in Sect. 4. C is a constant representing battery capacity. ik−1 is the input
current at time instant k − 1. Parameter vk�1 is white Gaussian noise with zero mean
and covariance Q. The sampling interval is Dt. The measurement equation is

Vk ¼ Vocv;kðSOCkÞ þ Rsik�1 þ Vc1;k þ Vc2;k þ nk ð2Þ

where Vocv,k is the OCV and Vk is the battery terminal voltage. Variable nk is the
measurement noise which is assumed to be white Gaussian noise with zero mean
and covariance R.

The mapping of OCV on SOC is reflected by (3), where Vocv,k is an eighth order
polynomial equation in SOCk.

Vocv;k ¼ a8SOC
8
k þ a7SOC
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k þ a6SOC

6
k þ a5SOC

5
k

þ a4SOC
4
k þ a3SOC

3
k þ a2SOC

2
k þ a1SOCk þ a0

ð3Þ

3 Battery Model Parameter Extraction

The circuit parameters in (1), (2), and the SOC-OCV mapping in (3) need to be
estimated before applying the model.
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Fig. 1 The electrical analogue battery model
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Battery SOC-OCV profile was extracted from a battery pulse
charging/discharging test [19]. The pulse length was taken as charging/discharging
the battery by 10 % SOC and there was 1 min rest period after each pulse. After
combing the charging test voltage and discharging test voltage together, the
SOC-OCV profile was extracted as the red line in Fig. 2. The detailed procedure
can be found in [19]. After the SOC-OCV profile was extracted, a further battery
test with long rest period (24 h) after each pulse with fewer pulses was conducted to
correct the initial SOC-OCV extraction based on the fact that battery terminal
voltage should reach the true open-circuit voltage indicating the true SOC in about
24 h [19]. The coefficients for the eighth order polynomial equations representing
the SOC-OCV profile are shown in Table 1.

A battery test with the test profile in Fig. 3 was conducted on the battery. Mixed
charging and discharging current with different current rates were performed to
sufficiently excite the battery for model parameter extraction. The errors between
the measured terminal voltage and the model output terminal voltage were

Fig. 2 SOC-OCV profile
extraction on a 6.8 Ah
Ultralife UBBL10 lithium-ion
battery module

Table 1 Coefficients for the
polynomial equation

a8 −139.1

a7 481.664

a6 −555.94

a5 123.455

a4 230.917

a3 −185.97

a2 50.1971

a1 −2.5346

a0 13.872
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calculated and minimized by varying the circuit parameters using the Sequential
Quadratic Programming (SQP) algorithm. The extracted parameters are shown in
Table 2. Figure 4 shows the battery terminal voltage estimation results with the
extracted parameters. Accurate off-line battery terminal voltage estimation results
can be observed.

Fig. 3 Battery test current
profile (positive direction is
taken as when the battery is
being charged) (after [11])

Table 2 Estimated
parameters

RS (Ω) R1 (Ω) C1 (kF) R2 (Ω) C2 (kF)

0.145 0.032 1.852 0.044 47.730
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Fig. 4 Results of the battery
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bandwidth (after [11])
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4 Application of Large-Format Battery Behavioral Model

To evaluate the performance of a large-format Li-Ion battery in an automotive
electrical system, having a behavioral model of a battery at the module level is
required. In the simulation domain, the behavioral battery model should be a
flexible electrical model, and in a mathematical structure that does not rely on
battery chemistry in the sense that partial differential equations are solved. For
different types of batteries like Lithium-Ion (Li-Ion), Nickel Metal Hydride
(NiMH), or lead acid, the model parameters should be updated based on specifi-
cation of a battery such as State of Charge verses Open Circuit Voltage (SOC vs.
OCV) curve, and internal impedances. The behavioral model also needs to indicate
SOC which is a key parameter for system level analysis. Depending on the required
fidelity, internal impedances can be represented by either a single resistance or a
resistance pulse one or more series RC networks. The RC network specification
determines the fidelity of the model for higher bandwidth studies. In low bandwidth
analysis the simplified model in Fig. 5 gives reasonable accuracy. In this model the
internal impedance is estimated by a single resistance only, where the numerical
effect is to represent the difference between terminal voltage and open-circuit
voltage as having no delayed response. The method given in Sects. 2 and 3 will
work for both this case as well as those cases where the delay must be considered,
such as when a battery management or powertrain controller’s performance is part

Fig. 5 Simplified behavioral
battery pack model. The
model includes VOC-SOC
nonlinear relationship and a
single series resistance to
model the difference between
open-circuit voltage (related
to SOC) and terminal voltage
when the battery is loaded by
current during charging or
discharging
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of the problem being simulated. Here a capacitor is responsible for indicating the
state of charge in the battery. The voltage across the capacitor is equivalent to SOC
of the battery. A lookup table creates the non-linear relationship between SOC and
OCV. If the VOC-SOC curve and the single resistor of the pack is extracted by the
method in Sect. 2 the pack model can be directly derived. This has the advantage of
avoiding errors associated with an ideal cell model that does not include the dis-
tribution in cell performance that can make building the pack model built by scaling
up the cell level model unreliable. Ultra-capacitors can be modeled in pack level by
using a first order series RC network. Figure 6 displays the pack level UC model in
parallel with pack level battery model in Simulink.

4.1 Battery Behavioral Model in the Powertrain of a Series
Hybrid Electric Vehicle

The application of the battery pack model is illustrated by studying a design
example in the electrified vehicle area. In this section, the battery pack model is the
key part of the powertrain of a series hybrid electric vehicle. A unique (for pas-
senger duty) vehicle is studied in the Autonomie simulation environment [20].
Then, several Energy Storage System (ESS) options, which are combinations of

Fig. 6 Simplified hybrid energy storage pack behavioral model. A first order UC model in parallel
with the battery forms a hybrid energy storage model
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battery strings and/or UC strings, are nominated and considered in an analysis of
alternatives. Since 1-Hz standard drive schedules for city and highway driving
condition published by US Environmental Protection Agency (EPA) are used as a
simplification, so then it is assumed that higher frequency loading does not affect
this analysis. Therefore, the bandwidth of this analysis is limited to 1 Hz. This is a
practical example of why the battery model can be limited to the bandwidth of the
simulation application assumptions.

4.1.1 Reference Vehicle Specifications

Figure 7 illustrates the architecture of the reference vehicle in which the Subaru
EE20 gasoline engine [21] is the main source of energy coupled with one axial flux
permanent magnet (AFPM) generator, the YASA-400 [22]. The HESS is charged
by the generator and operates as an intermediate energy buffer for a traction motor,
another YASA-400. The power rating and other specifications of the main com-
ponents of the power train are shown. In Autonomie, each component is defined by
a behavioral model in the Simulink environment and Autonomie couples these
models together to run an overall model of the vehicle over selected drive cycles
(Fig. 8). An existing series-hybrid mid-size vehicle model is modified for this study.
For engine modeling, a validated Prius model available in Autonomie is scaled up
to 110 kW to reflect the ratings of the Subaru engine. For the generator and motor,
the YASA-400 efficiency map data and other specifications of the machine are
extracted and used for modifying an available machine model in Autonomie. Next,
a modified control strategy is applied in state flow environment (Fig. 9). Three fixed

Fig. 7 The series-hybrid architecture of the reference vehicle
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engine operating points are used for the engine control strategy. They are (1) an idle
mode (no load); (2) a high efficiency operating point, and (3) a wide open throttle
(WOT) operating point. One of the three operating points is selected by the con-
troller depending on battery state of charge (SOC). The idle operating point is
selected when the battery SOC is high enough to provide energy to the propulsion
motor for a while. If the SOC falls below the first low threshold, mode two is
selected to recharge the battery to the first high threshold; in this way the engine
operates at an efficient or high Brake Specific Fuel Consumption (BSFC) operating
point. If the SOC goes below a second low threshold, mode three is activated to
supply the load with maximum power from the engine which simultaneously
charges the battery back to a second high threshold.

4.1.2 Parametric Study for Selecting Light and Efficient ESS Using
Battery Pack Model

The cost of the battery in a Hybrid Electric Vehicle (HEV) is still high, so any
solution for selecting a smaller capacity, lighter battery can reduce the total cost of
the vehicle. A Hybrid ESS (HESS) which ends up with a minimum battery size is
called a battery light solution. For minimizing the size, one method is to use
optimization algorithms. However, because of power-bus voltage constraints in the

Fig. 8 Series architecture of the reference vehicle in autonomie

Mode 1
Engine Power

 = 0 kW

SOC < 0.48SOC < 0.52

SOC > 0.5SOC > 0.6

Mode 2
Engine Power

 = 20 kW

Mode 3
Engine Power 

= 60 kW

VBUS<1.1×VBUS_Min

VBUS<1.1×VBUS_Min

Fig. 9 Control strategy state flow diagram
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passive configuration, the size of the battery or the UC string is not a continuously
variable parameter which can be set as an optimization variable, but a discrete
variable instead. One efficient method for testing for alternatives is to carry out a
parametric study over available options which meet the voltage constraints. The
upper range of dc voltage of the motor controller recommended for the YASA-400
is 400 V. This is the limiting factor which determines the maximum high line
voltage of the ESS. 400 VDC is the voltage at which maximum motor peak power
of 93 kW is achieved. Therefore, the nominal battery voltage of a string should be
close to this value to meet the peak power of the vehicle acceleration requirement.
To create a 400 VDC unit block (string) of battery or UC options, multiple modules
are required to be connected in series (Fig. 10). In this study, a parametric study has
been carried out for finding the best available ESS solution. The basic idea is to
vary the number of parallel strings and compare fuel economies (MPG) of the
vehicle. Using every possible practical combination of strings from Table 3, three
possible configurations of battery only, UC only, and combined battery and UC are
compared. Two Gen4 motor/generator controllers from Sevcon [23] are used to
control both the YASA motor and generator. Battery or UC behavioral Simulink
models in the Autonomie library are updated with information from Table 3. In the
next two paragraphs, a commercially available string of UC and the commercially
available strings of batteries are examined respectively.

Fig. 10 A string of battery
cells: unit block of parametric
study consists of multiple
modules. A “string” is a series
construction of available
modules and/or cells to allow
passive connection to
400-VDC (max) power bus.
384 VDC (max) is what in
reality can be made by
considered battery modules.
All HESS options are
constrained to integer
numbers of strings
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One String of UC: Referring to the bus voltage constraint, one string of UC can
be sized. From data available in UC manufacturers’ data sheets, 1 Hz is the assumed
bandwidth limitation of UC’s. Therefore, the largest demand at 1 Hz is considered
as a reference for sizing one string of 400 VDC UC. Among standard drive cycles,
US06 is the most aggressive with harsh accelerations and decelerations. Therefore,
the power draw from the motor associated with the US06 drive cycle is used to size
the UC bank, which contains a peak power of almost 100 kW.

Maxwell UC cells are used in this study, so the manufacturer’s instruction for
finding the number of cells and the capacitance of cells is used. In (4), WUC is the
energy requirement which in this case is 30 Wh. Ur is the high line voltage set to
384 VDC because the 384 VDC is the maximum voltage that can be built with both
available battery modules (100 % charged) and available UC modules (100 %
charge). This maximum voltage is the largest that the passive connection of
available components can achieve while remaining below the maximum voltage of
400 VDC imposed by the motor drive. K, 0.5, is the factor which determines the
ratio of low line to high line voltage. This value is recommended by the manu-
facturer [24].

WUC ¼ C0U2
rð1�K2Þ

2ð3600Þ ð4Þ

1.95 F is computed for C0; however, considering the manufacturer’s recom-
mended margin and also based on available cells (650 F, 2.67 V), overall capaci-
tance of 4.33 F is the closest minimized option. 150 650-F cells are used in series to
create one string of 384-V UC. In Table 3, additional specifications of the UC are
listed.

One String of Batteries: Lithium-ion chemistry is recognized as one of the best
solutions for today’s and future EV’s and HEV’s because of high energy and power

Table 3 One string of alternative energy storage devices

Specifications UC#1 ANR#1 AMP#1 NiMH#1

Cell maximum voltage (V) 2.83 3.5 3.4 1.4

Cell nominal voltage (V) 2.67 3.3 3.3 1.2

Number of cells in modules 6.0 10.0 6.0 6.0

Number of modules in series 24.0 11.0 19.0 45.0

Total number of cells 150.0 110.0 114.0 270.0

Nominal voltage (V) 384.0 363.0 376.2 324.0

Maximum voltage (V) 407.7 381.2 384.0 380.7

Estimated cells mass (kg) 26.7 10.5 51 66

Estimated cells volume (L) 21.3 6.0 33.8 26.6

Energy capacity (kWh) – 0.9 5.3 2.1

Continuous power (kW) 33.3 18.0 48 32

Power in 1 s (kW) <230 43.6 – –
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density. Also, nickel metal hydride (NiMH) batteries are widely used by manu-
facturers [25]. There are several manufacturers which make Li-ion and NiMH cells;
however, the number of options available in the form of modules or packages which
have the cell balancing function built-in are limited. Selected for consideration in
this parametric study are the NiMH prismatic cells from Panasonic used in the
Prius, the ANR cylindrical cells from A123, and the AMP14 prismatic cells from
A123 because they come in packaging with balancing specifications. For each of
these three options the specifications of the lightest 384 VDC string are shown in
Table 3. The lightest strings have the lowest costs, and obviously the lowest
capacity, so if more power or energy is required one or more strings with the same
specifications must be added in parallel. Therefore, battery strings listed in Table 3
are the smallest units which fulfill the voltage requirement. Having identical voltage
ratings for the battery and the UC strings allow them to work in parallel using the
full SOC range of both.

4.1.3 HESS Parametric Study Results

Figure 11 shows the result of the parametric study performed by comparing the
combined fuel economies of the vehicle with different ESSs. Combined fuel
economy is defined as a weighted average of 55 % city driving (modeled with the
UDDS drive cycle) and 45 % highway driving (modeled with the HWFET drive
cycle). On the horizontal axis the type and number of strings are shown; as an
example “ANR#2UC#1” represents two parallel strings of ANR cylindrical cells
from A123 in parallel with one string of UC from Maxwell. In the ANR case, it is
shown that when the number of parallel strings goes up, the fuel economy goes up
as well until a peak happens at four strings. After this point, the negative impact of
added weight on fuel economy outweighs the benefits of extra power and as a result
a reduction in combined fuel economy is observed. This trend is clearly seen with
the first three UC options.

However, the option with the highest fuel economy is not necessarily the best
solution because the additional cost of adding a string must be considered. Therefore,
there is always a tradeoff between increasing fuel economy and minimizing the cost
and weight of the HESS. From Fig. 11, it can be argued that it is not worth investing
money for additional strings for achieving only oneMPG of additional fuel economy.
Also, given the minimal AER strategy, a lighter, less costly battery option is desired if
fuel economy is not affected too much. Attending to this argument, four attractive
options are identified numbered one through four in Fig. 11.

4.1.4 HEV Energy Storage Design Example—Concluding Remarks

The final option selected by a vehicle designer would depend on the results of
additional detailed design that may include augmenting the battery model with
additional bandwidth capability, as discussed earlier in the chapter. This may be
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needed, for instance, when considering controller dynamics. One such example
follows in the next section where an adaptive filter for real-time
state-of-charge-estimation requires the additional dynamic simulation fidelity pro-
vided by the behavioral model augmented with two additional exponential modes
not used in the HEV design example in this section (Fig. 11).

4.2 Battery Behavioral Model for Real-Time Battery
State-of-Charge Estimation

Battery state of charge (SOC) estimation is a key issue for a battery management
system (BMS), especially with the rapid development and commercialization of
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs) [26].
Accurate SOC estimation is crucial for determining the optimal operation mode of
the PHEV or HEV, so that the best overall performance can be achieved. Compared
with the batteries in low power applications, e.g., laptops or cell phones, batteries in
high power applications encounter faster dynamics and more cycles of
charging/discharging until the battery SOC can be recalibrated [26–28]. Therefore,
it is more difficult to get an accurate SOC estimation in high power applications. In
this section, two kinds of Gaussian approximation filters, the extended Kalman filter
and the quadrature based Gaussian approximation filters, are briefly reviewed. They
will be used to estimate the SOC.
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Consider a class of nonlinear discrete-time dynamical systems and the mea-
surement equation described by:

xk ¼ f xk�1ð Þ þ mk�1 ð5Þ

yk ¼ h xkð Þ þ nk ð6Þ

where xk 2 Rn; yk 2 Rm, mk�1 and nk are independent white Gaussian process
noise and measurement noise with covariance Qk�1 and Rk , respectively.

4.2.1 Extended Kalman Filter

Given the initial estimate state x̂0 and covariance P0, the estimation of states can be
obtained by the extended Kalman filter (EKF), which consists of the prediction and
the update steps:

Prediction:

x̂kjk�1 ¼ f x̂k�1jk�1
� � ð7Þ

Pkjk�1 ¼ Fk�1Pk�1jk�1F
T
k�1 þQk�1 ð8Þ

where x̂k�1jk�1 and Pkjk�1 are the state estimate and the covariance at time k−1,
respectively. Fk�1 is the Jacobian matrix of f evaluated at x̂k�1jk�1.

Update:

Kk ¼ Pkjk�1H
T
k HkPkjk�1H

T
k þ Rk

� � ð9Þ

x̂kjk ¼ x̂kjk�1 þKk yk � h x̂kjk�1
� �� � ð10Þ

Pkjk ¼ I�KkHkð ÞPkjk�1 ð11Þ

where Hk and Kk are the Jacobian matrix of h evaluated at x̂kjk�1 and the Kalman
gain at time k, respectively.

Since the EKF is based on the first-order Taylor series expansion, the accuracy
and stability of the EKF may not be sufficient for many applications with large
uncertainties. Many quadrature-based Gaussian approximation filters can be used in
the same filtering framework to improve the performance of the EKF.
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4.2.2 Quadrature Based Gaussian Approximation Filters

Assuming that the probability density function (PDF) of the states is Gaussian, the
Gaussian approximation filters can be obtained as follows [29–31]. Note that only
the mean and covariance need to be calculated and the filtering algorithm also
consists of two steps:

Prediction:

x̂kjk�1 ¼
X

Np

i¼1

Wif ðniÞ ð12Þ

Pkjk�1 ¼
X

Np

i¼1

Wi f nið Þ � x̂kjk�1
� �

f nið Þ � x̂kjk�1
� �TþQk�1 ð13Þ

where Np is the total number of quadrature points, Wi is the point weight, and ni is
the transformed point obtained from the covariance decomposition, i.e.

Pk�1jk�1 ¼ SST ð14Þ

ni ¼ Sci þ x̂k�1jk�1 ð15Þ

where ci is the quadrature point to approximate the filtering integral with respect to
the normal distribution N x; 0; Inð Þ with mean 0 and covariance In. n is the state
dimension.

Update:

x̂kjk ¼ x̂kjk�1 þ Lk yk � zkð Þ ð16Þ

Pkjk ¼ Pkjk�1 � LkPT
xz ð17Þ

where

Lk ¼ Pxz Rk þ Pzzð Þ�1 ð18Þ

zk ¼
X

Np

i¼1

Wih ~ni
� � ð19Þ

Pxz ¼
X

Np

i¼1

Wi
~ni � x̂kjk�1
� �

h ~ni
� �� zk

� �T ð20Þ

Li-Ion Battery Pack and Applications 469



Pzz ¼
X

Np

i¼1

Wi h ~ni
� �� zk

� �

h ~ni
� �� zk

� �T ð21Þ

where ~ni is the transformed point obtained from the decomposition of the predicted
covariance, i.e.

Pkjk�1 ¼ eSeST ð22Þ

~ni ¼ eSci þ x̂kjk�1 ð23Þ

ci and Wi can be chosen according to the Gauss-Hermite quadrature (GHQ) rule
[29, 30] or the Unscented Transformation (UT) [31]. The corresponding filters
using GHQ and UT for estimation are Gauss-Hermite quadrature filter (GHQF) and
Unscented Kalman filter (UKF), respectively.

The points and weights for UT are given as follows.
For the UT with 2n + 1 points [31], ci and Wi are given by

c1 ¼ 0; 0; � � � 0; 0½ �T; W1 ¼ 2j
2 nþjð Þ

ci ¼
ffiffiffiffiffiffiffiffiffiffiffi

nþ j
p

ei�1; Wi ¼ 1
2 nþjð Þ ; 2� i� nþ 1

ci ¼ � ffiffiffiffiffiffiffiffiffiffiffi

nþ j
p

ei�n�1; Wi ¼ 1
2 nþjð Þ ; nþ 2� i� 2nþ 1

8

>

<

>

:

ð24Þ

where ei�1 is the unit vector in Rn with the (i − 1)th element being 1 and j is a
tuning parameter with the suggested optimal value j ¼ 3� n for Gaussian distri-
butions [31]. The UT is exact for all polynomials of the form xi11 x

i2
2 � � � xinn with

1� i1 þ � � � þ in � 3 [30].
For the univariate GHQ rule with m quadrature points, ci andWi can be calculated

as follows [29]. Ifm = 1, then c1 ¼ 0 andW1 = 1. Ifm > 1, first construct a symmetric
tri-diagonal matrix J with zero diagonal elements and Ji;iþ1 ¼ Jiþ1;i ¼

ffiffiffiffiffiffiffi

i=2
p

,
1� i�m� 1. Then the quadrature point ci is calculated by ci ¼

ffiffiffi

2
p

ei, where ei is the
ith eigenvalue of J. The correspondingWi is calculated byWi ¼ við Þ21 where við Þ1 is
the first element of the ith normalized eigenvector of J. The univariate GHQ rule with
m points is exact up to the (2m − 1)th order of polynomials [30].

The multivariate GHQ rule extends the univariate m-point set to the n-dimen-
sional point set by the tensor product rule [29, 30]. It is exact for all polynomials of
the form xi11 x

i2
2 � � � xinn with 1� ij � 2m� 1 [30]. However, the total number of points

Np ¼ mn increases exponentially with the dimension n. Hence, it is hard to use for
high dimensional problems. To alleviate this problem, the sparse Gauss-Hermite
quadrature can be used [32]. In this paper, the conventional Gauss-Hermite quad-
rature is used since the dimension of this problem is three.

Since the EKF uses the first order Taylor expansion to approximate the
non-linear function, the approximation can be accurate only to the first order. But
the UKF approximation accuracy can be up to the 3rd order polynomials because it
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uses the Unscented Transformation. Using a more advanced quadrature rule for
approximation, the GHQF can achieve arbitrarily higher order estimation accuracy
than the UKF.

4.2.3 Performance Testing and Results

The real-time battery SOC estimation approach has been tested in simulation using
the experimentally determined battery model described in Sect. 3 for a 6.8 Ah
Ultralife UBBL10 Lithium-ion battery module. The test current is shown in Fig. 3.
For the model represented by (1) and (2), the process noise and measurement noise
are assumed to be white Gaussian and are added to the battery model. Thus, this
battery model is assumed to accurately represent the true system within the band-
width of the original current excitation (i.e., Fig. 3) used for parameter extraction.
To test the robustness of the filters to uncertain initial conditions, an initial value of
40 % SOC was given to the model instead of the true value of 100 % SOC. The
initial values for V̂c1;0 and V̂c2;0 are set to be 0.05 and 0.05 V instead of the true
values 0 and 0 V, respectively. The initial covariance is set to be
P0 ¼ diag 0:01; 0:01; 0:1½ �ð Þ. The process noise covariance is Q = 1 × 10−8 and the
measurement noise is R = 1 × 10−4.

The SOC estimation from running one time is shown in Fig. 12 with a zoomed
view in Fig. 13. The SOC estimation with the EKF diverged from the true SOC and
thus was not plotted here. Figure 14 shows the SOC estimation errors.

Fig. 12 SOC estimation
results from running the
simulation one time
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The results shown in Fig. 15 are generated from 50 runs of the simulation, where
the root-mean-square error (RMSE) of the 50 runs is used as the criteria for
comparison. Since these are 50 runs of the simulation rather than 50 battery tests, no
battery aging related issues are involved or considered at this point.

From these results it can be observed that the estimated SOC quickly converges
to the true SOC. The errors from both GHQF and UKF quickly drop to 1 % and
stay below 0.2 % in most parts. The GHQF converges faster than the UKF and
proves to be the best estimator compared with the UKF and EKF in the battery SOC
estimation problem.

Fig. 13 Zoomed view of the
SOC estimation in the first
20 min of the simulation

Fig. 14 SOC estimation
errors versus time for the
three different filters
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4.2.4 Real-Time SOC Estimation Filters—Concluding Remarks

The Gauss-Hermite quadrature filter was introduced with an otherwise accurate
open-loop behavioral battery model to estimate battery SOC in real-time. The
ability of the filter to self-start was tested by giving the model poor initial values.
The EKF and the UKF were built on the same battery model for comparison. The
results show that the GHQF is capable of starting with large deviated initial con-
ditions to quickly converge to the true SOC. SOC estimations from the EKF
diverged from the true SOC indicating that EKF is not capable of being used on the
selected type of electrical analogue battery model with poor initial conditions.
The UKF is able to provide satisfactory estimation accuracy but it converges to the
true SOC comparatively more slowly than the GHQF. SOC estimation errors for
GHQF and UKF remains between 0.13 and 1 % of SOC in most parts, with the
error from UKF slightly higher than that from GHQF. Therefore, when both the
self-starting capability and estimation accuracy are considered, the GHQF excels in
comparison to commonly reported EKF and UKF for real-time SOC estimation
with the common electrical-analogue battery model, because the GHQF is known to
be more capable of handling high order polynomial based models [30, 32].

5 Summary

This chapter has examined a well-known behavioral model (i.e., Fig. 1) used with
Li-ion batteries as well as other chemistries. The need for accuracy in dynamic
simulation as well as real-time application in battery management systems varies
widely. Physics based models are essential to the design of batteries, but are a
burden in systems engineering and in detailed design of applications that use bat-
teries. The large format Li-ion battery has many promising emerging applications,

Fig. 15 Root-mean-square
error of SOC for the UKF and
GHQF after 50 simulation
runs
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and thus there is a need for useful models of large-format Li-ion batteries. But the
use of single-cell behavioral models as a means for directly scaling to models of
large format batteries has some disadvantages. This chapter presented an emerging
technique for directly modeling a large-format battery with a flexible
electrical-analogue battery behavioral model. A general procedure for extracting the
parameters of the model is discussed, and additional references to the literature are
given for the details should the reader choose to practice the method. A key concept
in this approach is to consider the bandwidth of the model and that of the simulation
application to be tied. Thus, the available degrees of freedom in the form of the time
constants of the dynamic portion of the behavioral model are selected a priori to
cover accurately the bandwidth of the application. The result is accurate dynamic
modeling of the terminal voltage of the battery while maintaining accurate track of
the key internal variable, which is the state-of-charge of the battery.

Two examples are presented in this chapter. The first is a system level parametric
study of the available battery technologies to satisfy a design problem with a series
hybrid electric vehicle. At the level of the study, which involved comparing battery
weight, cost, and the resulting predicted vehicle fuel economy, a dynamic model
with independent state variables was not required. In this case, a single resistance
was used to model the difference between the terminal voltage and the open-circuit
voltage of the battery during dynamic current fluctuations. In such a model a single
resistor is often thought to represent the internal “dc” resistance of the battery; but
this is misleading. In fact, in a real battery, the terminal voltage continues to change
for many hours even after the battery current has ceased flowing. In the
bandwidth-centric dynamic behavioral modeling reported in [11, 12], this resistance
actually models all dynamic changes in the battery terminal voltage that are com-
pleted faster than the characteristic time scale of the current, in other words, the
resistor is less a physical resistance and more a “catch all” for battery dynamics that
occur faster than that included in the model. The value of this limiting case in the
first example is that it allowed the controller algorithm to be stimulated by
the capacity-limited bandwidth of two different battery types and in synergy with
the capacity-limited bandwidth of the ultracapacitor so that relative vehicle (i.e.,
system) performance could be judged in terms of the fuel efficiency of the engine.

However, internal dynamics is one of the more common causes for battery
state-of-charge misestimation. So, in the second example, it was shown that
adaptive filters could be very effective at estimating and tracking the internal
state-of-charge of a large format battery with the benefit of the presented behavioral
model. The behavioral model was augmented over that in the first example with two
RC tank circuits to add internal state variables. The time constants of the RC
circuits were selected not based on an unlikely extraction of natural exponential
moments inside the battery reflecting independent physical processes, but instead
the time constants were assigned a priori (but not the R’s and C’s themselves, see
Sect. 3) to cover the expected application bandwidth to the necessary accuracy. The
justification for this approach is that the presented behavioral model represents in
fact a truncated exponential series that approximate the actual dynamics of the
battery (linear or non-linear) to be expected over the application bandwidth.
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The result was impressive performance in converging to the true SOC after starting
from an arbitrary initial condition, with the Gauss-Hermite quadrature filter
(GHQF) performing the best in this respect. After relaxation, both the Unscented
Kalman Filter (UKF) and the GHQF filter maintained accurate track of the SOC
(less than 1 % error) during dynamic variations in battery charging and discharging
in the presence of Gaussian distributed noise. The conclusion taken from both
examples is that matching the expected dynamics of the simulation/application
environment with a flexible-bandwidth behavioral model of a large-format Li-ion
battery is an effective and economical engineering method.
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High Voltage Cathode Materials

Christian M. Julien, Alain Mauger, Karim Zaghib and Dong Liu

1 Introduction

Energy production, storage and utilization are basic problems in industrialized
countries from the economical, environmental, political and technological points of
view. On the crucial technological aspects is energy saving and storage for pow-
ering diverse devices such as microelectronics (cellar phones, tablers, laptops),
green transportation (hybrid electric vehicles (HEVs), electric vehicles (EVs),
bikes) and smart grid. The development of inexpensive high-power-density sec-
ondary (rechargeable) electrochemical cells such as Li-ion batteries (LiBs) would
also have a highly positive environmental impact through the replacement of
gasoline motors. Intensive studies have been devoted to electrode materials for
LiBs. Indeed, their larger gravimetric and volumetric energy densities make them
good candidates to alleviate the environmental and energy pressures [1, 2]. These
batteries are commonly identified by the name of the positive electrode (currently
named cathode) element, i.e. a transition-metal insertion compound consisting of a
host structure for Li+ ions and the operating voltage of the redox potential. Three
classes of materials can be considered: the 3-V cathodes, e.g. MnO2, LiFePO4, the
4-V cathodes, e.g. LiCoO2, LiCo1−y−zNiyAlzO2, LiNi1/3Mn1/3Co1/3O2, LiMn2O4,
and the 5-V cathodes that are considered in this chapter. With high voltage, the
battery delivers an energy density higher than 500 Wh kg−1 at an industrial scale
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requesting fast discharge rates over many charge/discharge cycles with good
thermal stability [3].

Several reviews have been published on electrode materials for LiBs [2, 4–8].
Ellis et al. [9] provided an overview of the major developments in the area of
cathode materials but did not mention the 5-volt systems. Fergus [10] has critically
exposed developments in cathode materials for LiBs including a comparison of the
performance characteristics of the promising cathode materials and approaches for
improving their performances. Zaghib et al. [11] gave an overview of olivines in
lithium batteries for green transportation and energy storage. Concerning the
high-voltage materials, several reports have been dedicated to the spinel
LiNi0.5Mn1.5O4 (denoted LNM) and its derivatives [12–15]. Recently, Kraytsberg
et al. [14] outlined and analyzed the achievements, and challenges in the field of
high-voltage cathode materials for Li-ion cells.

In this chapter we give the state of the art in the understanding of the properties
of the 5-V cathode materials. Owing to the progress in this field, these compounds
are promising active cathode elements for the next generation of Li-ion batteries to
improve the technology of the energy storage and electric transportation. This paper
is organized as follows. In Sect. 2, the preliminary considerations are dedicated to
the principles governing LiBs and the electron energies in the electrodes. Section 3
addresses physico-chemical and electrochemical properties of the LiNi0.5Mn1.5O4

spinel oxides and their related doped parents. Section 4 is devoted to other 5-V
cathodes materials with olivine, inverse spinel, fluorovanadate and fluorophosphate
structures, and Sect. 5 gives some concluding remarks.

2 Electron Energy in LiBs

The operating potential of a cell is limited by the open-circuit voltage Voc, which is the
potential difference across terminals of the battery when no current is being drawn

Voc ¼ � 1
nF

ðlA � lCÞ; ð1Þ

where (μA−μC) is the difference in the electrochemical potential of the anode
(A) and the cathode (C), n is the number of electrons involved in the chemical
reaction of the cell, and F is the Faraday’s constant. For high-voltage cathode that Is
a semiconductor in nature, it implies to consider the Fermi level as discussed by
Goodenough et al. [2]. If the active transition-metal cation contains a localized d-
electron manifold, the manifold acts as a redox couple, e.g. Ni2+/4+ in LNM.
Successive redox couples are separated by an on-site effective Coulomb correlation
energy U that can be large when augmented by either a crystal-field splitting or an
intra-atomic exchange splitting [1]. However, when the Fermi energy EFC of the
cathode material approaches the top of the anion p bands of the host, the p-
d covalent mixing may transform the correlated d electrons at EFC into band
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electrons occupying one-electron states. In the absence of a crystal-field splitting of
the d orbitals at EFC, which is the case for Ni(IV) to Ni(II), the one-electron states
are not separated by any on-site energy U and there is no step in the voltage of the
battery. EFC is moved from one formal valence state to another upon the reduction
or oxidation of the host.

Figure 1 reports a comparison of the schematic density of states and Fermi
energies for (a) LixNi0.5Mn1.5O4 spinel and (b) LixNiPO4 olivine cathodes. Access
to Ni(III) and (Ni(IV) valence states is possible in the spinel case, while the Mn5+/
Mn4+ couple lies well-below the top of the O 2p bands; the solid electrolyte
interface (SEI) layer formed at voltage V > 4.3 V is self-limiting and Li-permeable.
On the other hand, the properties of LixNiPO4 (LNP) are greatly influenced by the
counteraction of the (PO4)

3− polyanion on the Ni2+/Ni3+ couple that is pinned at the
top of the O 2p bands, which provides an intrinsic voltage limit for this cathode.
Table 1 lists the electrochemical data of the high-voltage cathode materials.

3 Spinel Frameworks

3.1 Structure of LiNi0.5Mn1.5O4

LiNi0.5Mn1.5O4 crystallizes in two possible crystallographic structures: the

face-centered spinel (S.G.Fd3mm) and the simple cubic phase (S.G. P4332) named
as “ordered spinel”. The difference in the diffraction patterns of the cubic P4332

Fig. 1 Schematic density of states and Fermi energies for a LixNi0.5Mn1.5O4 spinel and
b LixNiPO4 olivine cathodes. The origin of energies is chosen at the Fermi energy of lithium metal
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symmetry is characterized by additional weak Bragg lines located at 2θ = 15.3,
39.7, 45.7 and 57.5° [16–18] due to the ordering of the Ni and Mn cations. The
primitive unit cell in the cubic system (P4332) resulting from the 1:3 cation ordering
is illustrated in Fig. 2. The cubic cell parameter Å falls from a = 8.243 Å for
LiMn2O4 to a = 8.1685 Å for LiNi0.5Mn1.5O4. In the ordered phase, the larger Ni2+

ions (ionic radius 0.69 Å) occupy only the 4b sites that give more room than the
16d sites of the normal spinel structure [19]. The cation distribution in the P4332

Table 1 Electrochemical data for high-voltage cathode materials

Cathode material High-voltage
plateau redox couple

Discharge voltagea

(V vs. Li+/Li0)
Theoretical
capacity
(mAh g−1)

LiNi0.5Mn1.5O4 Ni2+/4+ 4.7 147

LiNi0.45Mn1.45Cr0.1O4 Ni2+/4+/Cr3+/4+ 4.7/4.8 145

LiCr0.5Mn1.5O4 Cr3+/4+ 4.8 149

LiCrMnO4
b Cr3+/4+ 4.8 151

LiCu0.5Mn1.5O4 Cu2+/3+ 4.9 147

LiCoMnO4
b Co3+/4+ 5 147

LiFeMnO4
b Fe3+/4+ 5.1 148

LiNiVO4 Ni2+/3+ 4.8 148

LiNiPO4 Ni2+/3+ 5.1 167

LiCoPO4 Co2+/3+ 4.8 167

Li2CoPO4F Co2+/4+ 5.1 115
aVoltage of the upper plateau
bA partial delithiation occurs at ca. 4 V versus Li0/Li+ due to the Mn3+/4+ redox couple

Fig. 2 Schematic representation of the structure of A[B2]O4 spinel lattices. a the smallest

(primitive) cubic unit cell of normal spinel (Fd3m) and b the unit cell of the 1:3 ordered spinel
(P4332). The structure is composed of alternating octants of AO4 tetrahedra and B4O4 cubes to
build the fcc unit cell [28]
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symmetry is then Li on 8c, Ni on 4b, Mn on 12d, and O(1) and O(2) oxygen ions
occupy the 24e and 8c Wyckoff positions, respectively. The net result is thus a
significant optimisation of space occupation leading to a reduced unit cell volume.
In addition, Strobel et al. [20] suggested that the occurrence of cation ordering
corresponds to the larger valence difference ΔZ(Mn − M) ≥ 2. Moreover, it has
been reported that the lattice parameters depends on the synthetic route [21–26].
Similar results have been reported for LiMg0.5Mn1.5O4 [27]. Magnetic measure-
ments have evidenced the ferrimagnetic ordering at Tc = 129 K in LMN. When no
impurity phase (NiO, LiyNi1−yO) is detected, the ferrimagnetic behavior is an
intrinsic property trivially due to the collinear ferrimagnetic ordering in which both
the Ni sublattice and the Mn sublattice are ferromagnetic [28, 29] and
spin-polarized in the opposite direction.

It has been pointed out that phase-pure LiNi0.5Mn1.5O4 is difficult to synthesize due
to impurities such as NiO and/or LiyNi1−yO usually exist [29]. Mukai and Sugiyama
identified the Li[Ni1/2Mn3/2]O4 (P4332) from dc-susceptibility measurements [30].
As an alternative approach, the off-stoichiometricmaterial LiNi0.5Mn1.5O4−δ has been
synthesized in the disordered structure [9, 31–35]. The small voltage plateau at ca. 4 V
for LiNi0.5Mn1.5O4−δ is attributed to the Mn3+/Mn4+ couple due to the existence of a
small amount of Mn3+ ions resulting from the charge compensation of oxygen loss.
The crystal structure of LiMn1.5Ni0.5O4 has been determined by various techniques
including XRD [35, 36], neutron diffraction [36, 37], XAFS [38], XANES [39], ex
situ electron diffraction [36], in situ synchrotronX-ray absorption (XAS) [40], Raman
scattering spectroscopy [19, 25, 41], ex situ Fourier transform infrared (FTIR)
spectroscopy [25, 41–43] and in situ FTIR [44]. Raman and FTIR spectroscopy have
been proven to be effective tools in differentiating the ordered versus disordered LNM
structures; the sample with cationic ordering is known to exhibit characteristic
infrared bands at 650, 465 and 430 cm−1 [43].

3.2 Origin of the High Voltage

The electrochemical reaction in LixNiyMn2−yO4 has been described by several
groups [2, 17, 45, 46]. Using ultraviolet photoelectron spectroscopy, Gao et al. [45]
studied the top of the valence band of LixNiyMn2−yO4 for a series of samples with
0.0 < y<0.5. A partial density of states attributed to Ni 3d electrons is located about
0.5 eV above that of the Mn 3d eg electrons. When y = 0, the voltage plateau of Li//
LiMn2O4 is located at 4.1 V. As y increases, the capacity associated to the 4.1 V
plateau decreases as 1 − 2y Li per formula unit and a new plateau at 4.7 V appears.
The capacity associated to the 4.7 V plateau increases as 2y Li per formula unit, so
that the total capacity of the samples (the sum of the contributions from the 4.1 and
4.7 V plateau) is constant. This is taken as evidence that the oxidation state of Ni in
these samples is +2, and therefore they can be written as LiþNi2þy Mn3þ1�2yMn4þ1þyO

2
4.

The 4.1 V plateau is related to the oxidation ofMn3+ toMn4+ and the 4.7 V plateau
to the oxidation of Ni2+ to Ni4+. The reason for this behavior is shown in Fig. 3.
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The crystal field splits the 3d levels of Mn and Ni octahedrally coordinated with
oxygen into eg and t2g levels [45]. For Mn3+, among the four 3d4 electrons with
majority spin (↑) three electrons are on t2g(↑) and one electron is on eg(↑). In the
low-spin configuration, the 3d8 electrons of Ni2+ have six electrons on the t2g(↑↓)
level and two electrons on the eg(↑↓) level. As an electron is removed fromMn3+, it is
removed fromMn eg(↑), which has an electron binding energy at around 1.5–1.6 eV,
and this is on the 4.1-V plateau.When there are nomore electrons left onMn eg(↑) (all
Mn are oxidized to Mn4+), electrons are removed from Ni eg(↑↓) which has an
electron binding energy of about 2.1 eV, and the voltage plateau moves up to 4.7 V
because of the increased energy needed to remove electrons.

3.3 Synthesis of LNM Spinels

LiMn1.5Ni0.5O4 particles, because of their easy preparation, and their economical
and environmental advantages, have been prepared by various synthetic methods
with different morphologies and sizes. Generally, LNM powders prepared by
solid-state reaction (SSR) have a large deficiency in oxygen, which results in the
appearance of a wide voltage plateau at 4.1 V versus Li0/Li+ and the presence of
impurity phase such as NiO or/and LiyNi1−yO. It is thus detrimental to the elec-
trochemical properties. The amount of impurity phase can be reduced by annealing
the sample in high O2 pressure (at ca. 2 MPa) [30]. Spinel oxides were synthesized
using carbonates [47], mixture of Li2Co3, NiO and electrolytic MnO2 as reactants
[48, 49]. Modified solid-state reactions include one-step process [50], mechanical
activated SSR [49, 51], and ball milling [52]. LNM powders were also grown by
low-temperature SSR using excess of oxalic acid [53], two-step and three-step

Fig. 3 Schematic diagram
showing the 3d electronic
levels of Mn3+ and Ni2+ in
LiNiyMn2−yO4 spinel. It is
noted that Ni2+ favors the
low-spin configuration in
LiNiyMn2‴yO4
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synthesis [54]. Ohzuku et al. [55, 56] reported that an optimum condition to prepare
a LNM material is a two-step solid state reaction, i.e. crystallization at 1000 °C
followed by oxidation at 700 °C.

Molten salt synthesis based on the use of salts with low melting point has been
reported to be one of the simplest techniques for preparing ceramic materials [57].
Well-faced LNM crystals were synthesized by molten salt technology using stoi-
chiometric amount of LiOH, Ni(OH)2, and γ-MnOOH (2:1:3) calcined at 700–
1000 °C [57]. Micro-sized LNM crystals in plate and octahedral shapes were
synthesized by molten-salt method in LiCl and LiCl-KCl fluxes; the main surface
facets on the plates were determined to be (112) crystal planes [58]. Recently,
microscale LNM was synthesized using nanothorn structured MnO2 mixed with Li
and Ni precursors [59].

Many approaches have been used to synthesize LNM by wet-chemical methods
using aqueous or alcoholic solutions providing high-purity spinel phase. These
techniques include combustion method [26, 60], sucrose-aided combustion method
[61], co-precipitation method (CPM) [62], ultrasonic CPM [63], two-dryness CPM
[50], chloride-ammonia CPM [64], emulsion drying [5, 65], oxalate co-precipitation
process [66]. The LNM materials prepared by co-precipitation from acetate solution
by oxalic acid and annealing at 900 °C in air had the preferred disordered spinel
structure [67]. Idemoto et al. [31] showed that the oxygen content in samples
obtained by sol-gel method and annealed under a high pressure of oxygen increases
in comparison with that of samples prepared by the solid-state method. For the
LiNi0.5Mn1.5O4 sample prepared by combustion method using urea as fuel with a
urea/Li molar ratio of 0.57 and a heat treatment temperature of 900 °C, the
particle-size distribution fell in a narrow range of 1–2 µm [68]. Cao and Manthiram
proposed a novel synthetic approach using urea as a reservoir for CO2 to control the
formation of LNM and optimize its morphology for high tap density [69].
A modified Pechini method utilized metal nitrates dissolved in distilled water and
added drop-wise to citric acid–ethylene glycol (1:4 molar ratio); this solution heated
to 140 °C enables the chelation (reaction of functional carboxyl group of acid with
metal ions) process for the esterification of acid with ethylene glycol. The final
product is composed by primary crystallites of 50–70 nm size with a surface area of
15.6 m2 g−1 [70].

Spray pyrolysis methods are also commonly used including the flame-type
method that can be used for mass production of cathode materials [71]. Other
derivative methods include spray drying [72], ultrasonic spray [24], ultrasonic spray
pyrolysis [73] spray pyrolysis associated with internal combustion-type [74].
Internal combustion type spray pyrolysis apparatus was used to prepare LNM
cathode materials under the form of spherical particles with an average size of about
2 μm after calcination at 800 °C. The morphology of the particles changed from
spherical to an irregular shape at temperatures higher than 900 °C [75].

The use of polymers containing oxygen-based functional groups [polyethylene
glycol (PEG), poly(methyl methacrylate) (PMMA)] has been studied to synthesize
highly crystalline nanometric LNM. Mechanical activation of hydrated salts in the
presence of oxalic acid and the polymer followed by heating at 800 °C for a few
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minutes is sufficient to obtain pseudopolyhedral particles ranging from 60–80 nm in
size [76]. LNM powders are also synthesized by polymer-pyrolysis growth [13],
radiated-polymer sol-gel synthesis [54], poly(methyl methacrylate)-assisted method
[77], polymer-assisted synthesis [14].

3.4 Structural Modification of LNM Spinels

The influence of the structure modification on electrochemical properties of
high-voltage spinel cathodes has been reported in numerous works (see [78] for a
review). Manthiram et al. [79] have pointed out the beneficial effect of cation (M″)
substitution or doping in spinel oxides, allowing them to deliver the capacity around
a nearly flat voltage of 5 V. The higher operating potential is attributed to a binding
of the M″:3d eg electrons by at least 0.5 eV higher than that of the Mn: 3d eg
electrons [17]. This can be achieved by appropriate double doping with elements
such as Cr, Fe, Co, which have larger bonding energy than that of Mn–O. Among
the numerous dopant elements, chromium is the most popular [41, 79, 80]. The
lithium-rich the spinel Li1+δNi0.5Mn1.5O4 was also prepared. The extra lithium is
used in this material to convert MnIII to MnIV state, thus minimizing the impact of
Jahn–Teller (JT) distortion [55].

As a result, the superior performances of these cathodes are attributed to the
smaller lattice parameter differences among the three cubic phases formed during
the charge-discharge process. For LiCr2yNi0.5−yMn1.5−yO4 (0 < y ≤ 0.2) powders
synthesized by a sucrose-aided combustion method and heated at 900 °C, the most
remarkable result was obtained in the range y ≤ 0.1, where a very high capacity
retention at 55 °C was observed [56]. Park et al. [81] found that Cr doping
(y = 0.05) provided a wider plateau during charge–discharge tests by suppressing
the Mn3+ oxidation that increases the structural stability by reduction of the JT
distortion.

Other dopants for LiNi0.5Mn1.5O4 are the fluorine and the sulfur. When part of
oxygen atoms is replaced by fluorine, discharge capacitance generally decreases,
but stability under cycling grows considerably [82–86]. Besides the effects of the
structure, particle size and cation substitution, there are some works relative to the
substitution of a small amount of fluorine for oxygen atoms in LiNi0.5Mn1.5O4−zFz
(0.05 ≤ z ≤ 0.2) [83]. The electrochemical measurements show that stable cycling
performance can be obtained when the fluorine concentration z is higher than 0.1,
but the specific capacity is decreased and 4 V plateau capacity resulting from a
conversion of Mn4+/Mn3+ remains. Sun et al. [87, 88] studied the effect of sulfur
substitution on the structural integrity of spinel frameworks synthesized by wet
chemistry. The capacity loss for the LiAl0.24Mn1.76O3.98S0.02 electrode was attrib-
uted to the presence of the rock-salt phase Li2MnO3 detected at the surface of the
oxysulfide particles in the electrode cycled in the 4-V region at 80 °C [87].
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3.5 Oxygen Deficiency

More oxygen loss in the LNM framework leads to more Mn3+ generated to keep the
electric neutrality, and the larger ionic radii of Mn3+ (0.645 Å) compared to Mn4+

(0.530 Å) results in the larger cell volume (Fig. 4). Moreover, less Mn3+ can reduce
the dissolution of manganese, decrease the polarization, and increase the cycle
performance, therefore, lead to a significant contribution to the comprehensive
electrochemical performances of materials [89]. The partial replacement of Ni and
Mn by Cr in LiNi0.5Mn1.5O4 is an effective way to alleviate this problem [18]. In
addition, Cr3+, which has only three electrons in its 3d energy level; therefore no JT
distortion is retained. Zheng et al. [90] demonstrated that the presence of an
appropriate amount of oxygen deficiency and/or Mn3+ is critical to accelerate the
Li+ ion transport within the crystalline structure, which is beneficial to enhance the
electrochemical performance of LNM offering high rate capability of 96 mAh g−1 at
10 °C.

3.6 LNM Versus Cr-Doped LNM

The two-electron redox reaction Ni2+/Ni3+ and Ni3+/Ni4+ for the LiNixMn2−xO4

cathodes have been investigated by several spectroscopies [45, 91]. With the
increase of x in LiNixMn2−xO4, the 5-V plateau capacity rises and finally the 4-V
plateau disappears basically at x = 0.5. Figures 5 and 6 display, respectively, the
typical charge/discharge profiles measured at C/12 rate of LNM//Li cells for pristine
and Cr-doped cathode samples and the related differential capacity curves,

Fig. 4 Schematic representation of the spinel structure with oxygen vacancy
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dQ/dV versus V that provide more details on the electrochemical behavior [92].
These figures show that the electrochemical properties of LNM spinels are inti-
mately connected to cation ordering on the lattice spinel lattice. Thus the doping
onto Ni site has the effect of inhibiting the ordering. However, Shin et al. [93] have
pointed out the existence of cation-ordered domains. The two dQ/dV peaks in the
4.7-V region for either the oxidation process (charge) and the reduction process
(discharge) indicate the two-step redox reaction. The narrower voltage separation

Fig. 5 Typical charge-discharge profiles (3rd cycle) measured at C/12 rate of LNM//Li cells for
pristine LiNi0.5Mn1.5O4 and Cr-doped LiCr0.1Ni0.45Mn1.45O4 samples (adapted from Ref. [39])

Fig. 6 Differential capacity curves, dQ/dV versus V, of LiMn1.5Ni0.5O4 and
LiMn1.45Cr0.1Ni0.45O4 spinel materials. The values at the peaks are given in volt (adapted from
Ref. [39])
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(ΔV =*30 mV) between the two oxidation peaks of the pristine LNM compared to
those (ΔV = *70 mV) of the Cr-doped LNM is reminiscent of the higher degree of
cation ordering in the pristine sample.

Lithium insertion in Li1+xMn1.5Ni0.5O4 occurs in the 3-V region as a two-phase
system with the coexistence of the cubic LiMn1.5Ni0.5O4 and the tetragonal
Li2Mn1.5Ni0.5O4 phase [91]. Micrometer-sized LNM single crystals synthesized by
SSR at the relatively low temperature of 700 °C showed an initial discharge
capacity of 130 mAh g−1 between 4.95 and 3.00 V at the 3 C rate [94]. Kanamura
et al. [95] obtained a discharge capacity higher than 130 mA h g−1 and 100 %
rechargeability with the coulombic efficiency about 97 % and average discharge
potential 4.75 V versus Li+/Li. The electrochemical performance has been evalu-
ated as a function of the deviation of the ratio Ni/Mn concentrations from the ideal
composition 1/3/ [96–99] and oxygen deficiency [100]. The electrochemical
properties are not very sensitive to a Ni excess. On another hand, the loss of
rechargeable capacity is remarkable when the Ni/Mn ratio is smaller then 1/3, a
result that is in agreement with the fact that the optimization of the electrochemical
properties of LiNi0.5Mn1.5O4 spinel requires minimization of the nickel deficiency
[101].

3.7 Phase Diagram of LixNi0.5Mn1.5O4

The phase evolution during lithium de-intercalation/intercalation within the LNM
spinel phase has been studied using both ex situ [69, 102–104] and in situ [35, 39,
42, 105] X-ray diffraction techniques. Conflicting results have been reported.
Alcantara et al. [104] investigated the mechanism of lithium extraction-insertion
around 5 V by recording ex situ XRD of the LNM electrodes. They found that the
XRD patterns of LixNi0.5Mn1.5O4 are still indexed in a single cubic phase during
the first charge of the battery up to x = 0.5. Further lithium extraction caused the
reflections to split and two cubic phases with different unit cell parameter are
detectable from Li0.45Ni0.5Mn1.5O4 to the complete extraction x = 0. The second
phase shows a contraction of the unit cell volume, similarly to that found in the
deinserted phases emerging from LiMn2O4. In the ordered LMN, three distinct
cubic phases were detected related to each of the Ni2+, Ni3+, and Ni4+ oxidation
states in the ordered LMN material. These phases transformed from one to another
by means of two distinct two-phase regions that correspond to the wide voltage
plateaus observed in the charge-discharge curves [36]. In contrast, the disordered
LMN material showed a small shift of the XRD spectrum to higher angles without
any clearly identified two-phase region until the end of charge is approached;
consistently, the plateaus in the voltage profiles are less pronounced [36]. On the
other hand, a structural change has been reported upon delithiation of disordered
LixMn1.5Ni0.5O4 at x = 0.5 with loss of the glide symmetry [106]. However, a
different phase diagram has been reported for this same disordered LMN, with a
solid solution for large values of x, followed with a two-phase region at x * 0.6,
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due to the onset of a second cubic phase, phase II, then another two-phase region is
observed at x < 0.4, in which phase II coexists with another cubic phase, phase III
[42]. Rhodes et al. [35] have found that the three phases coexist in a finite range of
concentrations. However, the authors did not specify if their measurements were
made on ordered or disordered LMN. We can simply note that their result is in
agreement with the phase diagram found by Wang et al. [42] for LMN in the
ordered phase, since the three phases are found to coexist only in this case.
Moreover, the phase diagram is reported to depend on the morphology of the
particles [107]. The phase transitions were reversible, meaning that migration of
cations is highly reversible during lithiation/delithiation.

Recent report has shown that the phase diagram for both samples
LixMn1.5Ni0.5O4 and LixMn1.45Ni0.45Cr0.10O4 showed the existence of three phases
that form alternatively solid solutions and two-phase regions [105]. The results
shown in Fig. 7 have been understood on a basis of a model that takes strain effects
into account, also explaining the fact that the phase diagram is sample dependent,
and hence the different results reported in the literature. The analysis of the phase
diagram confirms the faster dynamics of the Li-insertion/de-insertion in the
Cr-doped sample, evidenced by the improved capacity retention at high C-rates.
The other benefit of the Cr-substitution is the increase of the stability of the lattice.
The drawback is a decrease in the energy density that is not due to a loss of
capacity, but a smaller redox potential of the nickel versus Li+/Li [105].

3.8 Surface Modified by Coating

LNM materials demonstrate a significant capacity loss at elevated temperature
T > 50 °C, which is a critical environment for HEV and EV applications.
Researches have shown that an extended cycling of the Li//LNM cells at elevated

Fig. 7 Variation of the lattice
parameter of the different
cubic phases in the LNM
sample as a function of the Li
concentration x during the
charge (a) and discharge
(b) during cycling at C/24 rate
(adapted from Ref. [105])
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temperature resulted in the local Mn and Ni dissolution. The factors that limit the
capacity retention of LNM at high temperature (*60 °C) have been identified
[108]. The most important failure involves the surface of the cathode material
where decomposition of the nonaqueous electrolyte occurs because of the catalytic
effect of the transition-metal ions. The product of electrolyte oxidation is formed on
the surface of the cathode material and acts as an electrically insulating layer that
could decrease the electronic conductivity and prevent the easy transportation of
ions. Surface analysis of aged LiNi0.5Mn1.5O4 electrode operating at 60 °C involves
the formation of LiF, C-F and P-Fx species and results in local Mn and Ni disso-
lution and transformation of the active material to λ-MnO2 [109]. In an ionic liquid
solvent at elevated temperature (55 °C) the surface film is enriched by inorganic
fluorinated species and becomes thicker with cycling, resulting in a continued
electrode polarization and ultimately cell failure [110]. The effect of different
membranes and aluminum current collectors on the initial coulombic efficiency of
LNM//Li have been investigated, and the cycling performance at different rates and
temperatures and the storage performance at 60 °C for a week discussed [111].

Efforts to inhibit the electrode-electrolyte reactions have included coating the
surface with substance that would block them suppressing the surface dispropor-
tionation reaction 2Mn3+→Mn2+Mn4+ [1]. Fu et al. [112] have reviewed the
importance of surface structural features of electrode materials for their electro-
chemical performance in Li batteries; both anode and cathode materials were con-
sidered. Many studies indicated that a surface coating approach is an effective
method to improve the electrochemical performance of LiNi0.5Mn1.5O4 [108, 113–
117]. So far, surface modification of 5 V-LNM includes formation of oxide coated
layer (OCL), noble metal layer or phosphate layer. Among the varieties of coating
components, Al2O3 is the most popular [108, 113]. To illustrate the effect of coating,
the discharge capacity at 50th cycle versus C-rate of LiMn1.42Ni0.42Co0.16O4 before
and after coating with 2 wt% Al2O3 is displayed in Fig. 8.

Fig. 8 Discharge capacity of
LiMn1.42Ni0.42Co0.16O4 at
50th cycle as a function of
C-rate before and after
coating with 2 wt% Al2O3

(adapted from Ref. [113])
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Cho et al. [118] attributed the positive effect of the OCL on the cycling per-
formance to the increased fracture toughness of the coated material, which would
suppress the lattice stress by constraining the LNM particles against lattice changes.
However, Chen and Dahn et al. [119] suggested that OCL does not suppress the
lattice parameter evolution and that the enhancement of electrochemical perfor-
mance is independent of the fracture toughness of the coating oxide. Appapillai
et al. [120] pointed out that the better cycling performance is largely due to the
differences in the surface microstructure rather than structural instability. In the
same spirit, Liu and Manthiram [108] argued that improvement in the electro-
chemical properties of surface modified Co-doped LNM is due preferentially to a
much more stable surface chemistry which avoids the development of SEI layer
acting as a protection shell between the active material and the electrolyte.

4 Inverse Spinel Cathodes

In 1993, Dahn discovered that both LiNiVO4 and LiCoVO4 belong to the 5-V class
cathode with an inverse spinel structure [121]. These compounds were synthesized
through solid-state reaction between their respective nitrates and oxides at a very
high temperature, ca. 800 °C. In this lattice (S.G. Fd3m), the pentavalent vanadium
is located on the tetrahedral 8a sites (1/4, 1/4, 1/4), Li and Ni(or Co) are distributed
on the octahedral 16d sites (1/2,1/2,1/2), the distribution being disordered and the
positions of oxygen are in 32e sites (z,z,z). Using in situ XRD, it has been proved
that the reaction occurring at potential as high as 4.8 V versus Li+/Li for the
compound LiNiVO4 is a deintercalation/intercalation process involving the
removal/insertion of Li+. The redox couple to operate at the plateau over 4.5 V is
Ni2+/3+/4+ providing a theoretical capacity 148 mAh g−1. If all the Li+ ions were
located in octahedral 16d sites, no Li+ conduction would be expected through the
tetrahedral site-empty octahedral site pathway. The striking difference in cell
voltage between LiNiVO4 (4.8 V) and its analogue LiCoVO4 (4.2 V) implies that
the transition-metal atoms in the inverse spinel structure play a critical role. Fey
et al. [122] have reported the presence of a NiO impurity peak at 43.5° in their
LiNiVO4 product prepared via a high-temperature solid-state reaction (cubic lattice
parameter a = 8.222 Å), while Prabaharan et al. [123] have demonstrated that
free-impurity LiNiVO4 was synthesized at temperatures as low as 500 °C using the
aqueous glycine–nitrate combustion process (a = 8.2198 Å). The particle size of the
product annealed at 500 °C was found to be 38 nm.

Various methods have been used for the synthesis of LiNiVO4 (named after
LNV). The conventional method, i.e. solid-state reaction, provides big crystallite
size and poor stoichiometry [124–126]. Fey et al. [127] prepared samples by
reacting LiNiO2 precursor and V2O3 or V2O5 in air at 700 °C for 2 h. Wet-chemical
synthesis techniques include sol-gel route [126–128], gel-combustion synthesis
[127, 129, 130], combustion synthesis using gelatine as fuel [131], sol-gel via
citrate [132], sol-gel via oxalate [133], glycerol-assisted gel combustion synthesis
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[129], starch-assisted combustion method [78], urea-assisted combustion synthesis
[134], precipitation method [135], aqueous glycine-nitrate combustion process
[122]. LNV particles, sized 50–70 nm, prepared by a citric acid polymeric process
in addition with urea were coated by Al2O3 derived from (methoxyethoxy)
acetate-alumoxane. The galvanostatic cycling studies suggest that 0.5 wt% coating
obtained from a (methoxyethoxy) acetate-alumoxane precursor enhanced the cycle
stability by a factor two compared with the pristine LNV [398]. Hydrothermal
technique can be used to obtain much smaller particles (few nanometers only)
prepared at low temperature (200 °C) [126, 127, 136–138]. Synthesis of Li- and
La-doped LNV has been also reported [139] but this doping did not lead to sig-
nificant improvement. Stoichiometric and non-stoichiometric LNV thin films were
formed by using rf-sputtering by varying the partial pressure of oxygen [140].
Stoichiometric sputtered LNV with a partial pressure of oxygen (1 %) gives the best
electrochemical properties, and has obtained a capacity of 1300 mAh g−1 during the
first discharge cycle in the range 3–0.2 V at low C-rate.

Electrochemical tests of coin cells cycled at 0.2 mA cm−2 in the voltage range
between 4.8 and 3.0 V versus Li+/Li show at the first discharge capacity of 98 and
83 mAh g−1, for the two samples, respectively. Pristine and Al-doped LNV com-
pounds were synthesized by starch-assisted combustion followed by a thermal
treatment at 700 °C for 3 h. The discharge capacity at the 1st cycle of pristine LNV
is 90 mAh g−1, while the capacity of LiNiAl0.1V0.9O4 has increased to
119 mAh g−1 [141]. Chitra et al. [130] showed that LNV inverse spinel prepared by
sol-gel synthesis via oxalate route and fired at 800 °C has domain size of 52 nm.
Two well-defined potential regions were observed in the charge–discharge curves
of Li//LixNiVO4 cell cycled in the compositional domain 0.2 ≤ x ≤ 1.0. The first
region extends up to x = 0.65 and the second one region up to x = 0.2. This latter x-
value is considered as the maximum faradaic yield for Li+ extraction in LixNiVO4.
The deintercalation process of Li+ ions from LiNiVO4 cathode materials leads to
the quantitative oxidation of NiII into NiIII and the non-oxidation of V atoms
beyond the 5 + state. The upper high voltage plateau at 4.7 V versus Li+/Li is
attributed to the two-phase domain NiVO4 + Li0.65NiVO4 (Fig. 9a). Phase transi-
tions are clearly observed in the derivative capacity dQ/dV versus V plot (Fig. 9b).
The oxidation-reduction peaks observed at 4.82 and 4.68 V, respectively, are
associated with a single electron transfer process during lithium intercalation–
deintercalation process.

The structural properties of the as-prepared and electrochemically of LixNiVO4

(1 > x > 0.56) were investigated by XRD and Raman spectroscopy. Only little effect
of the Li-extraction on the crystal structure could be detected with XRD, whereas
Raman revealed a softening of the V–O bonds and severer distortion of the [VO4]
tetrahedron with Li-extraction and also a decrease of the electronic conductivity at
x = 0.56 [132]. Rietveld refinement of the Li0.56NiVO4 electrode (charge state)
showed that the lattice parameter of the delithiated cathode material almost did not
change with respect to that of fresh LiNiVO4, indicating a rigid structure of the
LNV lattice (a = 8.2178(4) Å at x(Li) = 1). This could be attributed to the
co-existence of Li and Ni on the 16d site because the stronger Ni–O bonds may
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restrain the shrinkage of the material lattice during Li insertion/extraction.
However, the peak intensities decreased with lithium extraction, and the diffraction
peaks became broader and broader. This indicates progressive formation of defects
in the material lattice as a result of Li+ extraction [132].

5 Polyanionic Frameworks

The third family of 5-V cathode materials is based on poly-anionic frameworks
with the olivine and olivine-related structures. Recently, a short review of this class
of materials, as cathodes for advanced lithium-ion batteries, has been published
[14]. Since the discovery of the electrochemical activity of LiMPO4 (M = Fe, Mn)
olivines with Fe3+/2+ and Mn3+/2+ redox potentials 3.5 and 4.1 V versus Li+/Li,
respectively and theoretical capacity 170 mAh g−1 [7], there were many attempts to
develop cathode materials with higher intercalation voltages over 4.5 V that deliver
high specific energy density as high as 800 Wh kg−1. Candidates for high-voltage
electrodes are polyanionic materials containing either nickel or cobalt (for structure
description, see Ref. [142]).

5.1 Olivine Frameworks

LiMPO4 compounds crystallize in the olivine structure belonging to the ortho-
rhombic symmetry (S.G. Pnma). According to this structure, the lithium ions are
distributed along channels. The simplified picture for the ionic conductivity is then a
1D diffusion of the lithium ions along these channels. A common feature to all the
olivine materials is their poor electronic conductivity, so that bare particles have very

Fig. 9 a Charge-discharge profile of Li//LiNiVO4 cell at C/5 in the potential range 3.0–4.9 V.
b Derivative capacity dQ/dV as a function of the cell voltage

492 C.M. Julien et al.



poor electrochemical properties (Fig. 10). Therefore, the active element of the
cathode is always a nano-composite C-LiMPO4 that designates the nanoparticle with
its carbon coat [143]. On the other hand, the ability to suppress thermal runaway of
LiMPO4 olivine frameworks is attributed to the high covalent feature of the P-O
bonds in the tetrahedral (PO4) units, which stabilizes the olivine structure and pre-
vents oxygen release from the charged (delithiated) olivine materials up to 600 °C.
However, it is still controversial for the delithiated state of LiCoPO4 [144–146].

Various techniques were used for the growth of LiNiPO4 (LNP) and LiCoPO4

(LCP) isostructural olivines. Synthetic methods include solid state reaction with a
final heat treatment at 775 °C for 48 h in argon [145, 147–154], ball milling mixing
carbon with the precursors [155], freeze-drying process assisted by formic acid
[156], polyvinyl-pyrrolidone assisted sol-gel route [157], precipitation method
[158], Pechini method [159, 160], polyol method using 1,2 propanediol and eth-
ylene glycol [161], thin film deposition [158]. LCP powders were prepared by an
original solid-state synthesis procedure based on the use of an alternative
cobalt-containing precursor CoNH4PO4 and a lithium excess synthesis with carbon
black as temporal dispersing agent, later eliminated as CO2 [162]. The sol-gel
technique in ethylene glycol [163, 164] appeared to be a simple method to prepare
submicron-sized carbon-coated LNP and LCP with only little dispersion in the size
distribution. Bramnik et al. [148] reported the effect of different synthesis routes on
Li extraction–insertion from LiCoPO4; samples prepared by SSR method at high
temperature demonstrated unsatisfactory electrochemical performance [149],
although some improvement was observed by a synthetic approach based on the
precursor NH4CoPO4•H2O [162]. Surface modification of LCP particles was
obtained via a thin layer of Al2O3 deposited (*10 nm) by a sputtering method
[158] or via a thin layer of LiFePO4 (*4 nm) by SSR method [153], and will be
discussed below.

Fig. 10 Electrochemical features of olivine frameworks. a Cyclic voltammogram of Li//LiNiPO4.
b Incremental capacity −dQ/dV of Li//LiCoPO4
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Recently, several researchers reported the electrochemical features of LiMPO4

(M = Ni, Co) compounds (Fig. 10). Wolfenstine and Allen [146] determined the Ni3
+/Ni2+ redox potential in LiNiPO4 between 5.1 and 5.3 V. To overcome the
problems with low electrolyte stability, a 1 mol L−1 LiPF6 in tetramethylene sulfone
electrolyte was used because of its high oxidative stability, around 5.8 V versus Li+/
Li. These experimental values are in excellent agreement with recent theoretical
predictions [165, 166]. The absence of redox peaks when LNP was heated under
argon suggests that this material has a very low intrinsic electrical conductivity.
This result is in good agreement with the electrical conductivity results of Rissouli
et al. [167], who observed that the electrical conductivity of LiNiPO4 was 2–3
decades lower than that for LiCoPO4 and LiMnPO4. Therefore, additional treat-
ments such as carbon coating are mandatory for LNP to exhibit Li
insertion/deinsertion. Magnetic anisotropy in Li-phosphates and the origin of their
magneto-electric properties have been investigated [168–172]. Magnetic properties
of LCP and LNP show that antiferromagnetic M-O-M superexchange interactions
couple the spins in planes parallel to (100) [169]. Local environment and bonding
strength of the cations were studied by Raman and FTIR [172–174]. The voltam-
metry displayed an oxidation peak at *5.28 V and a reduction peak at *5.12 V
(Fig. 10a). Recently, Dimesso et al. [175] have reported the preparation of LNP and
LCP by a Pechini assisted sol-gel process that provides material exhibiting redox
peaks at *5.2 and *4.9 V versus Li+/Li. Mg-substituted LNP/graphitic carbon
foams composite was also synthesized by the same method, showing a discharge
capacity of 126 mAh g−1 at C/10 rate by substituting 0.2 Mg for Ni [176].

In the early work by Amine et al. [177], it is demonstrated that Li can be
reversibly removed from LCP at an average voltage of 4.8 V versus Li+/Li with only
a small contraction in the unit cell volume of the olivine lattice and the formation of a
second olivine-like phase upon Li extraction from LixCoPO4 with limited Δx = 0.42
lithium per formula unit. The electrochemical properties of LiCoPO4 have been
studied as a function of several parameters to improve the discharge capacity and
capability. In particular, LNP-LCP mixing to obtain solid solutions as cathodes
[178], carbon coating [179, 180] was prepared; oxygen partial pressure effects on the
discharge capacity [181], structural stability upon delithiation [182] have been
investigated. Okada et al. [152] have shown that LiCoPO4 exhibited the highest
4.8 V discharge plateau of 100 mAh g−1 after initial charging to 5.1 V giving an
energy density of 480 Wh kg−1 comparable to that of LiCoO2. The electrical con-
ductivity of LCP and mixed (Co, Ni), (Co, Mn) compounds [167, 168] has been
measured, and also that of doped LCP as well [183] aiming to improve it. LCP, like
LNP, has low electron conductivity, so that its use as the cathodic material is
possible only in the case of synthesis of the LiCoPO4/C composite [155, 184]. Such
composites can be discharged at the potentials of 4.7–4.8 V. and their initial dis-
charge capacity is close to the theoretical one, 167 mAh g−1. However, their cyc-
leability is very low, because the decomposition of liquid electrolyte occurs under
charging in the potential range of 4.8–5.1 V simultaneously with oxidation of Co2+

to Co3+. Several groups have studied the phase transitions occurring upon lithium
insertion-extraction of LiCoPO4 [151, 185]. A two phase mechanism was confirmed
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by in situ synchrotron diffraction [148]. An amorphization of the phosphate was
observed after electrochemical or chemical oxidation [149, 182]. Based on X-ray
absorption spectroscopy measurements, Nagayama et al. [185] suggested f a
hybridization effect between the Co 3d and O 2p orbitals and the polarization effect
introduced by Li ions [150]. Bramnik et al. [151] revealed the appearance of two
orthorhombic phases upon electrochemical Li extraction. TheLiCoPO4 and the Li
deficient phases, Li0.7CoPO4 and CoPO4 phases are responsible for the two voltage
plateaus at 4.8 and 4.9 V versus Li+/Li. The hedgehog-like LiCoPO4 microstructures
in the size of about 5–8 µm are composed of large numbers of nanorods in diameter
of ca. 40 nm and length of ca. 1 µm, which are coated with a carbon layer of ca. 8 nm
in thickness by in situ carbonization of glucose during the solvothermal reaction. As
a 5-V positive electrode material for rechargeable lithium battery, the hedgehog-like
LiCoPO4 delivers an initial discharge capacity of 136 mAh g−1 at 0.1 C rate and
retains its 91 % after 50 cycles [184]. Surface modification of particles provides a
satisfactory cycleability for LiCoPO4 to be used as a 5-V cathode material [153,
158]. The capacity retention of Al2O3-coated LCP was 105 mAh g−1 after 50 cycles
at T = 55 °C at low C-rate in LiBF4 electrolyte [158]. Jang et al. [153] claimed that
LiFePO4-coated LCP particles prepared by SSR method (*100–150 nm) show
improved battery performance with an initial discharge capacity of 132 mAh g−1 but
did neither mention the C-rate nor the current density. The main effect of the
LiFePO4 coating is then the increase of the capacity retention. After 15 cycles at low
C-rate, the capacity has almost vanished without the coating, while it is still about
90 mAh g−1 after coating. This result, however, suggests that the coating with Al2O3

is more efficient.
The ability to suppress thermal runaway of LiMPO4 olivine frameworks is

attributed to the high covalent feature of the P-O bonds in the tetrahedral (PO4)
units, which stabilizes the olivine structure and prevents oxygen release from the
charged (delithiated) olivine materials up to 600 °C. This is still controversial in
LCP and LNP olivine lattices. In particular, a thermal instability has been reported
in the charged (i.e. delithiated) state of LiCoPO4 [144]. Both olivine-like phases
LizCoPO4 (z = 0.6) and CoPO4 appearing during the delithiation of LCP are
unstable upon heating, and decompose readily in the range 100–200 °C. The
decomposition of lithium-poor phases leads to gas evolution and the crystallization
of Co2P2O7. Incorporation of lithium bis(oxalato)borate (LiBOB) as additive in
conventional electrolyte solutions enhances the electrochemical performance of
LCP electrode [154]. Recent investigations of LiCoPO4—3D carbon nanofiber
composites and plate-like LiCoPO4 nanoparticles have demonstrated their capa-
bility as high-voltage cathode materials [186, 187].

5.2 Fluorovanadates

A new class of high–voltage cathode materials consists in fluorinated lithium
phosphates [188–193]. Fluorides are expected to display high-voltage because the
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electronegativity of fluor is greater than that of oxygen [192]. Lithiated vanadium
fluorovanadate (LiVPO4F) is characterized by the discharge potential of 4.5 V.
However, discharge capacity at a relative low discharge rate, ca. 1 C, does not
exceed 130 mAh g−1 [188]. Of much greater interest are fluorinated cobalt phos-
phates. The theoretical capacity of such materials is twice higher than that of
lithiated iron and cobalt phosphates and the process of lithium insertion/extraction
occurs at the potentials of 4.8–5.1 V. The fluorinated cobalt phosphate realizes the
combination of high discharge capacity and high voltage allows assuming that an
experimental performance close to theoretical could be achieved, as the specific
energy consumption of such materials would be at least 2.5–3 times higher than
specific energy consumption of lithiated cobalt oxide.

5.3 Fluorophosphates

Fluorophosphates of general formula A2MPO4F (A = Li, Na and M = Fe, Mn, Co,
Ni) crystallize in three structure types, which differ in the connectivity of (MO4F2)
octahedra: face-shared (Na2FePO4F), edge-shared (Li2MPO4F, M = Co, Ni) and
corner-shared (Na2MnPO4F) [190, 194–199]. Both LiCoPO4 and Li2CoPO4F
(isostructural with Li2NiPO4F) crystallize in the orthorhombic system (S.G. Pnma,
Z = 8). Nevertheless, there are remarkable differences between the structures from a
crystallographic point of view. LiCoPO4 has CoO6 octahedra, LiO6 octahedra and
PO4 tetrahedra. In contrast, Li2CoPO4F has CoO4F2 octahedra instead of CoO6

octahedra. In addition, Li2CoPO4F has two kinds of Li sites, 4c and 8d [194]. It was
confirmed that Li2CoPO4F is a new class of 5-V cathode materials similar to
LiCoPO4. A considerable theoretical upper limit of approximately 310 mAh g−1 is
expected for Li2CoPO4F and Li2NiPO4F (Fig. 11)

Fig. 11 Electrochemical features of fluoro-phospates. a Li2NiPO4F and b Li2CoPO4F
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The theoretical estimation of the intercalation voltage of *4.9 V for Li2CoPO4F
cathode is in good agreement with the voltage plateau observed at ca. 5 V [194].
A fault of both Li2CoPO4F and lithiated cobalt phosphate is a high irreversible
capacity (especially in the first cycles), which is related to decomposition of elec-
trolyte at high anodic potentials. Experimentally, LiNiPO4F discharge voltage is
demonstrated to be close to 5.3 V [480]. Khasanova et al. [190] have investigated
the electrochemical performance and structural properties of the high-voltage
cathode material Li2CoPO4F. The cyclic voltammetry and coulometry under
potential step mode in the voltage range 3.0–5.1 V versus Li revealed a structural
transformation at potentials above 4.8 V. This transformation occurring upon
Li-extraction appears to be irreversible: the subsequent Li-insertion does not result
in restoration of the initial structure, but takes place within a new “modified”
framework. According to the structure refinement this modification involves the
mutual rotations of (CoO4F2) octahedra and (PO4) tetrahedra accompanied by the
considerable unit cell expansion which is expected to enhance the Li transport upon
subsequent cycling. The new framework demonstrates a reversible
Li-insertion/extraction in a solid-solution regime with stabilized discharge capacity
at around 60 mAh g−1. The Li2CoPO4F is prepared by a two step solid state
method, followed by the application of wet coating containing various amounts of
ZrO2. Among the samples, the 5 wt% ZrO2 coated Li2CoPO4F material shows the
best performance with an initial discharge capacity of up to 144 mAh g−1 within the
voltage range of 2–5.2 V versus Li at 10 mA g−1 [195].

The redox potential of the fluorosufates phases LiMSO4F (M = Co, Ni, Mn)
phases are expected to exhibit redox potentials of 4.25, 4.95 and 5.25 V for the
corresponding sulfates. Barpanda et al. [196] succeeded in preparing the Li(Fe1
−xMx)SO4F solid solutions solely when using the corresponding monohydrate solid
solutions as precursors. Neither of these phases was shown to present any elec-
trochemical activity up to 5 V. Evidently, Co2+/Co3+, Ni2+/Ni3+ and Mn2+/Mn3+

redox reaction does not occur within the explored galvanostatic cycling potential
window, with all the capacity solely coming from the Fe2+/Fe3+ redox reaction.
Subsequently, the electrochemical activity of pure LiMSO4F phases were tested at
different rates (C/2–C/10) by cycling up to 5 V using an aluminum plunger for
cathode. Therefore, even at such high voltages, which are prone to electrolyte
oxidation/decomposition, the activity of the corresponding M2+/M3+ redox couples
did not be triggered. Among the Co-based polyanionic insertion compounds
Li2CoP2O7 [197] is considered as 4.9 V cathode. This pyrophosphate crystallizes in
the monoclinic structure (S.G. P21/c), in which Li occupied five sites, two are
tetrahedrally coordinated, one forms bipyramidal sites, and two Li share them
occupancy with Co bipyramids. The material synthesized using a two-step
solid-state method delivered a discharge capacity of ca. 80 mAh g−1at C/20 rate.
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6 Concluding Remarks

Many attempts have been made since a decade to increase the voltage of the Li-ion
batteries up to 5 V. This is a challenge, because many fulfillments must be achieved
before a commercialization at a wide scale can be envisioned. (1) The cathode
element must be stable, and support many cycles to have a reasonable cycling life.
(2) The anode must have the same property. (3) The raise of temperature up to 60 °
C should not degrade the performance. (4) The electrolyte should not oxidize even
at such a voltage, and an electrolyte with a higher HOMO (say 6 V vs. Li) would be
helpful. (5) The thermal stability is mandatory. The progress has been constant
since a decade, but all the problems have not been solved, yet [200–204]. This
review focused on the electrode, and mainly on the cathode elements. Among them,
two materials have emerged as the most promising candidates: the LiMn0.5Mn1.5O4

spinel and the LiCoPO4 olivine. The poor cycleability of LiCoPO4, however, is a
severe disadvantage. Even if coating, with Al2O3 in particular, is an improvement,
10 % loss after only 50 cycles is still far from the performance required for pen-
etration on the market. The cycleability of LiMn0.5Mn1.5O4 is better, at least at
room temperature. It is now possible to maintain the capacity of this material over
100 cycles without significant loss at room temperature, in particular when the
particles are coated with a noble metal or a phosphate layer, or some other layers
that have been reviewed here. In addition, the C-rate and current density available
have significantly improved by decreasing the size of the particles to the
nano-range. The state-of-the-art is thus a multi-composite nanoparticle made of a
core region in the 5-V element, surrounded by a coat, few nanometers in thickness,
of a protective element. The drawback to obtain such a high-tech particle is that the
synthesis is a two-step process in which the core region is synthesized first, and then
the coating is made, which makes the whole synthesis process expensive. It is
difficult, however, to avoid it, because of the problem of the electrolyte: the problem
(2) mentioned above. The state-of-the-art (SOA) electrolytes that are used in Li-ion
batteries today do not support the 5 V potential. As a first step, unsymmetrical
sulfones were proposed as an electrolyte system that can resist oxidation beyond
5.0 V. However, intrinsic shortcomings of sulfone as a major electrolyte compo-
nent, including its failure to form a protective layer on graphitic anode, slow Li ion
kinetics, and poor electrode active material utilization caused by high viscosity.
More recently [198], new additives to SOA electrolytes have been proposed, based
on phosphate ester with highly fluorinated alkyl side arms in SOA non-aqueous
electrolytes. In particular, the addition of 1 % Tris(1,1,1,3,3,3-hexafluoro-iso-pro
pyl)phosphate (HFiP) to the SOA electrolyte improves very efficiently the cycling
life of the LiNi0.5Mn1.5O4 cathode. The capacity fade of the half-cell with Li anode
is only about 10 % at the 130th cycle at a slow C-rate that has not been specified.
Nevertheless, the results for the full-cell with graphite anode are not as good: the
initial discharge capacity about 0.85 mAh is lower than with the SOA electrolyte;
after 500 cycles, the capacity is 0.5 mAh, comparable with 0.4 mAh with the SOA
electrolyte. This result shows that the cycling life at this stage is not limited by the
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cathode, but instead by the formation of the SEI with the carbon anode. One
solution is to replace the graphite by LTO. Indeed, we have reported in this review
prior works showing that the choice of LTO as the active anode element improves
considerably the cycling life of the battery. The drawback, however, is that we do
not have a 5-V battery anymore, because the redox potential 1.77 V of the titanate
(Li4Ti5O12) with respect to Li+/Li is lost in the process. We are thus left with a 3-V
battery, which, however, is sufficient for many applications, provided that safety
concerns do not disqualify it: we meet the problem (5) above mentioned. The basic
difficulty on the intrinsic safety of the battery comes from the fact that the partial
pressure of the oxygen increases very fast with the voltage in oxides of transition
metals [199]. This inevitable thermodynamic law implies an increase of the risk of
thermal runaway due to the cathode element with the voltage, especially if the
anode is graphitic. In this case, oxygen can be released from the cathode will react
with the carbon at the anode side to generate carbonic gas. This reaction is exo-
thermic, at the origin of the thermal runaway. We have mentioned earlier in this
review that this problem is a debate for the cobalt phosphate in the delithiated
phase. In the case of LiMn0.5Mn1.5O4, this problem can be overcome, at least partly,
by coating the 5-V particles by a protective layer. Therefore, the first role of the
protective layer of the active particles is to embed the core region made of the 5-V
element to keep the oxygen inside the particles. The inconvenience is that this
protective layer is usually inert thus implying a loss of energy density, which
however, remains small when the thickness layer is only few nanometers. The
exception is the LiFePO4 coating: this material is electrochemically active, and has
a growing success as the cathode element of Li-ion batteries working at 3.4 V.
Moreover, it takes its outstanding thermal stability from the fact that the oxygen is
tightly bound to the phosphorous to build PO4 units. As a result, LiFePO4 is very
stable up to 5.3 V, and can thus efficiently be used as a protective layer for
LiMn0.5Mn1.5O4 against loss of oxygen. Another difficulty met with
LiMn0.5Mn1.5O4 is the general problem of the Mn-spinels, namely the dissolution
of Mn in the electrolyte, which reduces the life of the battery. This loss of Mn can
be under control at room temperature, but increases very much with temperature, so
that the capacity of LiMn0.5Mn1.5O4 decreases dramatically with temperature, while
everybody wants a battery that works up to 60 °C, a temperature that can be reached
during the summertime in vehicles, for instance: the problem (3) above mentioned.
Again, the coat of the LiMn0.5Mn1.5O4 particles should also be protective against
the loss of Mn, at it is for the loss of oxygen, but very few experiments have been
made so far to test this effect upon cycling at 60 °C. Nevertheless, this discussion
shows that, while many efforts have been made to try different forms of doping, the
most promising route to the operational and safe 5-V batteries is the synthesis of
multi-composite nanoparticles as the active cathode element [200–204]. However, a
concomitant work is mandatory to pursue the progress on electrolytes to find
electrolytes that not only do not oxidize at such a voltage, but also solve the
problem of the solid-electrolyte interface on the carbon surface of the anode: all the
five problems we have mentioned are still pending challenges.
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Non-aqueous Metal–Oxygen Batteries:
Past, Present, and Future

Maxwell D. Radin and Donald J. Siegel

1 What Is the Motivation for High Energy-Density
Batteries?

A metal-oxygen battery (sometimes referred to as a ‘metal-air’ battery) is a cell
chemistry in which one of the reactants is gaseous oxygen, O2. Oxygen enters the
cell typically in the positive electrode—perhaps after being separated from an
inflow of air—and dissolves in the electrolyte. The negative electrode is typically a
metal monolith or foil. Upon discharge, metal cations present in the electrolyte react
with dissolved oxygen and electrons from the electrode to form a metal-oxide or
metal-hydroxide discharge product. In some chemistries the discharge product
remains dissolved in the electrolyte; in other systems it precipitates out of solution,
forming a solid phase that grows in size as discharge proceeds. In secondary
metal-oxygen batteries the recharge process proceeds via the decomposition of the
discharge phase back to O2 and dissolved metal cations. In light of the processes
associated with discharge and charging, reversible metal-oxygen batteries with solid
discharge products are often referred to as precipitation-dissolution systems, a
category that also includes lithium–sulfur batteries.

The interest in metal-oxygen chemistries follows from their very high theoretical
energy densities. Figure 1 summarizes the gravimetric and volumetric energy
densities for several metal-oxygen couples, and compares these to the theoretical
energy density of a conventional lithium-ion battery. On the basis of these energy
densities, it is clear that many metal-oxygen systems hold promise for surpassing
the state-of-the-art Li-ion system.

Achieving this goal, however, remains a significant challenge when factors
beyond energy density are accounted for: cycle life, round-trip efficiency, and cost
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must also be considered. The present chapter serves as a primer for new researchers
interested in tackling these challenges. We begin with a brief history of
metal-oxygen batteries, followed by a deep-dive into arguably the most ambitious
secondary metal-oxygen chemistry, the non-aqueous Li–O2 system. The current
status of Li–O2 cell performance is summarized which an emphasis on capacity,
rate capability, cycle life, and efficiency. Subsequent sections review (i.) operating
mechanisms, (ii.) challenges and failure modes, and (iii.) novel concepts for
improving performance. We conclude with a brief discussion of non-lithium-based
systems.

2 The History of Metal-Oxygen Batteries

2.1 Overview of Metal-Oxygen Batteries

The long history of metal-oxygen batteries is often unappreciated. To our knowl-
edge, the earliest written description of a metal-oxygen battery is Vergnes’ aqueous
Zn-air battery from 1860 [1]. This design is in some respects remarkably similar to
today’s advanced metal-oxygen cells, which frequently employ porous carbon
positive electrodes and noble-metal catalysts [2]. Figure 2 shows Vergnes’ design,
containing a zinc metal anode and a porous platinized coke positive electrode. The
overall reaction in these cells is Znþ 1

2O2 ! ZnO: Zn-air batteries matured into a
practical energy storage technology in the early 20th century [3], and as of the early
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Fig. 1 Theoretical energy densities for several metal-oxygen couples compared to a conventional
Li-ion battery. The abscissa indexes the discharge product(s) associated with each metal
composition
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21st century still remain the most prominent metal-oxygen chemistry. Industrially
produced primary Zn-air cells exhibit high energy densities [4] and are employed in
a number of applications, such as hearing aids.

Over the years, many other metal-oxygen couples have also been considered. In
Tables 1 and 2, we enumerate reports of operating metal-oxygen cells, as well as
oxygen cells based on the oxidation of several non-metals (C, H, and Si). The
references cited in these tables are not intended to capture all of the work done on
each metal-oxygen couple, but rather to highlight reviews and representative
experiments. Table 1 shows cells that employ aqueous electrolytes, including
composite electrolytes (i.e., the combination of a solid electrolyte in addition to an
aqueous electrolyte). Table 2 shows non-aqueous chemistries, which are subdivided
into high- and low-temperature. While all metal-oxygen chemistries can in principle
be mechanically recharged (by replacing the metal anode and/or electrolyte), in
Tables 1 and 2 we denote only those that are electrochemically rechargeable as
‘secondary batteries.’ Although Tables 1 and 2 are limited to couples in which a
single element is oxidized, it should be noted that so-called ‘direct’ fuel cells
involve the oxidation of compounds with multiple elements, including sugars [5],
methanol [6], formic acid [7], and borohydrides [8].

Fig. 2 Vergnes’ 1860 Zn-air battery design, taken from Ref. [1]
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Table 1 Summary of oxygen couples with aqueous electrolytes

Reaction Type of electrolyte

Non-composite Composite

H H2 þ 1
2O2 ! H2O Secondary [4, 6]

Li Liþ 1
4O2 þ 1

2H2O ! LiOH Primary [11] Secondary [15]

Na Naþ 1
4O2 þ 1

2H2O ! NaOH Primary [157]

Mg Mgþ 1
2O2 þ H2O ! Mg OHð Þ2 Primary [4, 158]

Ca Unknown Primary [159]

V 4Hþ þ O2 þ 4V2þ ! 2H2Oþ 4V3þ Secondary [160]

Mo Moþ 3
2O2 þ H2O ! H2MoO4 Primary [161]

Moþ 3
2O2 þ 2KOH ! K2MoO4 þ H2O Primary [161]

Fe Feþ 1
2O2 þ H2O ! Fe OHð Þ2 Secondary [4]

3Fe OHð Þ2þ1
2O2 þ H2O ! Fe3O4 þ 4H2O Secondary [4]

Zn Znþ 1
2O2 ! ZnO Secondary [4]

Cd Unknown Secondary [162]

Al Alþ 3
4O2 þ 3

2H2O ! Al OHð Þ3 Primary [4, 163] Secondary [164]

Si Siþ O2 þ 2H2O ! Si OHð Þ4 Primary [165]

Sn Snþ O2 þ 2KOHþ 2H2O ! K2Sn OHð Þ6 Primary [166]

Table 2 Summary of couples with non-aqueous electrolytes

Reaction Type of cell demonstrated

Low-temperature High-temperature

H H2 þ 1
2O2 ! H2O Secondary [6] Secondary [6]

Li 2Liþ O2 ! Li2O2 Secondary [2, 15, 16]

FeSi2Lix þ x
4O2 ! x

2Li2Oþ FeSi2 Secondary [12]

Na Naþ O2 ! NaO2 Secondary [144, 145]

2Naþ O2 ! Na2O2 Secondary [145, 146]

K Kþ O2 ! KO2 Secondary [147]

Mg Mgþ 1
2O2 ! MgO Secondary [148] Primary [167]

Ca 2CaSiþ 1
2O2 ! CaOþ CaSi2 Secondary [168]

Mo Moþ O2 ! MoO2 Secondary [169]

W Wþ O2 ! WO2 Secondary [170]

Fe Feþ 1
2O2 ! FeO

3Feþ 2O2 ! Fe3O4

Secondary [171]

Al Unknown Secondary [150]

C Cþ O2 ! CO2 Primary [172]

Si Siþ O2 ! SiO2 Primary [173]

Here ‘low-temperature’ refers to cells that operate below 100 °C and ‘high-temperature’ to those
that operate above 100 °C
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2.2 History of Li–O2 Technology

The birth of the modern non-aqueous Li–O2 battery is generally considered to be
the 1996 demonstration of a room-temperature secondary cell by Abraham and
Jiang [9]. While this development was a breakthrough, the history of earlier Li–O2

batteries is often overlooked. To the best of our knowledge the first investigation of
the Li–O2 couple dates back to 1966 [10]. Although this early study also employed
non-aqueous electrolytes—including propylene carbonate, today’s preeminent
Li-ion solvent—the design pursued was a ‘moist’ Li–O2 system: the oxygen supply
was saturated with water vapor. Interestingly, even this preliminary study identified
some of the issues that remain critical for modern Li–O2 cells, such as the formation
of lithium carbonate and the role of impurities.

Other Li–O2 designs emerged later. Primary Li–O2 cells with aqueous electrolytes
received considerable attention in the 1970s [11], andmoisture-free high-temperature
secondary cells were developed in the 1980s [12]. However, Abraham and Jiang’s
1996 study represents the first demonstration of a moisture-free room temperature
secondary Li–O2 cell [9], and is therefore a key development in the history of Li–O2

batteries. An amusing historical note is that the development of this cell was not
intentional, butwas instead a serendipitous discovery caused by the leakage of oxygen
from a syringe into a sealed lithium-graphite cell [13].

Since 1996, research on non-aqueous Li–O2 cells grown immensely. This has
also led to the development of related chemistries, including true Li-air cells [14]
(i.e., using ambient air rather than pure oxygen) and also reversible aqueous Li–O2

cells [15]. It is not possible to summarize all of the studies performed to date.
Instead, we strive to summarize and unify the key lessons, observations, and
hypotheses that have been presented in the literature. For additional details beyond
those presented here, the reader is encouraged to explore other reviews of the field
[2, 15–20].

3 State of the Art

3.1 Current Status—Current, Capacity, Cycle Life, Efficiency

Much of the research on non-aqueous Li–O2 batteries has focused on improving
four critical aspects of performance: rate capability, capacity, voltaic efficiency, and
cycle life. Some state-of-the-art Li–O2 cells have been demonstrated to perform
adequately with regard to these measures individually, but none have performed
satisfactorily in all four simultaneously. This is because rate capability, capacity,
voltaic efficiency, and cycle life are highly interdependent, often in surprising ways.
Some interdependencies manifest as tradeoffs in performance; examples include:

1. Higher discharge rates reduce maximum capacity due to electrical passivation
issues and/or oxygen transport limitations, as discussed in Sects. 3.3.1 and 3.3.2.
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2. Curtailing the discharge capacity increases cycle life and voltaic efficiency
[21, 22].

3. Higher discharge rates (at fixed capacity) may improve voltaic efficiency, as the
discharge product morphologies produced at high currents can exhibit lower
charging overpotentials than the morphologies produced at low currents [23].

Figure 3 shows the potential profile from a galvanostatic discharge/charge cycle
of a typical non-aqueous Li–O2 cell. Several features shown here are typical for Li–
O2 cells. First, discharge proceeds at a constant voltage close to the theoretical cell
potential E0 for the formation of Li2O2. Discharge then terminates with a rapid drop
in potential (‘sudden death’), possibly due to oxygen transport limitations or
electrical passivation. The recharge potential profile is more complex and exhibits
several distinct stages with high recharge overpotential gchg; resulting in low voltaic
efficiencies.

We next summarize the performance of state-of-the-art Li–O2 cells and compare
to performance targets. We note that comparing capacities and currents across
different experiments is non-trivial because different authors adopt different nor-
malization schemes [24, 25]. For example, many studies employing carbon-black
electrodes report capacities normalized to the mass of the carbon black. Underlying
this convention is the notion that the capacity ought to be proportional to the mass
of the carbon black. This can lead to misleading conclusions in cases where the gas
diffusion layer (GDL) or current collector contributes significantly to capacity; one
study found that carbon-black mass normalization can inflate the capacity of a
typical Li–O2 electrode by as much as an order of magnitude [24]. The
carbon-mass-normalization convention can also lead to misleading conclusions in
cases where only a small fraction of the carbon black is utilized due to oxygen
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Fig. 3 Potential profile from a galvanostatic discharge/charge cycle of a parallel-electrode, aprotic
Li–O2 battery with a porous carbon positive electrode, Li metal anode, and LiTFSI/DME
electrolyte at a current of 0.2 mA/cm2. Data courtesy of L. Griffith, Monroe Research Group
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transport limitations, as discussed in Sect. 3.3.2. Furthermore, this convention does
not allow for meaningful comparison between electrodes where the mass of
the catalyst and binder is significant, or to carbon-free electrodes.

To facilitate meaningful comparisons between experiments and with performance
targets, we recommend the following protocol for reporting currents and capacities:

1. Capacities and currents should be reported normalized both to the mass and to
the positive electrode’s geometric area, because battery pack performance
depends both on the current/capacity per mass and per geometric area. (At a
minimum, one should supply enough data to allow readers to convert between
normalization schemes.)

2. When normalizing to mass, the masses of all positive electrode components that
scale with the loading (e.g., binders and catalysts) should be included because
these contributions to the total mass are important from the perspective of
battery system design.

3. If one excludes the mass of the GDL/current collector from the mass normali-
zation, then one must verify that its contribution to capacity (per area or per cell)
is negligible compared to the contribution from the active materials [23, 24].
Note that it is not sufficient to show that the capacity per mass of the GDL is
small compared to the capacity per mass of the active material, because the mass
of the GDL often greatly exceeds that of the active material.

The tradeoff between current and capacity is illustrated in Fig. 4, which shows
the capacities and rates obtained in various Li–O2 cells reported in the literature,
normalized to the geometric area of the electrode. Additionally, the current densities

Fig. 4 Reported capacities for galvanostatic operation of Li–O2 cells from various experiments
[28, 29, 34, 155, 156] during the first discharge (black solid symbols) and in cells which can be
cycled many times (black open symbols). The red symbols indicate the currents and capacities
assumed in hypothetical battery designs [15, 26, 27]. Diagonal lines identify the time required for
discharge (Color figure online)
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and capacities assumed in several hypothetical designs for practical Li–O2 batteries
[15, 26, 27] are shown.

One of the fundamental reasons why current cell designs fall short of the areal
performance targets [15, 26, 27] is electrode thickness: while experiments often
consider electrodes of thickness *10 μm, proposed battery designs have assumed
much larger thicknesses of 150–300 μm. A practical Li–O2 battery requires that the
electrode be fairly thick so as to minimize the mass and volume penalties associated
with the inactive components (e.g., separators, electrolyte, current collectors,
packaging). However, the full utilization of thick electrodes is likely limited by
oxygen transport, as discussed in Sect. 3.3.2. Thus the development of a practical
Li–O2 battery will require either a solution to the oxygen transport problem within
thick electrodes, or a battery pack design that achieves high system-level perfor-
mance with thin electrodes.

The gap between experiments and targets is smaller on a mass basis. The
mass-specific capacity targets of*1000 mAh/g (including the mass of catalysts and
binders) [26, 27] are routinely achieved at fairly high rates (*1 h discharge),
sometimes even over many cycles [28]. Although mass-capacities significantly
higher than this have been reported [29, 30], from the perspective of system design
there is limited benefit to increasing the gravimetric capacity beyond*1000 mAh/g.
As the capacity increases beyond this value, the gravimetric capacity ultimately
becomes limited by the mass of the discharge product [27]: the theoretical capacity
of the Li–O2 couple is 1168mAh=gLi2O2

[31].
In the next section, we summarize the key observations and theories regarding the

operating mechanisms of Li–O2 cells. Possible origins of these performance limi-
tations are also described. It is important to keep in mind that different mechanisms
may dominate under different operating conditions. For example, it has been shown
that the current density [23], positive electrode material/architecture [32, 33], and
system cleanliness [34–36] can play a significant role in the reaction mechanisms.

3.2 Proposed Mechanisms

3.2.1 The Discharge Product

The first step in understanding the performance of Li–O2 batteries is understanding
the discharge product. It is often presumed that the discharge product is bulk
crystalline Li2O2; however, this is probably too simplistic an assumption, as there is
now good evidence that the discharge product can have a complex morphology,
microstructure, and composition.

Morphology. A number of different discharge product morphologies have been
reported, including disks [23, 37], films [37, 38], needles [39], and hollow spheres
[40]. Biconcave disks (similar to red blood cells) are among the most commonly
observed morphologies, as shown in Fig. 5. (This morphology is often referred to as
a ‘toroid’; however, these particles are not strictly speaking toroids because they
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lack a hole that runs through the center of the disk.) Figure 6 shows the basic
structure of a typical Li2O2 disk, which consists of a stack of relatively flat crys-
tallites. The disks are highly textured (i.e., the misorientation between crystallites is
small), with the {0001} axis being aligned with the central axis of the disk. In some
cases the regions between the plates appear to be filled with components of the
electrolyte [36], but in others it has been suggested that the inter-plate regions
contain a distinct phase or grain boundary region [41]. This second phase could be,
for example, amorphous Li2O2 or a lithium-deficient compound such as Li2−xO2.
Note that it can be the case that multiple distinct morphologies appear concurrently
in the positive electrode of a single cell; for example, large biconcave disks and
small particles have been observed simultaneously [37].

The morphology of the discharge product has been suggested to influence dis-
charge capacity and recharge overpotentials [23, 42–44]; therefore an understand-
ing of the factors which control morphology may enable the design of cells with
improved performance. It has been reported that low current densities and high
water concentrations (hundreds to thousands of ppm) both promote the growth of
biconcave disks [23, 37, 45–47]. Similar biconcave disks have also been observed
in the precipitation of silicates [48] and corn starch [49], suggesting that there may
be a common growth mechanism. It has also been reported that the characteristic
size of these particles decreases with increasing current densities, and that at suf-
ficiently high rates the deposit forms a conformal film rather than discrete particles
[23, 37, 45, 47]. However, it has been suggested that the putative conformal films
produced at high currents are in fact carpets of nano-scale needles [39].
Additionally, several experiments have concluded that the support and/or catalyst
can strongly influence discharge product morphology [42–44].

A concrete picture of the discharge product growth mechanism remains elusive.
A continuum-scale growth model has been proposed to explain the transition from
particle to film with increasing current [50], and a separate model has been pro-
posed to explain the increase in disk size with increasing water concentration [36].

Crystallinity. A growing number of experiments have suggested that amorphous
Li2O2 can be present in the discharge product [23, 32, 33, 40]. The formation of an

Fig. 5 SEM image of
biconcave Li2O2 disks in a
Li–O2 cell. From Adams et al.
[23]
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amorphous deposit is consistent with Ostwald’s rule, which states that unstable
phases tend to precipitate before stable phases [51–53]. It has been reported that
higher discharge rates [23], as well as certain catalysts, can promote the formation
of amorphous Li2O2 [32, 33].

Several experimental [23, 32, 33] and computational [32, 54] studies have
suggested that amorphous Li2O2 is easier to recharge than amorphous Li2O2,
perhaps due to improved electron or Li-ion transport properties. If correct, this
would suggest that Li–O2 electrode designs (or operating conditions) that promote
the formation of amorphous Li2O2 may yield superior performance.

Composition. Although the discharge product is primarily thought of as Li2O2,
deviations from this composition have been proposed. One recurring theme is the
occurrence of superoxide ions, O�

2 , in the discharge product [55]. The presence of a
superoxide component perhaps should not be a surprise, given that it is known that
other alkali metals form mixed peroxide-superoxide phases [56]. It remains unclear
where exactly the superoxide component resides in the discharge product. It has
been suggested to represent a surface species [57, 58], an oxygen-rich phase located
in the inter-plate regions [41], or to be associated with the presence of point defects
such as hole polarons [59, 60].

Fig. 6 Morphology of a biconcave Li2–O2 disk on a carbon nanotube support: a SEM,
b bright-field TEM, c electron diffraction pattern, d schematic of microstructure. From Mitchell
et al. [37]

520 M.D. Radin and D.J. Siegel



Relatively few studies have found evidence for Li2O in the discharge product
[61, 62]. Although Li2O has a higher theoretical specific energy density than Li2O2

(5200 vs. 3505 Wh/kg [61]), it may not be a desirable discharge product for
secondary Li–O2 batteries because the electrochemical oxidation of Li2O is more
difficult than that of Li2O2 [63, 64].

It has been recognized that Li–O compounds are not the only phases present in
the discharge product. Side reactions (i.e., reactions involving decomposition of the
salt, solvent, or positive electrode) have been observed to produce other com-
pounds, such as lithium carbonate, lithium acetate, lithium formate, and lithium
fluoride [65, 66]. The products of these side reactions can comprise a substantial
fraction of the discharge product; one experiment found that in a typical Li–O2 cell
with an ethereal solvent, the yield of Li2O2 was at best 91 % of the theoretical
amount expected from coulometry [65]. It is important to note that in addition to the
precipitated side reaction products, there may be additional soluble side reaction
products. Side reactions are discussed in more detail in Sect. 3.3.4.

3.2.2 Discharge/Recharge Mechanisms

A number of different discharge and recharge mechanisms have been proposed, as
illustrated in Fig. 7. It is important to keep in mind that different mechanisms may
predominate depending on the experimental conditions (e.g., rate, electrolyte,
electrode/catalyst, temperature, depth of discharge, and cleanliness).

Fig. 7 Possible mechanisms for discharge/recharge in a Li–O2 cell. As discussed in the text, in the
case of solution-mediated mechanisms, there are many possible intermediate species; the central
column illustrates a scenario where the intermediate species is molecular Li2O2
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Electrodeposition/electrostripping. In some experiments it has been suggested
that the growth/dissolution of a film occurs via the electrochemical
deposition/stripping of Li2O2. In such a mechanism, electron transport presumably
would occur through the growing deposit. It has been suggested that this could
occur via electron tunneling [38, 67] or hole polaron hopping [59, 60, 68].
Limitations associated with charge transport are discussed in Sect. 3.3.1.

Solution-mediated precipitation/dissolution. The growth of large particles has
been proposed to occur via a solution-mediated precipitation process, which would
allow charge-transport limitations through the particles to be bypassed [23, 69–71].
For example, one proposed discharge mechanism is that O2 is reduced on the
positive electrode surface to form LiO2: Li

+ + O2 + e− → LiO2. The LiO2 could
then diffuse in the electrolyte (or perhaps along the positive electrode surface), and
then precipitate out via a disproportionation reaction: 2LiO2 → Li2O2 + O2. Such a
mechanism requires that there be an intermediate species (be it LiO2 or something
else) that is either at least sparingly soluble or capable of rapid surface diffusion.
Additives which solubilize such intermediates have been suggested to play a role in
the dynamics of discharge product precipitation [46, 47].

A solution-mediated process (such as the reverse of the above reactions) could
also occur during recharge. For example, it has been proposed that impurities
present as contaminants or by-products of electrolyte decomposition may serve as
the soluble intermediate species [35]. These impurities in effect function as redox
mediators, or perhaps transform Li2O2 into a more soluble species. For example, a
small amount of protons has been suggested to enable a recharge mechanism that
begins with the transformation of Li2O2 into H2O2 via a single-displacement
reaction, Li2O2 + 2H+ → H2O2 + 2Li+ [35]. H2O2, being more soluble than Li2O2,
could then diffuse to the electrode and be electrochemically oxidized via the
reaction H2O2 → 2H+ + O2 + 2e−, yielding a net reaction of
Li2O2 → 2Li+ + O2 + 2e−.

Partial lithiation/delithiation. The partial delithiation of the discharge product
has been suggested to be the first step of recharge [60, 72–74]. This could occur as a
two-phase reaction [72, 74]: Li2O2 → Li2−xO2 + xLi+ + xe−. The equilibrium
potential for this reaction when x = 1 has been calculated from first-principles
methods to be 0.3–0.4 V above the equilibrium potential for the full oxidation of
Li2O2, Li2O2 → O2 + 2Li+ + 2e− [72]. Partial lithiation/delithiation could also
occur as a solid solution [60, 73]. Although the two-phase pathway is predicted to
be thermodynamically more stable than the solid-solution pathway [72], the fact
that high currents and small particle sizes can suppress phase separation in Li-ion
battery materials [75] suggests that one cannot rule out the solid-solution pathway
for Li–O2 based on thermodynamics alone. Note that even if a delithiation process
occurs (either via a two-phase or solid-solution pathway), the intermediate
lithium-deficient phase may not be readily observable if recharge occurs one par-
ticle at a time (i.e., via a ‘domino cascade’ mechanism) [75].
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3.3 Challenges/Failure Modes

3.3.1 Charge Transport Within the Discharge Product

Charge transport through the discharge product has been thought to limit the per-
formance of Li–O2 cells in many circumstances [38, 76–79]. The presence of a
passivating layer on the positive electrode would shut down electrochemical
activity, potentially leading to limitations in capacity, voltaic efficiency, and rate
capability. Although the charge-transport mechanism(s) at play are not well
understood, several possibilities have been proposed:

1. Electron tunneling. In thin films (<5 nm), electron tunneling has been suggested
to be the dominant charge-transport mechanism [38, 67]. This mechanism has
been suggested to account for sudden death behavior, which would occur when
the film thickness exceeds the distance over which electron tunneling can readily
occur.

2. Hole polaron hopping. Experiments and first-principles modeling have found
that hole polarons are the dominant electronic charge carrier in Li2O2 [59, 60,
80]. Polaron hopping has also been suggested to account for sudden death
behavior. In this scenario, sudden death would occur when the deposit thickness
exceeds the thickness of space-charge layers associated with the Li2O2/elec-
trolyte and Li2O2/electrode interfaces [81].

3. Li-ion vacancy diffusion. Experiments and first-principles modeling have found
that Li-ion vacancies are the dominant Li defect in Li2O2 [60, 80]. The role of
Li-ion vacancies is different from that of electronic charge carriers because ionic
defects cannot readily cross the interface between the discharge product and
electrode support [74]. That is, at the Li–O2 equilibrium potential, the amount of
Li which can be inserted into (or deinserted from) the positive electrode support
typically represents only a small fraction of the amount of Li in the discharge
product. Thus the support can be thought of as an ion-blocking electrode.

The relative importance of these mechanisms may vary depending on the con-
ditions (discharge product morphology, temperature, current density, etc.). For
example, some studies have speculated that charge transport in Li2O2 could be
enhanced at extended defects, such as surfaces [57, 58, 82], grain boundaries [83],
amorphous regions [32, 54], or interfaces [81, 84].

3.3.2 Oxygen Transport in the Electrolyte

In many cell designs the low solubility and diffusivity of oxygen in the electrolyte
can limit discharge capacity [25, 76, 85–89]. In this case, only the region of the
positive electrode near the gas inlet is utilized. Sluggish oxygen transport can be
further compounded by pore-clogging, i.e., the obstruction of oxygen-diffusion
pathways by the discharge product [87]. Oxygen transport limitations can lead to a
sudden drop in voltage during a galvanostatic discharge (sudden death) [87–89].
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Improvements in oxygen transport may be required in order to fully utilize the
thick electrodes required to meet performance targets, as discussed in Sect. 3.1.
While tailoring the pore network of the electrode (as discussed in Sect. 3.4.1) can
improve oxygen transport, it cannot overcome the fundamental limits determined
by the solubility and diffusivity (i.e., permeability) of oxygen in the electrolyte [88].
Strategies for extending these fundamental limits are discussed in Sect. 3.4.5.

3.3.3 Kinetics

A number of studies have examined the kinetics of Li–O2 cells. Systematic
experiments have found that both the discharge and recharge kinetics are facile
[79]. Several computational studies have explored mechanisms for the
layer-by-layer deposition/stripping of Li2O2. The ‘thermodynamic overpotentials’
associated with layer-by-layer deposition/stripping were found to be small (<0.2 V),
and it was suggested on this basis that kinetics would be fast [90]. (Note, however,
that thermodynamic overpotentials can only be compared qualitatively to the
overpotentials observed in experiments; for example, the thermodynamic overpo-
tentials do not account for the density of reactive sites (e.g., step edges or kinks) or
the exchange currents associated with different reaction steps.) A few other
first-principles studies concluded that the kinetics of layer-by-layering
deposition/stripping was slow, and would limit cell performance [91, 92]. The
differences among conclusions in the literature result primarily not from differences
among atomistic calculations, but rather from differing interpretations of the
computational results—that is, how the energies for various reaction steps relate to
the current-voltage relationship.

3.3.4 Degradation

Most experiments on Li–O2 systems prior to 2010 used electrolytes developed for
Li-ion batteries, employing carbonate solvents such as propylene carbonate (PC),
ethylene carbonate (EC), and dimethyl carbonate (DMC). These solvents were
natural choices, as they had been widely successful for Li-ion batteries; some even
refer to PC as ‘the new water’ due to its widespread use for Li-ion electrochemistry
[93]. In 2010 the Li–O2 community began to recognize that carbonate solvents are
in fact highly unstable in Li–O2 cells [94–96]. Therefore, studies prior to 2010 must
be regarded with caution, since electrolyte degradation, rather than Li–O electro-
chemistry, is thought to dominate carbonate-containing Li–O2 cells.

It is now recognized that solvent stability is a critical issue for Li–O2 batteries [2,
15, 97], and furthermore it has been observed that the salt [98–100], carbon support
[101, 102], and binder [103] can also react irreversibly. Side reactions can lead to
poor cyclability due to the loss of electrolyte and accumulation of side-reaction
products [97, 102, 104]. Furthermore, the oxidation of side-reaction products during
recharge can result in high charging overpotentials [101, 102].
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Quantitative measurements [e.g., via differential electrochemical mass spec-
troscopy (DEMS)] are critical for distinguishing reversible cycling from parasitic
processes [97]. This is demonstrated in Fig. 8, which shows the cycling of a typical
Li–O2 cell. Figure 8a shows that the cell is cyclable; in fact the capacity increases
during the first few cycles. However, the cycling does not represent the reversible
formation of Li2O2. Figure 8b and c show that the amount of oxygen released
during discharge is less than the amount consumed during discharge. Furthermore,
Fig. 8d shows that the ratio of electrons transferred to oxygen released during
recharge deviates dramatically from the value which would be expected for the
oxidation of Li2O2, 2e

−/O2. Thus despite the apparent cycability of this cell, the
chemistry is dominated by side reactions.

Much work presently is being done to design Li–O2 cells with sufficient stability
for a practical battery. The stability of the solvent, salt, and support/catalyst are
interdependent [102, 105]; thus the challenge is to find a combination of these that
are sufficiently stable. Carbonate solvents have been abandoned in favor of ethers,
ionic liquids, and other solvent classes [19, 106]. Although an improvement over
carbonates, even these solvents exhibit some degree of degradation [65, 66]. For
example, a typical ethereal electrolyte with a carbon positive electrode was found to
exhibit an Li2O2 yield of at most 91 % [65]. Improved stability has been reported
for certain combinations, such as LiClO4/DMSO with a nanoporous gold positive
electrode [105].

Since the number of possible salt/solvent/electrode combinations is large, a
mechanistic understanding of degradation processes will be important for

Fig. 8 a Potential profiles for five discharge/charge cycles of a Li–O2 cell with Li-TFSI/DME
electrolyte. b Oxygen consumption/evolution during discharge/charge. c Ratio of the amount of
oxygen and CO2 released during charge to the amount of oxygen consumed during discharge.
d Ratio of the number of electrons transferred at the positive electrode to number of oxygen
molecules consumed/evolved during discharge/charge. From McCloskey et al. [97]
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identifying combinations with high stability. A summary of some of the solvent
degradation processes that have been proposed is presented below. (Less effort has
been invested in a mechanistic understanding of salt [99, 107], support, and binder
stability, although these are clearly critical issues.)

1. Chemical attack by electrochemical intermediates. Chemical attack by inter-
mediates of the oxygen reduction reaction during discharge can cause sub-
stantial degradation in some solvents. In particular, attack by superoxide (O2

−)
radicals is thought to be the main source of decomposition in carbonate solvents
[108]. Others have suggested that oxidation intermediates could also lead to
solvent degradation during recharge. In particular, ‘nascent’ oxygen evolved
during recharge has been speculated to attack the solvent [97, 109]. Here
‘nascent’ refers to oxygen released in a highly reactive form, such as atomic
oxygen or O2 molecules in the singlet state.

2. Auto-oxidation. Organic solvents can undergo auto-oxidation (chemical reaction
with molecular O2). This has been hypothesized to contribute to solvent deg-
radation in Li–O2 cells [110, 111]. The importance of auto-oxidation may not be
visible in typical experiments, whose time scales (days) are much shorter than
those required for a practical automotive battery (years).

3. Chemical attack by the discharge product. Another solvent degradation
mechanism is the chemical reaction between the solvent and the discharge
product. A few experiments have sought to probe this [97, 100], and atomistic
studies have examined solvent degradation on Li2O2 clusters [112] and surfaces
[113].

4. Electrochemical oxidation. In addition to the chemical degradation processes
listed above, electrochemical processes can also lead to solvent degradation.
Many common solvents exhibit minimal oxidation up to *4 V versus Li/Li+ on
carbon electrodes. However, it has been suggested that solvent oxidation is
enhanced by Li2O2 [97]. Additionally, some oxygen-reduction catalysts used in
Li–O2 cells also catalyze solvent oxidation [114, 115].

3.3.5 Impurities

The presence of even small amounts of impurities have been suggested to have a
substantial effect on cell performance [34, 35, 46, 47, 116–118]. We focus on H2O,
as this appears to be the most problematic and well-documented contaminant. It has
been observed that even small amounts of water can influence Li–O2 cells in
complex ways:

1. The presence of water at concentrations as low as a few hundred ppm can
significantly increase discharge capacity [21, 34, 47, 116].

2. Water can influence the discharge product morphology [21, 46, 47], and it has
been found that concentrations of water in the hundreds to thousands of ppm can
promote the formation of biconcave disks; see Sect. 3.2.1.
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3. Water can significantly reduce the cyclability of Li–O2 cell [21, 116].
4. The presence of water can result in the formation of LiOH, instead of, or in

addition to, Li2O2 [14, 21].

The mechanisms by which water interacts with cell operation are not well
understood. Water can react with Li metal in the negative electrode, as discussed in
Sect. 3.3.6 [116]. Furthermore, water has been suggested to act as a mediator or
solubilizing agent during discharge and/or recharge [35, 46, 47], as discussed in
Sect. 3.2.2.

The minimization of water contamination in a Li–O2 cell is non-trivial task
[116], and it may be impractical to reduce the water concentration below*10 ppm.
However, it is not clear whether the complete elimination of water is necessary, or
even desirable, for a practical Li–O2 battery [46].

The effects of contamination by CO2 have also been explored. It has been
observed that CO2 will react with the discharge product to form Li2CO3 [118].
Because of the high potentials required to oxidize Li2CO3 (and accompanying
electrolyte decomposition), exposure to CO2 should be minimized in secondary Li–
O2 cells. Unsaturated oxygenated hydrocarbons present as impurities in industrially
produced ethers have also been found to be reactive in Li–O2 cells [117].

3.3.6 Negative Electrode

Although graphite is the negative electrode of choice for commercial Li-ion bat-
teries, the full benefit of the high specific capacity of the Li–O2 positive electrode
can only be realized when it is paired with a high specific capacity negative elec-
trode. For this reason, nearly all Li–O2 experiments to date have employed Li-metal
negative electrodes [119]. Consequently, we focus in the remainder of this section
of Li-metal negative electrodes. Of course, practical Li–O2 cells could also take
advantage of alternative negative electrodes, such as Si alloys [119].

We can divide challenges for Li-metal negative electrodes in Li–O2 batteries into
two categories: (i) challenges that are intrinsic to Li-metal electrodes (and which
arise regardless of what positive electrode is used), and (ii) challenges that are
specific to Li–O2 systems. Among the intrinsic challenges for Li-metal electrodes,
dendrite formation and coulombic efficiency are perhaps the most prominent.
Intrinsic challenges for Li-metal electrodes will not be discussed here, as these have
been reviewed elsewhere [4, 120].

Regarding challenges that are specific to Li–O2 batteries, it has been recognized
that the crossover of molecular oxygen, contaminants, and/or soluble side reaction
products from the positive electrode may have a deleterious effect [116, 121, 122];
however, one study found that the presence of O2 can promote the formation of a
stable solid-electrolyte interphase (SEI) in DMSO [123]. The high reactivity of Li
metal may require that the negative electrode of a practical Li–O2 battery be pro-
tected with a solid electrolyte or SEI.
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Note that most Li–O2 experiments do not distinguish between limitations of the
positive and negative electrodes, and in some cases it has been found that the
Li-metal negative electrode contributes significantly to cyclability limitations and
cell impedance [116, 124, 125]. A few studies have used LixFePO4 instead of
Li metal [126, 127]. This configuration would not be used in a practical battery
because the equilibrium potential for the lithiation of LixFePO4 is above the
equilibrium Li–O2 potential; however, the use of a highly stable electrode such as
LixFePO4 can allow one to isolate the phenomena specific to the O2 electrode [126,
127].

3.4 Novel Concepts

Numerous new designs and materials have been developed in the years since
Abraham and Jiang’s development of the modern non-aqueous Li–O2 battery. It is
not possible to discuss them all here; rather we highlight a few novel concepts.

3.4.1 Advanced Positive Electrodes

While a ‘baseline’ Li–O2 positive electrode consists of carbon black and binder,
gains in performance have been reported using more advanced designs. Many
studies have sought to modify the structure of the carbon at the nano-, micro-, or
macro-scale [17, 18, 128]. Some experiments have explored carbon-free electrodes.
Nanoporous gold [105] and titanium carbide [126] electrodes with DMSO-based
electrolytes have been shown to have improved performance over carbon elec-
trodes. The addition of new materials such as oxides and transition metals [2, 17,
18] has also been examined. These additions are frequently referred to as ‘cata-
lysts’, but this terminology is misleading given these materials most likely do not
function as conventional electrocatalysts. The term ‘promoter’ has been suggested
as a more general term to describe materials which improve performance [42, 129].

3.4.2 Redox Mediators

The use of redox mediators has been shown to reduce charging overpotentials,
presumably by bypassing charge transport limitations in the discharge product [127,
130]. The idea is that a soluble species that undergoes a reversible redox reaction at
a potential near the Li–O2 redox potential would be able to ferry electrons from the
electrode to the discharge product. This mechanism assumes facile charge transfer
from the mediator to the electrode. Such a mechanism may be incompatible with
achieving high capacities: electron transfer will be blocked if the (insulating) dis-
charge product covers the cathode support.
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3.4.3 All Solid-State Designs

A somewhat different approach to the Li–O2 chemistry is the all solid-state design.
In this case the positive electrode is a porous material with the ability to support
both lithium-ion and electron transport. Lithium and oxygen would react to form
solid Li2O2 or Li2O in the pores. Solid-state Li–O2 cells have been demonstrated
using composite cathodes comprised of carbon and LAGP, a fast ion conductor [15,
131]. Potential advantages of a solid-state design include improved safety and
cyclability by avoiding the need for a liquid electrolyte that could degrade.

3.4.4 Hybrid Li-Ion/Li–O2 Insertion Electrodes

A novel type of Li–O2 battery has been suggested in which both Li and O are
accommodated into a transition metal oxide host [132, 133]. This has been referred
to as a ‘hybrid’ Li-ion/Li–O2 battery because it contains elements of both chem-
istries: Li+ ion insertion into a host as well as the reduction of oxygen. One example
of this chemistry is the reaction LiFeO2 + 4Li+ + 4e− + O2 → Li5FeO4, which can
be thought of as the addition of Li2O to Fe2O3. Although the presence of the
transition metal oxide lowers the maximum theoretical energy density compared to
a ‘traditional’ Li–O2 battery that forms Li2O2, some hybrid Li-ion/Li–O2 chemis-
tries have been predicted to a have an energy density competitive with Li2O2.
A recent high-throughput computational study identified several candidate hybrid
Li-ion/Li–O2 chemistries based on capacity, voltage, and band gap [134].

3.4.5 Other Concepts

Metal-oxygen batteries bear a resemblance to some biological systems, where the
reduction of oxygen is used as an energy source. Some of the challenges of non-
aqueous Li–O2 batteries have also been encountered by nature, including ‘oxidative
stress’ (deleterious reactions involving reactive species such as superoxide radicals,
peroxides, and singlet oxygen [135]) and the sluggish transport of O2 in fluids.

Nature’s solutions to these challenges may inspire improvements in Li–O2 cell
design. For example, biological systems mitigate oxidative stress by antioxidants:
molecules that scavenge reactive species [136]. One study applied this concept to
Li–O2 cells, and found that synthetic melanin additives led to improved cyclability
[137]. Oxygen transport limitations are addressed in nature via the use of
oxygen-binding proteins (e.g., hemoglobin) that improve O2 solubility and also
forced convection through the cardiovascular system [135]. These concepts can be
applied to Li–O2 cells: one study found that oxygen-binding perfluorinated addi-
tives improved discharge capacity [138]. No reports, to the best of our knowledge,
have employed forced convection in Li–O2 cells; however, continuum-scale models
have predicted that the use of forced convection could significantly improve Li–O2

discharge capacity [139].
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Other approaches for improving oxygen transport in Li–O2 cells have also been
explored. The conceptually simplest approach is simply to increase the partial
pressure of oxygen gas, which has been demonstrated to increase capacity signif-
icantly [140, 141]. Another concept for improving oxygen transport is the use of
two immiscible liquids: one that facilitates Li-ion transport, and another that
facilitates oxygen transport. A recent study demonstrated that the use of perfluo-
rinated carbon liquids in this manner can significantly improve the capacity of Li–
O2 cells [142]. A similar concept is the use of additives to improve the solubility of
Li2O2 and reaction intermediates [143].

4 Other Metal-Oxygen Chemistries

At this point our discussion has focused primarily on the Li–O2 system, as among
non-aqueous metal-oxygen chemistries, this system has received by far the most
attention in the literature. A few recent studies, however, have begun to examine
secondary room-temperature non-aqueous systems based on other alkali and
alkaline-earth metals such as sodium [144–146], potassium [147], magnesium [148,
149], and aluminum [150], as shown in Table 2. The high abundance of these
elements is often provided as a motivation for these systems, although projections
indicate that the worldwide supply of Li is adequate for the next century [151].
Below we discuss some other potential advantages and disadvantages of these
systems compared to Li–O2.

Although necessarily sacrificing some gravimetric performance, the heavier Na-
and K-based systems are noteworthy for two reasons: First, under some operating
conditions, they appear to form a superoxide (NaO2 or KO2) discharge product,
rather than peroxide. Second, the overpotentials observed during charging of these
superoxides are very small in comparison to those for Li2O2 or Na2O2. One may
therefore argue that what these cells lack in specific capacity is partially compen-
sated for by an increase in voltaic efficiency. More importantly, if the formation of a
superoxide discharge product is indeed responsible for higher efficiency, then a
potential pathway for improving the Li–O2 system may be at hand: by stabilizing a
lithium superoxide (LiO2) discharge phase one may realize high capacity and
efficiency (i.e., low recharge overpotentials) simultaneously. However, such an
approach may be challenging: although a superoxide component has been observed
in the Li–O2 discharge product, bulk LiO2 is apparently unstable under ambient
temperatures and pressures [152, 153]. The fact that NaO2 and KO2 are more stable
than LiO2 has been attributed to the smaller size of the Li+ cation [56].

In addition to alkali-metal-based systems, recent studies have recently reported
secondary non-aqueous metal-oxygen cells using magnesium [148, 149] and alu-
minum [150] negative electrodes. These chemistries are noteworthy because the
theoretical gravimetric and volumetric energy densities of cells that discharges to
MgO or Al2O3 surpass the energy densities of a cell that discharges to Li2O2, Fig. 1.
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However, further quantitative measurements will be required to definitively deter-
mine to what extent MgO/Al2O3 formation occurs in these cells. Furthermore, the
challenges facing these systems appear to be even greater than for Li–O2 because of
the difficulties in finding electrolytes compatible with a Mg- or Al-metal negative
electrode [154].

5 Concluding Remarks

Metal-oxygen batteries have been known for more than 150 years. Despite this long
history, new twists on this well-known chemistry have continued to emerge up to
the present day. Arguably the most exciting and rapid developments have occurred
in only the past five years, coinciding with the demonstration of non-aqueous,
reversible systems that in some cases exhibit extremely high energy densities in a
laboratory setting. In particular, research into the Li–O2 chemistry has progressed
rapidly, and has been successful in pinpointing the primary challenges that must be
overcome for a reversible Li–O2 battery to become commercially viable. Key
amongst these are: electrolyte stability, efficient transport (of oxygen within the
electrolyte and electronic charge carriers within the discharge product), and
implementing a high-capacity metal negative electrode. Although breakthroughs
are needed in all three areas, a prudent strategy would be to focus first on realizing a
reversible metal negative electrode. Such a technology could also be translated
(perhaps with minimal additional development) to other, more mature systems such
as those based on conventional Li-ion or lithium–sulfur technology, potentially
‘killing several birds with one stone.’ Success in this area will likely hinge upon
development of a solid electrolyte capable of suppressing dendrite formation, while
allowing for high ionic conductivity.

Should these cell-level challenges be overcome, another set of challenges for
non-aqueous metal-oxygen batteries loom at the system level. These include the
engineering of an efficient balance of plant that would either store oxygen on board
(in a closed system), or separate it from an incoming flow of air (open system).
Table 3 summarizes projected energy densities at the system level for an automotive
scale Li–O2 battery from three recent studies. While there is a wide range in the
projected values, it is clear that the mass and volume associated with the system

Table 3 Projected system-level energy densities for non-aqueous Li–O2 batteries

Institution Gravimetric energy density (Wh/kg) Volumetric energy density (Wh/L)

JCESR [26] 200–500 300–450

Bosch [15] 650–850 550–950

Ford [27] 640 600

Non-aqueous Metal–Oxygen Batteries: Past, Present, and Future 531



incur a large penalty based on the much higher theoretical densities reported in
Fig. 1. Minimizing these penalties will require novel engineering solutions.
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Oxygen Redox Catalyst for Rechargeable
Lithium-Air Battery

Sheng Shui Zhang and Zhengcheng Zhang

1 Introduction

Li-air battery consists of a Li anode and a porous air cathode, in which the air
cathode may be a pure carbon, a catalyst-loaded carbon, or a mixture of carbon and
catalyst. In discharge, Li metal oxidizes into Li+ ion and oxygen from air reduces
into peroxide or oxide anion, which is instantly combined with Li+ ions from the
electrolyte to form insoluble Li2O2 and Li2O. The pores in the air cathode serve as
the gas diffusion channels to enable free flow of oxygen and accommodate insol-
uble oxygen reduction products (Li2O2 and Li2O). The rechargeablility of Li-air
battery is based on the reversible oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) on the air cathode, which are the keys to guarantee the
power capability, energy efficiency and reversibility of Li-air battery. The ORR and
OER are affected by many factors, including oxygen mass transport in the cathode,
reaction kinetics as well as reaction product removal from the cathode. Of them, the
ORR and OER often are the rate-determining step due to their slow kinetics. In
order to make the Li-air battery practical, an electrocatalyst is necessary for facil-
itating the ORR and OER. In this chapter, the current efforts on the oxygen redox
catalyst in Li-air battery will be summarized and discussed.
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2 Oxygen Redox Process in Li/Air Battery

The ORR and OER are two opposite processes, discussing one makes under-
standing of the other. Therefore, in this section the ORR in Li-air battery will be
discussed. The ORR is a multiple process consisting of a series of electrochemical
reductions and/or chemical disproportionations, as described Fig. 1, in which the
stability of MO2 and M2O2 intermediates is greatly affected by the type of cation
(M+) and solvents [1, 2]. Since superoxide (MO2) is instable, which quickly reduces
or disproportionates into peroxide (M2O2), the first reduction step of oxygen is
often referred as to a two-electron reduction. The final ORR products vary with the
type of the catalyst and electrolyte so that the overall ORR may be a four-electron
reduction, a two-electron reduction, or a mixed reaction of two- and four-electron
reductions. In an aqueous electrolyte, oxygen first undergoes a two-electron
reduction to form a peroxide anion, which immediately combines protons from
water to form a hydrogen peroxide (H2O2), as described by Eq. 1.

O2 þ 2H2O + 2e ! H2O2 þ 2OH� E0 ¼ �0:065 V ð1Þ

Resulting H2O2 may further reduce or disproportionate into H2O, as expressed
by Eqs. 2 and 3, respectively.

H2O2 þ 2e ! 2OH� E0 ¼ 0:867 V ð2Þ

H2O2 ! H2Oþ 1=2O2 ð3Þ

O2 þ 2H2Oþ 4e ! 4OH� E0 ¼ 0:401V ð4Þ

Since H2O2 is miscible (soluble) with the aqueous electrolyte, Eqs. 2 and 3 occur
on the liquid-solid (i.e., the solution-catalyst) interface and the reaction products
can quickly diffuse into the electrolyte solution. Therefore, Eq. 1 may be readily
followed by Eq. 2 and/or Eq. 3. Combination of Eqs. 1 and 2 or Eqs. 1 and 3 leads
to Eq. 4, which shows that the net ORR is a four-electron reduction. In an aqueous
electrolyte Li-air battery, the ORR may end at a two-electron reduction, a
four-electron reduction or a mixture of two- and four-reductions, depending on the
type and the activity of catalyst towards Eqs. 2 and 3.

Fig. 1 General reduction processes of oxygen, where M+ is the cation contained in the electrolyte
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In the same manner, oxygen in a non-aqueous electrolyte first reduces into a
peroxide anion, which instantly combines Li+ ions from the electrolyte to form a
Li2O2 (Eq. 5). Resulting Li2O2 may subsequently undergo further reduction or
disproportionation to form more stable Li2O, as described by Eqs. 6 and 7,
respectively.

O2 þ 2Liþ þ 2e ! Li2O2 2:959 V vs: Li=Liþ ð5Þ

Li2O2 þ 2Liþ þ 2e ! 2Li2O 2:867 V vs: Li=Liþ ð6Þ

Li2O2 ! Li2Oþ 1=2O2 ð7Þ

Since Li2O2 is insoluble in the non-aqueous electrolyte, it accumulates on the
surface of catalyst sites. As a result, Eqs. 6 and 7 take place on the solid-solid (i.e.,
the Li2O2-catalyst) interface. Due to the electrically insulting nature of Li2O2 and
the insolubility of both the reactant and products, Eqs. 6 and 7 are kinetically slow
and inefficient. Therefore, the major product of ORR in a non-aqueous electrolyte is
Li2O2 in accompany with small amount of Li2O, and the ORR is dominated by the
two-electron reduction.

3 Role of Electrocatalyst in Li-Air Battery

The function of a catalyst is to reduce the reaction activation energy (ΔEa) while not
changing the free energy (ΔG0), as shown in Fig. 2. In the other words, a catalyst
increases the ORR and OER kinetics but unable to increase the open-circuit potential
of the battery, which is reflected by a reduction of the over-potential in the operation
of a Li-air battery, as indicated in Fig. 3. By reducing the over-potential, the catalyst
moves the potential of ORR higher (Fig. 3a), which accordingly increases the dis-
charge voltage of a Li-air battery (Fig. 3b). On contrary, by reducing the
over-potential, the catalyst lowers the potential of OER, which accordingly reduces
the charge voltage of a Li-air battery. As a result, the use of a catalyst narrows the
voltage gap between the discharge and charge processes (Fig. 3b), which corre-
sponds to an increase in the charge-discharge energy efficiency.

4 Requirements for Oxygen Redox Catalyst

A rechargeable Li-air battery requires that the ORR and OER be highly reversible.
In the aqueous electrolyte, the ORR products (H2O2 and H2O as shown in Eqs. 1–3)
are miscible (soluble) with the electrolyte solution, which makes the OER revers-
ible. The aqueous electrolyte Li-air battery can share the same catalyst as those used
in the alkaline fuel cells and metal-air batteries, which have been intensively
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investigated and widely reviewed [3–8]. In the non-aqueous electrolyte system, the
insolubility of the ORR products (Li2O2 and Li2O) makes the ORR much more
complicated although the common knowledge about the ORR catalyst can be
shared with the aqueous electrolyte system. In particular, the Li2O is considered to
be irreversible because its oxidation over-potential is so high that the oxidation
potential of Li2O is far higher than the electrochemical window of most organic
solvents. Therefore, Eqs. 6 and 7 should be avoided or at least minimized for the
good reversibility of Li-air battery. In the other words, a catalyst that enables
two-electron ORR while being inactive towards Eqs. 6 and 7 is necessary for the
non-aqueous electrolyte rechargeable Li-air battery. Among many requirements, the

Fig. 2 Reduction of reaction activation energy by a catalyst

Fig. 3 Role of a catalyst in a Li-air battery. a ORR and OER polarization curves, and
b charge-discharge voltage curves
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following properties are in particular important for the non-aqueous electrolyte
rechargeable Li-air batteries.

1. High catalytic activity towards two-electron ORR: It is required for effectively
reducing the over-potential of ORR and OER to enable the high power capa-
bility and high energy cycling efficiency.

2. Inactivity to the reduction and disproportionation (i.e., Eqs. 6 and 7) of Li2O2:
For high reversibility, the formation of Li2O should be avoided or at least
minimized because of the inability of Li2O to be oxidized to Li2O2 or O2.

3. High porosity and high surface area: In order to obtain high specific capacity,
high porosity is required to accommodate the insoluble ORR product (Li2O2),
and high surface area to increase the ORR area.

4. Durability: For long cycle life, the catalyst is required to be chemically stable
under the Li-air battery conditions, such as attack by alkaline and dissolution by
solvent.

5. Cost: To make the Li-air commercially acceptable, the material and process
should be inexpensive.

5 Category of Oxygen Redox Catalyst

As shown by Eqs. 1 and 5, the ORRs in the aqueous alkaline electrolyte and in the
non-aqueous electrolyte share the same two-electron reduction. This means that all
catalysts showing the catalytic activity towards the ORR in alkaline fuel cells and
metal-air batteries are theoretically suitable for the non-aqueous electrolyte Li-air
batteries. Base on the chemical composition of the materials, these catalysts can be
briefly classified into the following categories: (1) porous carbon and doped carbon
materials, (2) transition metal oxides, nitrides, and sulfides, (3) marcocyclic tran-
sition metal complexes, (4) non-precious metals and alloys, (5) precious metals and
alloys, (6) organic redox mediators.

5.1 Porous Carbon and Doped Carbon Materials

All carbon materials show more or less catalytic activity towards the ORR in
aqueous alkaline media [3, 4]. It is widely accepted that the ORR on carbon surface
undergoes a two-electron reduction as suggested by Eqs. 1 and 5. Garten and Weiss
[9] proposed that the O2 reduction mainly occurs on the edges of graphite planes and
the surface quinine groups are responsible for the O2 reduction to peroxide.
Depending on the surface chemistry of carbon materials, some carbon materials are
shown to catalyze the disproportionation of H2O2 [10]. Therefore, modification of
surface function groups can control the final ORR products. On the other hand, the
architecture structure or porosity of carbon materials is important for
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accommodating large amount of Li2O2, which is required by the high specific
capacity. Most of recent efforts have been focused on increasing the specific capacity
of Li-air battery by making the carbon materials more porous and smaller [11–14].

Electronic defects in the carbon materials are known to favor the chemical
adsorption of oxygen molecules and hence increase the catalytic activity of ORR.
Therefore, doping of hereoatoms has been frequently adopted to improve the catalytic
activity of the carbon materials. Suitable hereoatoms include sulfur (S), nitrogen (N),
phosphorus (P), and boron (B), of which the S, N, and P are electron-rich atoms and B
is electron-deficient atom as comparedwith carbon atom [15, 16]. The hereoatoms are
doped either through pyrolyzing a hereoatom-containing organic precursor or through
heat-treating carbon materials with a hereoatom source. The heteroatoms are usually
located at the edge or defect sites, which create the negatively or positively charge sites
that are favorable for the adsorption of oxygen. Wang et al. [17] have shown that
doping of sulfur promotes the nucleation of Li2O2 on carbon, which results in better
Li2O2 crystals and improved performance. Co-doping of two or more hereoatioms
often leads to synergistic effects on the ORR [18–21]. As indicated in Fig. 4, the
synergistic effect not only reduces theORRover-potential, but also increases theORR
current. In particular, Liu et al. [21] showed that the synergistic effect by the co-doping
of S and N makes a carbon fiber higher catalytic activity and better stability than the
commercial Pt/C catalyst. Therefore, the doped carbon materials offer an excellent
approach for the development of metal-free and low cost ORR catalysts.

5.2 Transition Metal Oxides, Nitrides, and Sulfides

It seems that all transition metal oxides have some catalytic effects towards the ORR.
Metal oxides based on a wide range of transition metals have been investigated as the
ORR catalyst for rechargeable Li-air battery. Typical transition metals include

Fig. 4 Synergistic effect of
co-doping on the ORR
catalytic activity of graphene.
ORR was performed in a 1 M
HClO4 electrolyte. Reprinted
with permission from Ref.
[18]
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manganese (MnO2, Mn2O3, or Mn3O4) [22–25], iron (Fe2O3, or Fe3O4) [26–28],
cobalt (Co2O3) [28, 29], nickel (NiO) [30, 31], vanadium (V2O5) [32], and ruthe-
nium (RuO2) [33], which have been reviewed by several recent articles [11–14]. The
transition metal oxides catalyze the ORR generally through a two-electron reduction,
followed by catalyzing the disproportionation (decomposition) of peroxide [34].
There is a close correlation between the ORR catalytic activity in the Li-air battery
and the ability to catalyze decomposition of H2O2 in an aqueous solution [35]. By
comparing a few metal oxides, Giordani et al. [35] found that α-MnO2 decomposes
H2O2 fastest and it has the lowest over-potential in the charge process of a Li-air
battery, as indicated in Fig. 5 [35]. Therefore, evaluating the rate of H2O2 decom-
position offers a simple tool for the screening of ORR catalyst for the rechargeable
Li-air battery.

RuO2 is among the excellent catalysts for the Li-air battery. Sun et al. [33]
showed that the RuO2 nanocrystals not only significantly reduce the over-potentials
of the ORR and OER but also offer extremely high capacity due to their excellent
ORR catalytic activity and large specific surface area and porosity. It is shown in
Fig. 6 that the Li-air cell catalyzed by the RuO2 nanocrystals has an as low as
0.37 V voltage hysteresis (gap) between the discharging and charging processes,
and a reversible capacity of about 9800 mAh/g.

Perovskite oxides, which feature the high electronic/ionic conductivity, fast
oxygen ion mobility and excellent ORR catalytic activity, have been long studied as
the cathode catalyst in solid oxide fuel cells. The perovskite oxides exhibit
exceptional ORR catalytic activity because their electronic states favor the chemical
adsorption of oxygen to the metal [36]. Recently, many publications have shown
that such materials are also suitable for the ORR catalyst of Li-air batteries and
outperform the conventional transition metal oxides [37–42]. It has been reported
that the perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-x catalyzes the OER at least an order of
magnitude higher than the state-of-the-art iridium oxide catalyst in alkaline media
[37]. The perovskite oxides typically make the Li-air batteries lower ORR and OER
over-potentials and higher rate capability. For example, Xu et al. [40] reported that

Fig. 5 Voltage curve of the
first charge of Li/Li2O2 cells
with different transition metal
oxide catalysts in a 1 M LiPF6
propylene carbonate
electrolyte when charged at
70 mA/g, at 25 °C and
P = 1 atm. Reprinted with
permission from Ref. [35]
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the perovskite La0.75Sr0.25MnO3 raises the discharge voltage about 30–50 mV
higher and drives the charge voltage about 200 mV lower for a Li-air cell as
compared with the pristine KB carbon. Probably due to their low activity or even
inactivity to catalyze the reduction and disproportionation of Li2O2, the perovskite
oxides also enhance the ORR-OER reversibility, which make the Li-air battery
cycling longer.

Most of the recent efforts on the perovskite oxide catalysts have been focused on
the syntheses of novel pore architectures and highly conducting networks for the
purpose to increase the specific capacity and power capability of Li-air battery.
Using nanotechnologies, variety types of nano-structured perovskite oxide catalysts
have been synthesized and shown much improved performance in terms of the
specific capacity, energy cycling efficiency, and cycle number. Typical examples
are La0.75Sr0.25MnO3 nanotubes [40], 3D ordered macroporous LaFeO3 [41], and
hierarchical mesoporous La0.5Sr0.5CoO2.91 nanowires [42], among which the
hierarchical mesoporous La0.5Sr0.5CoO2.91 nanowires exhibit an ultrahigh capacity
of over 11,000 mAh/g [42].

Being similar as the oxides, transition metal nitrides [43–45] and sulfides [46]
also show catalytic activity towards the ORR and OER in Li-air batteries. It is
shown that these catalysts not only reduce the over-potentials, but also enhance
battery’s energy efficiency and lifespan by reducing or eliminating the electrolyte
decomposition. The particle size of nitrides was shown to greatly affect the catalytic
activity. Li et al. [43] showed that TiN particles supported on Vulcan XC-72 carbon
reduce the charge-discharge voltage hysteresis by 60 mV in micro-size and by
450 mV in nano-size as the Li-air cell is cycled at a 50 mA/g (vs. carbon). Some
results showed that the nitrides are more active than the oxides in catalyzing the
ORR in Li-air battery. For example, a Fe/N/C composite gives lower
over-potentials and generates less CO2 than the α-MnO2/carbon catalyst [44]. The
CO2 is generally a product of the oxidation of electrolyte solvents, the reduction of
CO2 generation is probably due to the shortened life of the lithium surperoxide

Fig. 6 Discharge-charge
voltage curves of the first two
cycles for Ru-carbon black
(solid line) and carbon black
electrode (dash line) at
200 mA/g. Reprinted with
permission from Ref. [33]
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(LiO2) intermediate by the Fe/N/C catalysist, which reduces the opportunity to
oxidize the electrolyte solvents.

5.3 Marcocyclic Transition Metal Complexes

Transition metal N4-macrocyclic complexes have been long known to catalyze
ORR in aqueous electrolytes. Typically, the transition metals are Fe, Co, Ni, and
Cu, and the N4-macrocyclic ligands are the derivatives of phthalocyanine- or
porphyrin-like compounds. The catalytic activity of these materials is affected by
the center metal ion and ligand in the complexes. Jahnke et al. [47] proposed that
the ORR is catalyzed through a “redox catalysis” mechanism. In the ORR process,
oxygen first oxidizes the center metal ion (for example, M2+) to higher valent metal
ion (M3+) followed by an electrochemical reduction to the original valance (M2+)
on the electrode, whereas the resulting peroxide anion combines protons from the
aqueous electrolyte or Li+ ions from the non-aqueous electrolyte to form H2O2 or
Li2O2, which is either the final product or is further reduced to H2O or Li2O,
depending on the transition metal complex used. The transition metal macrocyclic
complex was first used in a non-aqueous based gel polymer electrolyte Li-air cell in
1996 by Abraham et al. [48] who used a cobalt phthalocyanine as the ORR catalyst
and found the final ORR product was Li2O2, followed by further investigation [49].

The transition metal macrocyclic complexes are chemically instable with the
alkaline ORR products (Li2O2 and Li2O) and potentially dissolve into the
non-aqueous electrolyte. Therefore, thermal treatment has shown to enhance the
stability and catalytic activity of these complexes. In heat-treatment, the complex is
first loaded onto high-surface-area carbon particles and then heated in a temperature
range from 450 to 900 °C under an inert atmosphere [50]. The chemical compo-
sition of the final product depends on the heating temperature, generally from M-N4

complex below 450 °C through M-N2/MO mixture at 450–800°C and metal oxide
(MO) at 800–900 °C to metal (M) above 1000 °C [3]. In an effort to develop the
heated complexes as the ORR catalyst of Li-air battery, Ren et al. loaded a Fe and
Cu mixed phthalocyanine complex onto Ketjenblack carbon and heated the mixture
at 800–900 °C in argon atmosphere to get a FeCu/C catalyst [50]. When discharged
at 0.2 mA/cm2, the Li-air cell with the resultant FeCu/C catalyst shows a 0.2 V
higher discharge voltage and an about 100 mAh/g lower specific capacity as
compared with that using the baseline carbon, as shown in Fig. 7a, in which the
higher discharge voltage is attributed to the reduced over-potential and the lower
capacity to the reduced porosity of supporting carbon as a result of the filling by the
heated complex into the carbon pores. Meanwhile, the FeCu/C catalyst induces a
second lower discharge voltage plateau at *1.7 V (see Fig. 7a), which was
identified to be a catalyst-induced reduction of electrolyte solvents [50, 51]. After
discharging, Zhang et al. [51] observed that the open-circuit voltage of the dis-
charged Li-air cell recovered faster when the FeCu/C catalyst was used, as shown
by Fig. 7b. They contributed this phenomenon to the subsequent disproportionation
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of Li2O2 catalyzed by the FeCu/C catalysis, and concluded that this type of catalysts
may not be suitable for the rechargeable Li-air battery because the disproportion-
ation produces irreversible Li2O.

5.4 Transition Metals and Alloys

Transition metals, especially silver, show the ORR catalytic activity in aqueous
alkaline media [52–54]. This is understandable because in oxygen atmosphere, the
transition metals are oxidized into metal oxides, and in this case the transition
metals function as an ORR catalyst as their corresponding oxides do. Therefore, the
mechanism and catalytic activity of the transition metals can be referred as to the
transition metal oxides.

5.5 Precious Metals and Alloys

The ORR on a Pt electrode in an acidic media has been intensively studied, and it is
considered to be a multiple process generally consisting of: (1) O2 adsorbs on the Pt
catalytic sites, (2) the adsorbed O2 reduces either through a two-electron reduction
to H2O2 or through a four-electron reduction to H2O, (3) H2O2, if formed, is further
reduced or disproportioned to H2O. Step 3 is so fast that the H2O2 is rarely detected
and the overall ORR on the Pt electrode can be taken as a four-electron reduction.
Other precious metals such as Au and Pd also show the similar ORR catalytic
activity, and the alloys of two or more precious metals are often explored for the
synergistic effect of the ORR catalytic activity. In the Li-air battery, the ORR
process is a little different from the aqueous acidic solution due to the insolubility of
the Li2O2 immediate. Upon the reduction of oxygen, the formed Li2O2 accumulates

Fig. 7 Catalytic effect of FeCu/C catalyst in comparison with pristine carbon. a discharge voltage
curve, and b open-circuit voltage recovery after discharging to a capacity of 600 mAh/g. Reprinted
with permission from Refs. [50, 51], respectively
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on the surface of the catalytic sites, on which the Li2O2 is further reduced or
disproportionated into Li2O. Therefore, the ORR in the non-aqueous electrolyte is
dominated by the four-electron reduction and the major ORR product is Li2O.

In the non-aqueous electrolyte, it was found that the ORR catalytic activity is
strongly correlated to the adsorption energy of oxygen on the surface of precious
metal particles, and that the catalytic activity varies in an order of
Pd > Pt > Ru * Au among a few common precious metals [55]. Asymmetric
catalytic activities on the ORR and OER in the Li-air battery have been frequently
observed. In comparison with carbon, Lu et al. concluded that the Au/C composite
only catalyzes the ORR [56] whereas the Pt/C composite only catalyzes the OER
[57]. However, the Pt-Au alloy catalyzes both the ORR and OER by increasing the
energy cycling efficiency from 57 to 73 % [58], showing an excellent the syner-
gistic effect. The asymmetric catalysis was also reported on the Pd/C composite by
Xu et al. [59] who observed that the Pd/C composite preferentially catalyzes the
OER, as shown by Fig. 8. It is shown that hollow spherical carbon (HSC) catalyzes
both the ORR and OER, as compared with the pristine carbon paper (CP). With the
incorporation of nano-structured Pd particles, the potential of the OER is further
reduced whereas the potential of the ORR remains unchanged, as shown by
comparing the P-HSC and HSC in Fig. 8. The asymmetric catalysis on the ORR
and OER may be associated with the removal of reduction products. In the ORR,
the ORR products (Li2O2 and Li2O) are insoluble in the non-aqueous electrolyte,
they accumulate on the surface of catalyst and block the access of external oxygen
to the catalytic sites. Thus, the diffusion of external oxygen into the catalytic sites
may become the rate-determining step, which determined the over-potential of
ORR. On contrary, in the OER, the formed oxygen can be readily removed from the
catalytic sites, which is not possible to be the rate-determining step. Therefore, the
asymmetric catalysis is a common characteristic of the non-aqueous rechargeable
Li-air batteries, which can also be observed from other catalyst systems.

Fig. 8 First discharge and
charge curves of Li-O2 cells at
a current density of 300 mA/g
and a specific capacity limit of
3000 mAh/g. Reprinted with
permission from Ref. [59]
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5.6 Organic Redox Mediators

All ORRs on the catalysts described above are heterogeneous reactions, in which
the gaseous or adsorbed oxygen is reduced on the surface of solid catalyst. The
accumulation of insoluble ORR products on the catalytic sites gradually invalidates
the catalytic activity. Therefore, moving the reaction from the solid surface to the
solution phase must be a very effective approach for promoting the ORR and OER
in Li-air battery. Based on this concept, Zheng et al. [60] proposed an anion
acceptor, tris(penftafluorophenyl) borane, as the Li+ ionic complexing additive, and
found that the additive dramatically increases the solubility of Li2O2 through the
Lewis acid-base interaction between boron and peroxide anion. As a result of the
dissolution of Li2O2, the kinetic of the OER of Li2O2 at a carbon electrode is
significantly enhanced. The similar concept was pursued by Li et al. [61], who
examined a series of bis- and tris-imidazoliums as the cationic complexing agent,
and concluded that the cationic complexing agents increase the solubility of Li2O2

and hence promote the OER kinetics of Li2O2 in the non-aqueous electrolyte.
Another approach for moving the oxygen redox reaction from the solid surface

to the solution phase is the use of an organic redox mediator (RM), in which the
redox potentials of RM match those of the ORR and ORR, and the RM in both the
reduced and oxidized states is soluble in the non-aqueous electrolyte. The RM
catalyzes the ORR through a redox mechanism, which can be described by Eqs. 8
and 9, whereas the OER proceeds in the opposite direction.

RMþ 2Liþ þ O2 ! RM2þ þ Li2O2 ð8Þ

RM2þ þ 2e ! RM ð9Þ

With the RM, O2 first oxidizes the RM in the solution to produce Li2O2, and
then the resulting RM2+ is electrochemically reduced to its original state at the
electrode. An excellent example for this approach was demonstrated by Chen et al.
[62], who used tetrathiafulvalene (TTF, as shown in Fig. 9) as the RM and showed
that TTF can be readily oxidized at the electrode and the oxidized TTF in turn
oxidizes the solid Li2O2 while the oxidized TTF reducing back to TTF. As a result,
the incorporation of TTF not only greatly reduces the round-trip voltage hysteresis
of the discharging and charging processes, but also increases the reversibility of the
Li-air cell, as indicated by Fig. 10.

Quinone and its derivatives (see Fig. 9 for chemical structure) offer great
opportunity for this type of catalysts because their redox potentials can be readily

Fig. 9 Chemical structure of tetrathiafulvalene (left) and quinine (right)
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adjusted to match the ORR and OER by modifying the substituting groups. This
type of compounds have been widely investigated as the metal-free ORR catalyst in
various pH aqueous media [63–65], however, up to date there are no publications
available about their applications in the non-aqueous electrolyte Li-air batteries.
The RM-assisted ORR generally proceeds through the two-electron reduction, and
the RM is catalytically inactive to the reduction and disproportionation of Li2O2.
These features are of great importance for enabling the high reversibility and long
cycle life of rechargeable Li-air battery.

6 Concluding Remarks

Li-air battery is an integrated system of many mechanical and electrochemical
components, its performance is affected by many factors, including O2 mass
transport in the gas diffusion layer and air cathode, electrolyte’s ionic conductivity
and chemical stability against the ORR products and intermediates, and O2 elec-
trochemical kinetics at the cathode. Porosity of the air cathode is the key to the high
specific capacity for accommodating large amount of insoluble ORR products and
the high power capability for fast O2 mass transport. Chemical stability of the
electrolyte against the ORR products and intermediates is the key to the high
reversibility and long life span. Oxygen redox catalyst is only one of parts, which
facilitates the kinetics of O2 electrochemical kinetics at the cathode. The insoluble
and electrically insulating Li2O is considered to be irreversible in the non-aqueous
electrolyte because of its extremely high over-potential that drives the oxidation
potential beyond the electrochemical window of organic electrolytes. Solid-state
catalysts, especially the transition or precious metal containing catalysts, are more
or less catalytically active towards the reduction or disproportionation of Li2O2,
which produces the irreversible Li2O. In order to develop rechargeable Li-air bat-
teries with the high reversibility and long life span, a catalyst that catalyzes the
two-electron ORR and is free of the transition or precious metal is highly

Fig. 10 Improvement of cycling reversibility (a) and stability (b) of a Li-air cell by a TTF redox
mediator. Reprinted with permission from Ref. [62]
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demanded. The organic RMs, which catalyze two-electron ORR and do not contain
any transition and precious metals, would be a kind of very promising catalysts for
the non-aqueous electrolyte rechargeable Li-air battery.
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Aqueous Lithium-Air Batteries

O. Yamamoto and N. Imanishi

1 Introduction

High specific energy density batteries are attracting increased attention as possible
power sources for electric vehicles (EVs) [1–7]. However, the driving range of
commercialized EVs with the current lithium-ion batteries is considerably lower
than that of the vehicles with internal combustion (IC) engines, because the energy
density for lithium-ion battery packs of around 100 Wh kg−1 is too low compared
with the IC engine. The energy density of a battery that is comparable to that of an
IC engine would be approximately 700 Wh kg−1. Thus, batteries with seven times
higher energy density than conventional lithium-ion batteries should be developed
for EV applications. The calculated energy density for a lithium-ion battery with a
carbon anode and a LiCoO2 cathode is 387 Wh kg−1. To extend the driving range of
EVs to be comparable with IC engine vehicles, a new battery system with a cal-
culated energy density several times higher than that of the lithium-ion system is
required. There are few options; however, rechargeable lithium-air batteries are the
most promising system because they have fair higher energy density and a lower
materials cost than other battery systems. Recently, many research groups have
been developing rechargeable lithium-air (or oxygen) batteries.

At present, two types of the rechargeable lithium-air (or oxygen) batteries have
been developed; non-aqueous and aqueous systems. The non-aqueous lithium-air
system consists of a lithium anode, non-aqueous electrolyte and a carbon/catalyst
air electrode. The specific energy densities of the non-aqueous system calculated
from reaction (1) and an open-circuit voltage (OCV) of 2.96 V [1] are respectively
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3458 Wh kg−1 and 4172 Wh L−1 for the discharge state (including oxygen) and
11,430 Wh kg−1 and 6104 Wh L−1 for the charged state (excluding oxygen).

2Liþ O2 ¼ Li2O2: ð1Þ

The energy density of 11,430 Wh kg−1 for the charged state is close to the energy
density of gasoline (ca. 13,000 Wh kg−1). The calculated energy densities per unit
mass and per unit volume of the non-aqueous lithium-air system are approximately
10 and 6 times higher than those of lithium-ion batteries, respectively. The
rechargeable aqueous lithium-air batteries consist of a water-stable lithium electrode,
aqueous electrolyte, and a carbon based air electrode. The concept of the
water-stable lithium metal electrode was proposed by Visco et al. in 2004 [8]. The
water-stable lithium electrode adopts a water-stable NASICON-type lithium-ion
conducting solid electrolyte of Li1+x+yAlx(Ti,Ge)P4−ySiyO12 (O-LATP), which was
supplied from Ohara Ltd., Japan, as a protective layer that covers and isolates the
lithium metal from direct contact with the aqueous electrolyte. The air electrode has
been extensively studied for zinc-air batteries and fuel cells, and well stablished
electrodes have been proposed. A polyethylene based electrolyte [9] and Li3N [8] are
used as an interlayer between the lithium metal and O-LATP to prevent direct
contact because O-LATP is unstable in contact with lithium metal [10]. The key
component in the aqueous lithium-air battery is the water-stable lithium electrode,
and especially the water-stable lithium conducting solid electrolyte. For the aqueous
system, water molecules are involved in the redox reaction at the air electrode:

4Liþ 6H2Oþ O2 ¼ 4 LiOH�H2Oð Þ: ð2Þ

The OCV is dependent on the concentration of OH− in the solution and is 3.90 V
in a neutral solution [9]. However, the concentration of OH− increases with the
discharge depth. A saturated aqueous solution of LiOH is reached at 5.3 M L−1,
which corresponds to a discharge depth of ca. 5 %. The reaction product is
deposited on the air electrode and/or in the electrolyte as LiOH·H2O. O-LATP is
unstable in saturated LiOH aqueous solution [11]; however, the electrolyte is stable
in an aqueous solution of saturated LiOH with saturated LiCl [12]. The OCV with
an aqueous solution of saturated LiOH with saturated LiCl at room temperature was
reported to be around 3.0 V [13]. The specific energy densities of the aqueous
lithium-air battery calculated from reaction (2) and an OCV of 3.0 V are
1917 Wh kg−1 and 2895 Wh L−1 for the discharged state, and 2369 Wh kg−1 and
2010 Wh L−1 for the charged state. The mass and volume energy densities of the
aqueous lithium-air battery are lower than those of the non-aqueous battery.

However, non-aqueous lithium-air battery systems have some severe problems
that still need to be addressed, such as lithium corrosion by water when operated in
the air (short shelf-life) [14], decomposition of the electrolyte during the discharge
and charge processes (poor cycle performance) [15–17], high charge and discharge
cell voltage difference (low energy conversion efficiency) [18], and decomposition
of the air electrode carbon material during the charging process (short shelf-life)
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[19]. Successful results for non-aqueous lithium-air cells have been obtained under
pure oxygen [3, 5]. Thus, an oxygen selecting membrane should be developed for
non-aqueous lithium-air batteries for EV applications. Oxygen selecting membranes
for lithium-air batteries have been reported, but the selectivity is not perfect [20].
Protection of the lithium metal anode from water is the most critical point for
long-life stability of non-aqueous lithium-air batteries, as pointed out by Armand
and Tarascon [2]. These severe problems, except for carbon decomposition, would
be removed with the use of an aqueous electrolyte and a water-stable lithium
electrode. In this chapter, the characteristics of water-stable lithium conducting
solid electrolytes for the water-stable lithium electrode of aqueous lithium-air
batteries are introduced and the cell performance with a water-stable lithium
electrode is examined.

2 Water-Stable Lithium Conducting Solid Electrolytes
for Aqueous Lithium-Air Batteries

The water-stable lithium electrode is essential for the aqueous lithium-air battery
and could also be necessary in non-aqueous lithium-air batteries to protect the
negative electrode from reaction with moisture in ambient air. The key material for
the water-stable lithium metal electrode is a water-stable lithium conducting solid
electrolyte. Various types of solid lithium conducting electrolytes have been
reported, such as the layered-type Li3N structure [21], Li2S-based glass [22],
LISICON-type Li14Zn(GeO4)4 [23], Li10GeP2S12 [24], NASICON-type Li1+xAxTi2
−x(PO4)3 (A = Al, Fe, Sc) (LATP) [25], perovskite-type La2/3−xLi3xTiO3 (LLTO)
[26], and garnet-type Li7La3Zr2O12 (LLZ) [27]. The highest lithium conductivity of
1.2 × 10−2 S cm−1 at room temperature was reported for Li10GeP2S12, which is
higher than that of conventional liquid electrolytes for lithium-ion batteries.
However, at present, only two types of lithium-ion conducting solid electrolytes,
LATP and LLZ, have been reported that are unstable in water, but stable in aqueous
saturated LiOH with saturated LiCl. LLTO was used as the protective layer for an
aqueous lithium-air cell that had stable cell discharge performance at a low current
density of 0.05 mA cm−2 in a 0.5 M LiOH aqueous solution for approximately
10 days [28]. However, the long term stability of LLTO in an aqueous electrolyte
solution for lithium-air batteries has not been reported yet.

2.1 NASICON-Type Lithium-Ion Conducting Solid
Electrolyte

NASICON (Na Super Ionic Conductor)-type solid ion conductors were discovered
in 1976 by Goodenough and co-workers [29]. The general formula of this structure
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is Na1+xZr2(P1−xSixO4)3, which has three-dimensional conduction path ways. The
NASICON-type high lithium-ion conductivity solid electrolytes of Li1+xAxTi2−x
(PO4)3 (A = Al, Cr, Ga, Fe, Sc, In, Lu, Y, and La) were reported by Aono et al. [25,
30]. The highest conductivity of 7 × 10−4 S cm−1 at 25 °C was observed for
Li1.4Al0.4Ti1.6(PO4)3. Fu [31] reported higher lithium-ion conductivity of
1.3 × 10−3 S cm−1 at room temperature for the Li1+xAlxTi1−x(PO4)3 glass ceramics.
The glass ceramic was prepared by quenching the Li2O–Al2O3–TiO2–P2O5 glass
from 1450 °C and sintering at 550 °C. Ohara Inc. Japan has commercialized a
water-impermeable lithium conducting glass ceramic of Li1+x+yAlx(Ti,Ge)2−xSiyP3−y
O12 (O-LATP). The electrical conductivity of the O-LATP plate (0.15 mm thick) is
1 × 10−4 S cm−1 at room temperature. The stability of O-LATP in aqueous solutions
has been extensively studied by Imanishi and colleagues [11]. Figure 1 shows
impedance profiles of O-LATP samples with sputtered Au electrodes that were
immersed in various aqueous solutions. The impedance profiles ofO-LATP immersed
in 1 M LiNO3 and 1 M LiCl for 3 weeks was no different from that of the pristine
O-LATP. The electrical conductivity of O-LATP immersed in distilled water was
slightly decreased. However, the electrical conductivity estimated from the imped-
ance profiles of O-LATP immersed in aqueous solutions of 1M LiOH and 0.1MHCl
was significantly decreased. The protective layer for water-stable lithium electrodes in
aqueous lithium-air batteries should be stable in saturated LiOH aqueous solution.
Shimonishi et al. [12] reported that O-LATP is stable in an aqueous solution of
saturated LiOH with saturated LiCl. Figure 2 shows the change in impedance over
time for O-LATP immersed in a solution saturated with LiOH and LiCl at 50 °C. The
total conductivity of O-LATP immersed in this solution was increased after 3 weeks
and no change in conductivity was observed for 3 months. It was concluded that
O-LATP is stable in a solution of saturated LiOH and saturated LiCl. O-LATP is thus
acceptable for use the protective layer in water-stable lithium electrodes for aqueous
lithium-air batteries.

The O-LATP glass ceramics is water-impermeable, but the conductivity is
slightly low for a high power density EV battery. The resistance of a 0.15 mm thick
O-LATP plate is 1500 Ω cm2. The IR drop at 0.5 mA cm−2 is as high as 0.75 V,
which corresponds to a 25 % cell voltage drop. Therefore, to reduce the IR drop, the
thickness of the electrolyte should be reduced and/or the electrical conductivity
should be improved. High power density is an important requirement for EV bat-
teries, in addition to high energy density. Therefore, higher lithium-ion conductivity
solid electrolytes with excellent mechanical properties should be developed to
realize a high power density aqueous lithium-air battery. The conductivity target at
the operation temperature is 10−3 S cm−1 [32]; the IR drops for 0.15 and 0.075 mm
thick electrolytes is 0.75 and 0.375 V at 5 mA cm−2, respectively. Many conduc-
tivity data for the Li1+xAxGeyTi2−y(PO4)3 system have been reported in the last
25 years. The conductivity is highly dependent on the preparation method because
this type of electrolyte has a high grain boundary resistance. An extremely high
conductivity of 4.62 × 10−3 S cm−1 at 25 °C was reported for the
Li1.5Al0.5Ge1.5(PO4)3 glass ceramic [33]; however, the electrical conductivity at
25 °C of the same composition glass ceramic was reported to be 4 × 10−4 S cm−1 by
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Fig. 1 Impedance profiles measured at 25 °C for a pristine O-LATP and O-LATP immersed in
b 1 M LiNO3 for 3 weeks, c 0.1 M HCl for 3 weeks, d 1 M LiOH for 8 months, e distilled water
for one month, and f 1 M LiCl for 3 weeks (from Ref. [11])
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Fu [34] and 7.25 × 10−4 S cm−1 by Wen and coworkers [35]. The conductivity of
glass ceramics may be dependent on the preparation method and the effect of ageing
on the conductivity should also be considered.

The Li1+xAlxTi2−x−yGey(PO4)3 solid solution has been examined by many
researchers [36–38]. Zhang et al. reported the conductivity of the Li1.4Al0.4Ti1.6−x
Gex(PO4)3 (x = 0–1.6) system [38], and the compositional dependence of the bulk,
total and grain boundary conductivities are shown in Fig. 3. The highest total and
bulk conductivity at 25 °C of 1.29 × 10−3 and 2.35 × 10−3 S cm−1, respectively,
were observed for Li1.4Al0.4Ti1.4Ge0.2(PO4)3. The bulk conductivity is much higher
than that of 9.43 × 10−4 S cm−1 for Li1.4Al0.4Ti1.27Ge0.33(PO4)3 reported by Wen
and coworkers [37]. The activation energies for bulk and grain boundary conduc-
tion in Li1.4Al0.4Ti1.4Ge0.2(PO4)3 were estimated from the temperature dependence
to be 20.2 and 55.0 kJ mol−1, respectively. These activation energies are slightly
lower than those for Li1.4Al0.4Ti1.6(PO4)3. The conductivity of this lithium con-
ducting solid electrolyte thus satisfies the conductivity target of the protective
electrolyte layer for the water-stable lithium electrode.

The other requirement for the protective layer is stability in an aqueous elec-
trolyte with a high LiOH content. The stability of Li1.4Al0.4Ti1.4Ge0.2(PO4)3 stored
in distilled water, saturated LiCl solution, saturated LiOH solution, and a solution of
saturated LiOH with saturated LiCl at 50 °C for one week was examined. X-ray
diffraction (XRD) analysis of Li1.4Al0.4Ti1.4Ge0.2(PO4)3 immersed in these solu-
tions revealed no impurity phases and no change in the diffraction peaks from
before immersion in these solutions. However, the impedance profiles did reveal a
change after immersion in these solutions, as shown in Fig. 4. The grain boundary
resistance of Li1.4Al0.4Ti1.4Ge0.2(PO4)3 immersed in distilled water was increased
from 12.2 to 552 Ω cm2, while the bulk resistance increased slightly. The increase

Fig. 2 Impedance profiles
measured at 25 °C for
O-LATP plate immersed in
11.6 M LiCl with 5.1 M
LiOH at 50 °C for 3 weeks
(square), 3 months (triangle),
and pristine O-LATP (circle)
(from Ref. [12])
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in the grain boundary resistance could be explained by an ion exchange reaction
between Li+ and H+, as observed in Li7La3Sn2O12 [39]. An increase of grain
boundary resistance was also observed for Li1.4Al0.4Ti1.4Ge0.2(PO4)3 immersed in
saturated LiOH aqueous solution. However, there was no significant change in the
bulk and grain boundary resistances of Li1.4Al0.4Ti1.4Ge0.2(PO4)3 after immersion
in a solution of saturated LiCl or in a solution of saturated LiOH with saturated
LiCl. Li1.4Al0.4Ti1.4Ge0.2(PO4)3, which has high lithium-ion conductivity and is
stable in saturated LiOH with saturated LiCl, is thus a promising candidate for the
protective layer of a water-stable lithium electrode.

2.2 Garnet-Type Lithium-Ion Conducting Solid Electrolyte

A garnet-type lithium-ion conducting solid electrolyte is another candidate for the
protective layer of a water-stable lithium electrode. In 2007, Weppner and

Fig. 3 a Temperature
dependence of bulk, grain
boundary, and total
conductivity of
Li1.4Al0.4Ti1.44Ge0.16(PO4)3,
and b bulk, grain boundary,
and total conductivity of
Li1.4Al0.4Ti1.6−xGex(PO4)3 at
25 °C as a function of aging
period, where glove means
the samples were stored in
glove box (from Ref. [38])
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co-workers reported that the garnet-type Li7La3Zr2O12 (LLZ) with lithium excess
exhibited a high lithium-ion conductivity of 2.44 × 10−4 S cm−1 at 25 °C was stable
in molten lithium metal and was not moisture sensitive [27]. This compound is
quite attractive for the protective layer in a water-stable lithium electrode for
lithium-air batteries. The NASICON-type lithium-ion conductor is unstable in
contact with lithium metal [10]; therefore, an interlayer that conducts lithium ions
and is stable in contact with lithium metal should be used to avoid direct contact of
the lithium metal with the NASICON-type solid electrolyte. Visco et al. [8] and
Zhang et al. [9] have used Li3N and polyethylene oxide (PEO) based polymer
electrolytes, respectively. Recently, the crystal structure [40], phase stability [41],
Zr-site substituted LLZ [42–44], and the stability of LLZ in aqueous solution [45]
have been reported. The tetragonal structure of the nominal Li7La3ZrO3 composi-
tion is stable [46] and transforms to the cubic structure at 645 °C [41]. The electrical
conductivity of tetragonal Li7La3Zr2O12 is as low as 1.63 × 10−6 S cm−1 at 25 °C.
The high temperature cubic phase was stabilized at room temperature by the sub-
stitution of Al3+ for Li+ [43], and of Ta5+ [44] and Nb5+ [42] for Zr4+. The electrical
conductivity of LLZ is dependent on the preparation method and dopants. The
highest lithium-ion conductivity of 1 × 10−3 S cm−1 at 25 °C was reported for
Li6.4La3Zr1.4Ta0.6O12 by Goodenough and coworkers [44], which is comparable
with that for Li1.4Al0.4Ge0.2Ti1.4(PO4)3 [38].

The stability of the high lithium-ion conducting garnet-type Al doped
Li7La3Zr2O12 and Li7−xLa3Zr2−xMxO12 (M = Nb, Ta) in contact with lithium metal
was examined by Imanishi and co-workers. The impedance of a

Fig. 4 Impedance profiles measured at 25 °C for (a) Au/pristine Li1.4Al0.4Ti1.44Ge0.16(PO4)3/Au,
and Au/Li1.4Al0.4Ti1.44Ge0.16(PO4)3/Au immersed in (b) water, (c) saturated LiCl aqueous
solution, (d) saturated LiCl and LiOH aqueous solution, and (e) saturated LiOH aqueous solution
at 50 °C for one week (from Ref. [38])
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Li/Li6.75La3Zr1.75Nb0.25O12/Li cell was gradually increased with the storage period
at room temperature. The increase could be explained by the reduction of Nb by
lithium [47]. In addition, Li6.75La3Zr1.75Ta0.25O12 was stable in contact with lithium
metal. Figure 5 shows impedance profiles for the Li/Li6.75La3Zr1.75Ta0.25O12/Li cell
with respect to the storage time at room temperature. The impedance profiles show
two semicircles; those in the high and low frequency ranges correspond to the grain
boundary resistance and interface resistance, respectively. The grain boundary
resistance showed no change with ageing and the interface resistance was decreased
slightly for two weeks and then remained constant for 4 months. Therefore,
Li6.75La3Zr1.75Ta0.25O12 is stable in contact with lithium metal.

The stability of Li6.75La3Zr1.75Ta0.25O12 in an aqueous solution of saturated LiOH
with 10 M LiCl was also examined. Figure 6 shows the change in the impedance of
Li6.75La3Zr1.75Ta0.25O12 with the storage period in saturated LiOH with 10 M LiCl
using a H-type cell. The sintered pellet of Li6.75La3Zr1.75Ta0.25O12 with a relative

Fig. 5 Impedance profiles for
Li/Li6.75La3Zr1.75Ta0.25O12/Li
measured at 0 and 25 °C for
various room temperature
storage times (from Ref. [48])
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density of 96.7 % was water-impermeable. No significant change in the impedance
was observed for one month. The estimated electrical conductivity of Li6.75La3
Zr1.75Ta0.25O12 was comparable with that measured using the sputtered Au electrode.
Therefore, the interface resistance between Li6.75La3Zr1.75Ta0.25O12 and the aqueous
solution of saturated LiOH with 10 M LiCl is low and Li6.75La3Zr1.75Ta0.25O12 is
stable in saturated LiOHwith 10MLiCl. In viewof the electrical conductivity, and the
stability in contact with lithiummetal and in saturated LiOHwith 10MLiOH aqueous
solution, Li6.75La3Zr1.75Ta0.25O12 is an attractive candidate for the protective layer of
water-stable lithium electrodes for lithium-air batteries. The lithiummetal can be used
in direct contact with LLZ. However, lithium dendrite formation during the lithium
deposition process is a serious problem between lithium and LLZ. Short-circuits of
Li/LLZ/Li cells were reported for a short polarization period at low current density
[47–49]. Figure 7 shows the change in cell voltage with the polarization time at
0.5 mA cm−1 for a Li/Li7−xLa3Zr2−xTaxO12 (x = 0.25, 0.5, 0.7)/Li cell at 25 °C.
A steady-state cell voltage was obtained for a short period, and the cell resistance
calculated from the cell voltage just after polarization was comparable with that
estimated from impedance profiles of the cell. Abrupt drops in cell voltages after
polarization for a short period were observed for all cells. This may be due to
short-circuit by the formation of lithium dendrites. Similar abrupt cell voltage drops
were observed for Li/Al2O3 doped Li7La3Zr2O12/Li [49] and Li/Li6.75La3Zr0.25Nb0.25
O12/Li [47] cells. Li6.75La3Zr1.75Ta0.25O12 with the highest relative density of 96.7 %
showed the shortest short-circuit period. There is no clear dependence of the
short-circuit period on the relative density of LLZ, but the lithium-ion diffusion
kinetics at grain boundaries may be a key factor, because Li6.75La3Zr1.75Ta0.25O12

with a high grain boundary conductivity of 2.5 × 10−3 S cm−1 at 25 °C had a shorter
short-circuit period than Li6.3La3Zr1.3Ta0.7O12 with a lower grain boundary con-
ductivity of 1.37 × 10−3 S cm−1 at 25 °C. Therefore, the grain boundaries of

Fig. 6 Impedance profiles for the Pt/saturated LiOH/10 M LiCl aqueous solution/Li6.75La3Zr1.75
Ta0.25O12/saturated LiOH/10 M LiCl aqueous solution/Pt cell at room temperature as a function of
storage time (from Ref. [48])
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water-impermeable LLZ with high lithium-ion conductivity should be improved to
suppress lithium dendrite formation during lithium deposition on lithium at high
current density. In Table 1, the electrical conductivity and stability of the lithium-ion
conducting solid electrolyte candidates for the protective layer of water-stable lithium
electrodes are summarized.

2.3 Water-Stable Lithium Metal Electrode

At present, the only acceptable water-stable lithium-ion conducting solid electrolyte
is the NASICON-type electrolyte of doped LiTi2(PO4) (LATP). However, LATP is
unstable in contact with lithium; therefore, an interlayer between lithium and LATP
is required that is stable with lithium. Visco’s group at Polyplus has used a thin
Li3N layer on LATP as an interlayer material that is stable in contact with lithium
but unstable in water [8]. Stevens et al. of EDF have used Lipon (Li3−x(P,N)O4) as a
protective layer, which was sputtered on the LATP plate [50]. The preparation
methods for the Li3N and Lipon interlayers are somewhat complicated and not
convenient for the preparation of large size electrodes. Some groups have used a
gel-type lithium-ion conducting electrolyte [51] and the organic electrolyte used for
conventional lithium-ion batteries [52]; however, these electrolytes show significant
lithium dendrite formation at high current density [53]. Lithium conducting
PEO-based polymer electrolytes are another promising candidate for the interlayer.
However, a disadvantage of the PEO based polymer electrolyte is the low
lithium-ion conductivity at room temperature. Imanishi and co-workers have
extensively studied the lithium conducting PEO based polymer electrolyte as the
interlayer between lithium metal and LATP. The water-stable lithium electrode
proposed by Imanishi et al. consists of lithium, PEO18Li(CF3SO2)2N(LiTFSI), and
O-LATP [9]. Generally, the interface resistance between lithium and a polymer
electrolyte is as high as several 100 Ω/cm2 at 60 °C [54]. The addition of oxide
fillers has been effective to reduce the interface resistance. For example, the stability

Fig. 7 Cell voltage versus
polarization period curves for
the Li/Li7−xLa3Zr2−xTaxO12

(x = 0.25, 0.5, and 0.7)/Li cell
at 0.5 mA cm−2 and 25 °C
(from Ref. [48])
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of a water-stable lithium metal electrode of Li/PEO18LiTFSI-10 wt% BaTiO3/
LATP in a 1 M aqueous solution of LiCl at 60 °C was examined and the change in
the impedance profiles as a function of the storage period are shown in Fig. 8 [9].
The impedance profiles show a small semicircle in the high frequency range and a
large semicircle in the low frequency range; the former corresponds to the grain
boundary resistance of O-LATP and the polymer electrolyte, and the latter to the
resistance of a passivation film, the interface resistance between the polymer
electrolyte and O-LATP, and the charge transfer resistance. The cell resistance was
less than 200 Ω cm2 at 60 °C and slightly increased with the storage period.

Lithium dendrite formation at the water-stable lithium electrode is an important
issue for the development of aqueous lithium-air batteries. In the early stage of
lithium rechargeable batteries with aprotic electrolytes, lithium metal was mostly
used as an anode. However, these batteries have not been commercialized due to
lithium dendrite formation. Therefore, such aprotic electrolytes may be not suitable
for the interlayer between lithium metal and LATP. However, lithium dendrite
formation can be suppressed with the use of a polymer electrolyte. The growth of
lithium dendrites in a Li/polymer electrolyte/Li cell has been extensively studied by
Brissot, Rosso and colleagues [55, 56] using direct in situ observation technology
and simultaneous cell potential evaluation. The mechanism for dendrite formation
has been investigated by Chazalviel [57] and Leger et al. [58]. According to
Chazalviel, a positive space charge appears in the vicinity of the negative electrode
when the ionic concentration falls to zero, which indicates a local space charge near
the lithium electrode and instability of the interface, such as expected with dendrite
growth. This happens after a time τs (Sand time), which varies as the square of the
current density J, according to the following equation:

ss ¼ pe2D la þ lcð Þ=la½ �2C2
o= 4J2
� �

; ð3Þ

where e is the electronic charge, Co is the initial concentration, μa and μc are the anionic
and cationic mobility, respectively, and D is the ambipolar diffusion coefficient:
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Fig. 8 Time dependence of
impedance profiles for
Li/PEO18Li(CF3SO2)2-10 wt
% BaTiO3/O-LATP/1 M LiCl
aqueous solution/Pt at 60 °C
(from Ref. [9])
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D ¼ laDc þ lcDað Þ= la þ lcð Þ; ð4Þ

where Dc and Da are the anionic and cationic diffusion constants, respectively. The
Sand time τs, corresponds to the dendrite formation onset time, to. Brissot et al. [55]
reported that the dendrite growth in Li/PEO20LiTFSI corresponded to the model
proposed by Chazalviel in the current density range of 0.02–0.3 mA cm−2. The
dendrite onset time for typical polymer electrolytes such as PEO18LiTFSI is as short as
10 h at 1.0mA cm−1 and 125 h at 0.1mA cm−2 at 60 °C,which corresponds to specific
weight capacities of 870 and 1025 mAh g−1, respectively, including the weight of the
10 μm thick copper foil current collector. Thus, the specific weight capacity should be
further improved for the lithium electrode in lithium-air batteries. Liu et al. [59] have
examined lithium dendrite formation for a composite polymer electrolyte of
PEO18LiTFSI and nano-SiO2 and/or ionic liquid of N-butyl-N-methyl
pyrrolidium-TFSI (PP13TFSI). The dendrite formation onset time was extended by
the addition of these materials; the onset times at 1.0 mA cm−2 were 10–15 h for the
PEO18LiTFSI-10 wt% SiO2, 17 h for PEO18LiTFSI-1.44PP13TFSI and 21 h for
PEO18LiTFSI-1.44PP13TFSI-10wt%SiO2. The specific capacity at 1.0mA cm−2 for
PEO18LiTFSI-1.44PP13TFSI-10 wt%SiO2was 1458mAh g−1 (including the weight
of the 10 μm thick copper foil current collector), which is an attractive value for the
lithium anode. However, the specific capacity should be improved at high current
density. Liu et al. [59] measured τs as a function of the current density in the range of
0.1–1.0 mA cm−2 for Li/PEO18LiTFSI-PP13TFSI/Li. The log τs versus log current
density curve had good linearity in the range of 0.1 to 1.0mAcm−2, as shown in Fig. 9.
The slope of 1.25 estimated from the curve is lower than that from Eq. (4). In this
current range, the dendrite growth could not be explained by the Chazalviel model,
which indicates that localfluctuations of current densitymay be an important factor, as
indicated by Rosso et al. [60].

Wang et al. [61] proposed a new composite polymer electrolyte of PEO18LiTFSI
and tetraethylene glycol dimethyl ether (TEGDME). The lithium-ion conductivity

Fig. 9 Log current density (J) versus log dendrite formation onset time (to) curve for
Li/PEO18LiTFSI-1.44PP13TFSI/Li at 60 °C (from Ref. [59])
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and salt diffusion coefficient of PEO18LiTFSI were significantly enhanced by the
addition of TEGDME. The lithium-ion conductivity for PEO18LiTFSI of
1.24 × 10−4 S cm−1 and the salt diffusion coefficient of 0.36 × 10−7 cm2 s−1 at 60 °C
were respectively increased to 8.91 × 10−4 S cm−1 and 3.37 × 10−7 cm2 s−1 by the
addition of two moles of TEGDME. The Li/PEO18LiTFSI-2.0 TEGDME/O-
LATP/saturated LiCl aqueous solution/Pt, air cell showed a steady cell OCV of
3.48 V, which is comparable to calculated OCV. The cell resistance of 84 Ω cm2 at
60 °C was significantly lower than that of 539 Ω cm2 for Li/PEO18LiTFSI/O-
LATP/1 M LiCl aqueous solution/Pt, air cell [62], and also lower than that of
118 Ω cm2 for Li/PEO18LiTFSI-10 wt% BaTiO3/O-LATP/1 M LiCl aqueous
solution/Pt, air cell [32]. The lithium dendrite formation was examined using the
Li/PEO18LiTFSI-2.0 TEGDME/O-LATP/saturated LiCl aqueous solution/Pt, air
cell at 60 °C and a constant current density of 1.0 mA cm−2, where the thickness of
the composite polymer electrolyte was 100 μm, and platinum with platinum black
was used as the air and reference electrodes. The cell impedance was measured every
4 h during polarization and Fig. 10a shows the potential versus polarization time
curve. The lithium electrode potential increased suddenly after 25 h polarization.
This potential increase may be due to lithium deposition on O-LATP by lithium
dendrite formation, which would result in the formation of a high resistance layer by
the reaction of lithium and O-LATP [10]. Figure 10b shows the impedance profiles
as a function of the polarization period. The resistance of the water-stable lithium

Fig. 10 a Charge profiles for the Li/PEO18LiTFSI-2G4/LATP/saturated LiCl aqueous solution/Pt,
air cell at 1 mA cm−2 and 60 °C, and b impedance profiles after each polarization period. The cell
voltage and impedance were measured using a platinized platinum air reference electrode (from
Ref. [61])
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electrode increased gradually with the polarization period up to 13 h and then
decreased with further increase of the polarization period up to 22 h. The decrease of
the electrode resistance may be due to lithium dendrite formation. However, the
short circuit period of 24 h is approximately 2.5 times longer than that measured for
the Li/PEO18LiTFSI/O-LATP/10 M LiCl-4 mM LiOH aqueous solution/Pt, air cell
[63]. The cyclability of the Li/PEO18LiTFSI-2.0 TEGDME/O-LATP/saturated LiCl
aqueous solution/Pt, air cell for lithium deposition and stripping was measured at
60 °C and at a constant current density of 1.0 mA cm−2, where the current was
passed for 2 h. Figure 11 shows the voltage versus time profiles. After 100 cycles,
the respective overpotentials at 1.0 mA cm−2 for lithium deposition and stripping
increased slightly from 0.1 to 0.15 V and 0.08 to 0.13 V. The advantage of this
composite electrolyte is the low and stable resistance of the solid electrolyte interface
(SEI) formed between lithium and the composite electrolyte, and the overpotentials
at a high current density of 4.0 mA cm−2 were as low as 0.4 V for lithium deposition
and 0.3 V for lithium stripping [61]. However, lithium dendrite formation at high
current densities should be suppressed further.

3 Cell Performance of Aqueous Lithium-Air Cells

The cell reaction for Li/H2O/air is:

4Liþ 2H2Oþ O2 ¼ 4LiOH: ð5Þ

Self-discharge is high at OCV and low current density discharge due to the
corrosion reaction of:

Fig. 11 Charge-discharge profiles for the Li/PEO18LiTFSI-2G4(100 μm)/LATP/saturated LiCl
aqueous solution/Pt, air cell at 1.0 mA cm−2 and 60 °C (from Ref. [61])
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2Liþ 2H2O ¼ 2 LiOHþ H2: ð6Þ

The corrosion reaction in 3–5 M LiOH can be vertically eliminated if the lithium
electrode is anodically polarized by approximately 300 mV [64]. The current
efficiency is governed by the ratio of the two competing reactions. If lithium is in
contact with a lithium conducting electrolyte that is stable at a potential lower than
−3.040 V versus NHE, then water is not decomposed. The water-stable
NSAICON-type lithium-ion conducting solid electrolyte of LATP is used for
aqueous lithium-air batteries [8, 9]. However, this solid electrolyte is unstable in
contact with lithium metal; therefore, a lithium conducting interlayer should be used
to protect from the direct contact of LATP with lithium metal. Solid electrolytes
such as Li3N [8, 65] and Lipon [50], the liquid electrolyte of LiClO4 in ethylene
carbonate (EC)/dimethyl carbonate (DEC) [52] and PEO-based polymer electrolyte
[9] can be used as the interlayer. The lithium-ion conductivity of Li3N is as high as
10−3 S cm−1 at room temperature [20]; however, the preparation of Li3N thin film
on LATP is somewhat complicated. The conductivity of Lipon is too low at room
temperature; therefore, an extremely thin film prepared by sputtering [50] could be
used. The polymer electrolyte also exhibits poor conductivity at room temperature,
so that a cell with the polymer electrolyte interlayer would have to be operated at
above 50 °C. Lastly, for use of the liquid electrolyte, the suppression of lithium
dendrite formation during lithium deposition should be improved.

Figure 12 shows a schematic diagram of the laboratory test cell presented by
Visco et al. of Polyplus, USA, and the measured discharge performance [65], where
LATP (50 μm thick) was used for the water-stable lithium-ion solid conductor and
Li3N for the interlayer between lithium and LATP. The lithium-ion conductivity of
LATP was 2 × 10−4 S cm−1. The discharge performance at high current densities
was considerably better than that for the non-aqueous lithium air cells [4, 6].
However, the charging performance for this cell was not reported. PolyPlus
reported the short range cyclic performance of a beaker-type lithium-air cell [8],
where excellent cycling performance with low overpotentials was observed in the
current density range of 1–10 mA cm−2. An advantage of the aqueous system is that
the reaction product of LiOH is soluble in the aqueous electrolyte, while the
reaction product of Li2O2 is insoluble in the non-aqueous electrolyte.

The solubility of LiOH is 5.3 M L−1 and saturation of LiOH in the electrolyte is
reached at ca. 5 % discharge depth. Stevens et al. of EDF, France, [50] proposed the
use of an anion exchange membrane. The anion exchange membrane prevents the
reaction of LiOH and CO2 in air. They also proposed a positive bi-electrode, which
consists of an air electrode for oxygen reduction with a secondary oxygen evolution
electrode. The bi-electrode prevents degradation of the air electrode from carbon
oxidation. Carbon oxidation has been observed for both the non-aqueous
lithium-oxygen cell [19] and the aqueous lithium-air cell [66]. A schematic dia-
gram of the cell proposed by Stevens et al. [50] is shown in Fig. 13. A protective
layer of Lipon (0.5–2 μm thick) was deposited on one side of O-LATP by sput-
tering. The composite air electrode was prepared using an air electrode supplied by
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Electric Fuel Ltd. which was modified by the inclusion of an anionic polymeric
membrane. The polymeric membrane was composed of interpenetrated network of
two polymers. A polycationic cross-linked polyepichlorohydrin was used as the
ionic network and poly(hydroxyl ethyl methacrylate) was used as the structural
polymer to provide mechanical stability and reduced swelling. The cyclic perfor-
mance of the cell using a saturated aqueous solution of LiOH and untreated ambient
air is shown in Fig. 13b. Relatively high capacities were obtained; however, on
cycling the lithium metal formed a porous or columnar deposit that increased in
volume and caused a loss of contact between the lithium metal and O-LATP [50].
The lifetime of this composite air electrode when used with untreated air in 5 M or
saturated LiOH aqueous solution was increased from 10 h without the anion
exchange membrane to 1000 h.

Inaguma et al. of Gakushuin University, Japan, have reported an aqueous
lithium-oxygen cell with a perovskite-type lithium conducting solid electrolyte of
La0.75Li0.29TiO3 (LLTO), where a carbon tube closed at one end (thickness of 2 mm)
was used as an electrolyte separator [67]. A schematic diagram of the test cell is
shown in Fig. 14a. A conventional aprotic electrolyte of 1.0 M LiClO4 in EC/DEC

Fig. 12 a Schematic diagram
of Polyplus aqueous
lithium-air laboratory cell and
b discharge performance as a
function of discharge rate
(from Ref. [65])
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was used for the interlayer between lithium metal and LLTO, and a 0.5 M LiOH
aqueous solution was used as the electrolyte. Figure 14b shows the cyclic perfor-
mance of the cell at 1 mA and room temperature. The current density calculated from
the surface area of the porous carbon tube air electrode was 0.05 mA cm−2. The high
overpotential for the oxygen evolution reaction (OER) (charging process) may be
attributed to the use of the porous carbon tube without a catalyst.

Imanishi and co-workers of Mie University, Japan, [68] have examined the charge
discharge performance of an aqueous lithium-air cell with O-LATP and saturated
LiOH with 10 M LiCl aqueous solution with a third electrode for the OER, as
proposed by Stevens [50]. Rechargeable lithium-air batteries require a bi-functional
air electrode for the oxygen reduction reaction (ORR) and the OER. When an air
electrode is used for the OER, it is exposed to a highly corrosive potential. Arai et al.
[69] examined a high surface area carbon black (Ketjen black; KB) electrode for the
ORR and OER in aqueous 8 MKOH and observed electrode deterioration during the
OER, which they claimed was due to a loss of the electrochemically active surface

Fig. 13 a Schematic diagram
of the EDF aqueous
lithium-air cell and b cycling
performance at 2 mA cm−2

and 20 °C (from Ref. [50])
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area of the electrode, mainly due to carbon corrosion. Ohkuma et al. [66] reported the
electrode performance for the ORR and OER on a KB air electrode for an aqueous
lithium-air cell, where an aqueous solution with saturated LiOH and 10 M LiCl was
used as the electrolyte. Steady electrode performance for the ORR was observed on
the high surface area carbon black without a catalyst at 2.0 mA cm−2 and at room
temperature. The overpotential for the OER was slightly higher than that for the ORR
and gradually increased with the polarization period. Analysis of the gas in the cell
after polarization above 0.4 V versus NHE revealed the evolution of a small amount
of CO during the OER by the decomposition of carbon in the electrode. The
decomposition of carbon during the OER was also observed in the non-aqueous
lithium-air cell [19]. Thus, suppression of carbon decomposition during the charging
process is one of the most important challenges to develop an acceptable recharge-
able lithium-air battery for EVs. Figure 15 shows a schematic diagram of a test cell
with an auxiliary electrode for the OER, which was prepared by pressing oxide
powder onto a Ti mesh. A conventional liquid electrolyte of LiClO4 in EC-DEC was
used as the interlayer between lithium and O-LATP, and the electrolyte was an
aqueous solution of saturated LiOH with 10 M LiCl. As shown in the reaction (2),

Fig. 14 a Schematic diagram
of the Gakushuin aqueous
lithium-air cell with LLTO
and b cycling performance at
1 mA (0.05 mA cm−1) and
room temperature (from Ref.
[67])
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water is consumed with the cell reaction and the reaction product of LiOH·H2O is
deposited on the air electrode and/or in the electrolyte. High utility of the active
material (water) is required to obtain a high specific energy density. Figure 16 shows
charge and discharge curves for the Li/1 M LiClO4 in EC-DEC/O-LATP/saturated
LiOH with10 M LiCl aqueous solution/KB, air cell at 25 °C where platinum and
platinum black as the 3rd electrode was used and the current densities for discharge
and charge were 0.88 and 1.0 mA cm−2, respectively. The loading of water and KB
were 0.38 and 0.0255 g, respectively. The cell was successfully charged and dis-
charged up to 300 mAh g−1 of water, which corresponds to a 30 % discharge depth
for the capacity of the loaded water, and the air electrode capacity per gram of KB
corresponds to 3600 mAh. The utility of water for the cell reaction is slightly lower
than that for a Cd/NiOOH rechargeable cell, in which concentrated KOH aqueous
solution is used as the electrolyte and water is involved in the cell reaction and the
utility of water is 30–50 %. The energy density of aqueous lithium-air batteries is
dependent on the utility of water; therefore, the water utility should be improved for
this type cell. The charge voltage was as high as 4.5 V at 1.0 mA cm−2. This high
charging voltage may be due to the poor catalytic activity of the platinum/platinum
black electrode for the OER at room temperature in the aqueous solution of saturated
LiOH with 10 M LiCl. Metal electrodes such as Ag and Ni, which exhibit excellent
catalytic activity for the OER in alkaline solution [70, 71], were unstable in the

Fig. 15 Schematic diagram of the Mie University test cell (from Ref. [68])

Fig. 16 Charge-discharge curves for the Li/1 M LiClO4 in EC-DEC/O-LATP/saturated LiOH
with 10 M LiCl/KB, air cell using a Pt third electrode for the OER at 0.64 mA cm−2 and 25 °C
(from Ref. [68])
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solution with LiCl. Selected oxides that are stable in the electrolyte with LiCl, such as
MnO2, RuO2, NiCo2O2, and La0.6Sr0.4Co0.2Fe0.8O3, were pressed onto the Ti mesh
(100 mesh) with 4 wt% polytetrafluoroethylene (PTFE) and 0–50 vol.% Ti powder
(15–30 μm), and the catalytic activities of these electrodes were compared using
linear sweep voltammetry [68]. The highest catalytic activity for the OER was
observed for RuO2 in an aqueous solution of saturated LiOH with 10M LiCl. Yilmaz
et al. [72] reported excellent catalytic activity for RuO2 dispersed on carbon nano-
tubes for the OER in non-aqueous lithium-oxygen cells.

The long-term cycling performance of the Li/1 M LiClO3 in EC-DEC/O-LATP/
saturated LiOH with 10 M LiCl/KB, air cell using a RuO2 3rd electrode for the
OER was tested at 0.64 mA cm−2 and 25 °C. A steady discharge cell voltage of
2.5 V and charge cell voltage of 3.9 V were observed for four charge and discharge
cycles. At the 5th cycle, the discharge voltage decreased significantly to 1.57 V
after discharge for 7 mAh, where the total operation period was 75 h. The cyclic
performance of the cell was improved by passing air through a tube with soda lime
to remove CO2. The degradation in cell performance could be explained by con-
tamination with CO2 in the air, as observed by Stevens et al. [50]. The test cell was
operated under pure oxygen flow and the cycling performance at 0.64 mA cm−2 and
25 °C is shown in Fig. 17, where the weight of KB was 0.0040 g and excess water
loading. The cell was discharged to the specific capacity of the air electrode at
2000 mAh g−1 of the air electrode. Good cyclic performance was observed until the
8th cycle and then the discharge cell voltage was gradually decreased with cycling.
The degradation of the discharge performance may be due to poor cyclability of the
lithium electrode. The formation of many fine lithium particles was observed in the
1 M LiClO4/EC-DEC electrolyte, which suggests lithium dendrite formation in the
liquid electrolyte [73]. The polymer electrolyte is a good candidate for the interlayer
between lithium metal and LATP, but the formation of lithium dendrites at high
current density should be further suppressed, as discussed in the previous section of
this chapter. To improve the cycling performance of the aqueous lithium-air cell,

Fig. 17 Cycle performance for the Li/1 M LiClO4 in EC-DEC/O-LATP/saturated LiOH with
10 M LiCl/KB, O2 cell using a RuO2 third electrode for the OER at 0.64 mA cm−2 and 25 °C
(from Ref. [68])
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CO2 should also be removed from the air and a lithium dendrite formation-free
interlayer or an alternative lithium electrode, such as Li4.4Si [74], should be
developed.

4 Concluding Remarks

The aqueous lithium-air system is expected to be developed for a rechargeable
battery with a high specific energy density because of its high theoretical energy
density of 1910 Wh kg−1, which is four times higher than that of conventional
lithium-ion batteries. Furthermore, the aqueous lithium-air system has the potential
to be charged and discharged at a high current density with a low overpotential
because the reaction product is soluble in the electrolyte. However, many materials
and technical problems must be resolved to develop practical batteries with the
expected high performance. The lithium dendrite formation-free water-stable lith-
ium electrode is a key component for aqueous lithium-air batteries, in which the
interlayer between lithium metal and a solid lithium-ion conducting electrolyte is
the most challenging research target. We are waiting to discover an appropriate
water- and lithium-stable lithium-ion conducting solid electrolyte, such as the
garnet-type solid electrolyte. A thin solid electrolyte with high lithium-ion con-
ductivity and excellent mechanical properties should be developed to obtain a high
energy density battery; the target thickness is less than 100 μm. A carbon-free air
electrode or stable carbon for the OER are also important considerations for a
long-life cell. At present, the use of the 3rd electrode for the OER is a possible
solution to prevent degradation of the air electrode with cycling.

The specific energy density from the mass of lithium, oxygen, carbon and water
is calculated to be approximately 1000 Wh kg−1 for 50 % water utility and
700 Wh kg−1 for 30 % water utility based on the discharge voltage of 2.8 V and air
electrode capacity of 2000 mA g−1 of carbon. The calculated energy density is
significantly dependent on water utilization. We should design a cell with a high
water utility.
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Lithium-Sulfur Battery

Shuli Li and Zhan Lin

1 Introduction

Energy storage systems have been considered as an effective way to conquer global
warming by replacing the traditional fossil fuels with low-carbon energies [1, 2].
Rechargeable (or secondary) batteries such as nickel-metal hydride (Ni-MH), lead
acid (Pd-acid), lithium-ion (Li-ion), lithium-air (Li-air) and lithium-sulfur (Li-S)
batteries are reversible and highly durable energy storage devices, and they can
electrochemically store electric energy and deliver stored chemical energy back into
electricity repeatedly [3]. Among them, Li-ion batteries are the most popular
rechargeable batteries, since they can supply high specific energy and power densities
with long cycle life, fast charging ability, and no memory effect [4–6]. However,
Li-ion batteries are far from satisfaction in terms of energy density when they are
expanding their traditional applications from portable electronics to large-scale
emerging applications such as electric vehicles and large-scale grids [7, 8]. Li-S
batteries offer the theoretical specific energy five times higher than that of Li-ion
batteries (2600 vs. 500Whkg−1), and they have been considered as one of alternatives
for large-scale emerging applications [9, 10]. Moreover, sulfur is abundant in nature
with the advantages of low-cost, good safety, and environmental friendliness [11].

A typical Li-S cell consists of a lithium metal anode and a sulfur-carbon com-
posite cathode with an organic liquid electrolyte in between, which is shown in
Fig. 1. The Li-S chemistry is based on the following conversion reaction:

16Liþ S8 $ 8Li2S Eo ¼ 2:20 V vs: Li=Liþ ð1Þ
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Assuming complete conversion, the sulfur cathode has a theoretical specific
capacity of 1675 mAh g−1; and the whole Li-S cell demonstrates a theoretical
energy of 2500 Wh kg−1 or 2800 Wh L−1.

A typical discharge profile in a Li-S cell is shown in Fig. 2 [12, 13]. During
discharge, sulfur is reduced by a two-electron reduction process to form polysulfide
intermediates (Li2Sx, x = 2–8) until lithium sulfide (Li2S) is formed at the end. Two
voltage plateaus at 2.4 and 2.0 V, which correspond to the reduction of long chain
lithium polysulfides (Li2Sx, 4 ≤ x) and short chain lithium polysulfides (Li2Sx,

Fig. 1 a Charge (red)/discharge (black) process involved in a typical Li-S cell.
b Charge/discharge process involving the formation of soluble lithium polysulfides (Li2Sx,
x = 2–8) and insoluble Li2S2/Li2S [11]. Reprinted with permission; © 2013 American Chemical
Society

Fig. 2 A typical discharge
profile in a traditional Li-S
cell [15]. Reprinted with
permission; © 2013 Nature
Publishing Group
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x ≤ 4), are observed. The detailed discharge mechanism always goes through two
stages [7, 10, 14]:

Stage I: Elemental sulfur reacts with Li to form long chain soluble Li2Sx (4 ≤ x).

S8 þ 2Liþ þ 2e� ! Li2S8 ð2Þ

Li2S8 þ 2Liþ þ 2e� ! 2Li2S4 ð3Þ

Stage II: The Li2S4 was further reduced to form insoluble Li2S2 and Li2S.

Li2S4 þ 2Liþ þ 2e� ! 2Li2S2 ð4Þ

Li2S2 þ 2Liþ þ 2e� ! 2Li2S ð5Þ

Although the study on the Li-S batteries has been ongoing over three decades,
they have been hindered from commercialization due to several practical challenges
[16]. First, the large volume change of 76 % in the sulfur electrode upon cycling
from S to Li2S, making the cathode pulverize and lose electrical contact. As a result,
the utilization fraction of active material decreases and fast capacity fade is
observed [11, 17, 18]. The second problem is the low conductivity of sulfur (e.g.,
the electronic conductivity of S is 5 × 10−30 S cm−1 at 25 °C) and its discharge
intermediates during cycling, which result in unstable electrochemical contact
within sulfur cathodes. Carbon materials and/or conducting polymers are used to
improve the electronic conductivity of the sulfur cathode, while the ionic con-
ductivity is enhanced by using liquid electrolyte. However, liquid electrolyte with
high solubility of lithium polysulfides leads to the third challenge in conventional
Li-S batteries, i.e., the polysulfide shuttle. The polysulfide shuttle migrates soluble
sulfur species from the cathode to the anode, where they react with lithium anode
and form a passivation layer on its surface. The polysulfide shuttle leads to the loss
of active materials, corrosion of lithium anode (e.g., the insoluble Li2S accumulates
on the Li anode), and low coulombic efficiency [8, 19].

Impressive breakthroughs in designing novel electrodes for advanced Li-S bat-
teries have been made in terms of addressing the above challenges, i.e., (1) the
improvement in the electronic and ionic nature of sulfur, (2) the mitigation in
volume change of sulfur cathode, and (3) the strategies in conquering the poly-
sulfide shuttle [18]. Until now, the advances in the Li-S batteries and its promising
future have aroused great interest in the field; several good review articles on Li-S
batteries have been published [20–23]. Based on great advances in the Li-S battery
field especially the developments in recent two years [24, 25], herein in this book
chapter we will review and discuss most recent developments in exploring different
components in both traditional liquid cells and recent solid cells for longevity of
high specific energy Li-S batteries.
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2 The Liquid Cells

In traditional Li-S liquid cells, in order to enhance electronic conductivity of
sulfur and its discharge products, carbon materials with/without conducting
polymers are always used. In the meantime, liquid electrolytes supply the ionic
conductivity for sulfur electrode during cycling [26, 27]. However, use of liquid
electrolytes always leads to the polysulfide shuttle, which is a tough challenge
associated with Li-S liquid cells [28]. In this section, we look back on the most
recent advances in electrochemical performance of traditional Li-S cells from
different cell components, i.e., the sulfur-based cathode, the lithium anode, and
the liquid electrolyte.

2.1 The Sulfur-Based Cathode

The electronic conductivity of S is relatively low, and carbons or conducting
polymers are widely used for good utilization and excellent cycling of sulfur elec-
trodes [29, 30]. High surface area and/or porous structure also benefit sulfur adoption
and prevent polysulfides from dissolving into electrolytes. Based on compositions
and structures, here we discuss the sulfur-based cathode in the following three
categories: (1) carbon-sulfur composites, (2) conducting polymer-sulfur composites,
and (3) prelithiated sulfur composites.

2.1.1 Carbon-Sulfur Composites

Shortly after the discovery of mesoporous carbon (CMK-3)-sulfur cathode com-
posites [31], many research activities on nanostructured carbon materials for
high-performance Li-S batteries have been conducted [32–57].

Porous carbons Porous carbons always supply high surface and good electrical
conductivity, which are essential criteria for accommodating active sulfur species in
the cathode as well as enhancing cathode conductivity [58]. Qu et al. [59] reported a
highly ordered nitrogen-rich mesoporous carbon (HNMC) by pyrolysis of biomass
waste in a template process. The sulfur-HNMC (53.3 wt% sulfur) composite
cathode exhibited an initial discharge capacity of 1209 mAh g−1 and retained at
600 mAh g−1 after 200 cycles at 1 C. The high rate capability and long term
stability are enhanced by encapsulating sulfur into HNMC structure. Hierarchical
porous carbon (HPC) with tailored pore structure was synthesized using a versatile
approach based on ZnO nanoparticles by Kaskel et al. (Fig. 3a) [60]. The resulting
materials show high pore volume (up to 3.9 cm3 g−1) and high specific surface area
(up to 3060 m2 g−1). The HPC/sulfur composite cathode exhibited a capacity of
>1200 mAh g−1/sulfur (>750 mAh g−1/electrode) at a high sulfur loading of
≥3 mg cm−2.
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Graphene or graphene oxides Graphene has aroused much interest since its first
discovery in 2005 [61], due to its two-dimensional structure, high surface area, and
good electronic conductivity. In Li-S cells, graphene has been used for the
improvement in the conductivity of sulfur materials and as the reservoir for poly-
sulfide species [62–67]. For example, Liu et al. reported a novel
graphene-sulfur-carbon nanofibers (G-S-CNFs) multilayer and coaxial nanocom-
posite as cathode materials for Li-S batteries. These nanocomposite electrodes
delivered a reversible capacity of 694 mAh g−1 at C/10 and 313 mAh g−1 at 2C.
The cathode made with G-S-CNFs was able to maintain ∼ 273 mAh g−1 even after
1500 cycles at 1C, representing an extremely low decay rate (0.043 % per cycle
after 1500 cycles). Such improved rate capability and cycle stability are attributed
to the unique coaxial architecture of the nanocomposite, in which graphene and
CNFs enable electrodes with improved electrical conductivity, better ability to trap
soluble polysulfide intermediates and accommodate volume expansion/shrinkage of
sulfur during cycling [68]. Gao et al. reported a reduced graphene oxide-sulfur
composite aerogel with a compact self-assembled graphene oxide skin as cathode
materials for Li-S batteries [69]. This electrode was further modified by an atomic
layer deposition of ZnO or MgO for a free-standing electrode to prevent the
polysulfide shuttle (Fig. 4a). The ZnO modified G-S electrode with 55 wt% sulfur

Fig. 3 a Synthesis schematic of hierarchical porous carbon. b Cycling performance of the
HPCR-USN/S sample compared to CMK-3/S (reference sample) [60]. Reprinted with permission;
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Lithium-Sulfur Battery 591



loading showed a better performance than that of the MgO modified electrode. The
ZnO modified G-S electrode delivered an initial discharge capacity of 998 mAh g−1

at C/5 and a high capacity of 846 mAh g−1 after 100 cycles with coulombic
efficiencies over 92 % (Fig. 4b). The graphene oxide skin and metal oxide coating
are natural and artificial barriers to constrain polysulfides within the cathode. The
resulting Li-S batteries exhibited good cycling stability with high coulombic
efficiency.

Hybrid carbons Porous carbons and graphene are always in amorphous states with
sp3-hybridized C–C bonding, and they exhibit relatively poor electrical conduc-
tance. The combination of highly conductive carbon nanomaterials with porous
carbons or graphene forms hybrid carbon materials, which can help improve the
conductivity of sulfur cathode and prevent the polysulfide shuttle. Multiwall
nanotubes (MWNTs) were encapsulated into hollow porous carbon nanotubes to
prepare a tube-in-tube carbon nanostructure cathode (S-TTCN) for Li-S cells by
Zhao et al. [70]. The S-TTCN composite cathode delivered a discharge capacity
of 918 mAh g−1 after 50 cycles with the columbic efficiency of *98 % at
500 mA g−1. Based on the overall composite mass, this electrode delivered a high
capacity of 652 mAh g−1 after 50 cycles. The MWNTs improve the electronic
conductivity and capacity, while porous carbon layers inhibit the polysulfide dis-
solution [71]. The aligned carbon nanotube/graphene (CNT/G) hybrid materials as a
3D conducting framework for sulfur accommodation were reported by Wang et al.
(Fig. 5a). Based on its superior structure, the S-CNT/G (1:1 in weight ratio)
nanocomposite achieved an initial discharge capacity of 1048 mAh g−1 at 1 C with
a capacity fade as low as *0.04 % per cycle over 200 cycles. The CNT network
acts as a skeleton to form a binder-free, highly conductive, and flexible cathode,
while 2D graphene sheet improves restriction for the polysulfide shuttle. Moreover,
the CNT/G hybrid carbon enables sulfur species closely attach to conductive

Fig. 4 a STEM image of ZnO/G-S composite (scale bars, 100 nm). b Cycling performances of the
composite electrodes at a constant rate of C/5. The typical coulombic efficiency of the ZnO/G-S
electrode is shown [69]. Reprinted with permission; © 2015 The Royal Society of Chemistry
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framework, which greatly enhance the electronic conductivity and thereby the
utilization of active materials.

2.1.2 Conducting Polymer Sulfur Composites

Polymer materials are always synthesized at temperatures below 100 °C, which
make it a feasible approach to protect sulfur cathode. Conducting polymers have
been used to fabricate polymer-sulfur composites for the conductivity enhancement
of sulfur species [72]. The functional groups and unique chain structure of con-
ducting polymers further effectively confine sulfur species within the cathode [73,
74]. Many conducting polymers have been sulfur cathodes, including polyaniline
(PANI) [29, 75–77] and polypyrrole (PPy) [78, 79]. For example, Zhang et al.
synthesized PPy nanowire through a surfactant mediated approach, and further
prepared sulfur-PPy composites by heating the mixture of element sulfur and PPy
nanowire together [79]. The PPy nanowires serve as conductive additive, distri-
bution agent and absorbing agents for active sulfur materials. The initial discharge
capacity of sulfur-PPy composites was 1222 mAh g−1 and the remaining capacity is
570 mAh g−1 after 20th cycles. Yolk-shell PANI-coated sulfur composite cathodes
were synthesized by Zhou et al. for Li-S batteries [80]. The method is using a
heating vulcanization of a PANI-sulfur core-shell structure. Resulting sulfur cath-
ode exhibited a stable capacity of 765 mAh g−1 at C/5 after 200 cycles, owing to
internal void space inside the polymer shell for the accommodation of sulfur dis-
solution. Recently, conducting polymers (CPs)/graphene oxide (GO)@sulfur

Fig. 5 a Schematic
illustration of the synthesis
procedure of the S-CNT/G
composite. b Cycling
performance of S-CNT and
S-CNT/G at 500 mA g−1 [71].
Reprinted with permission;
© 2015 The Royal Society of
Chemistry
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composites were synthesized via a facile one-pot route by Zhang et al. (Fig. 6a)
[81]. The poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline (PANI)
polymers were used by interface polymerization on GO sheets. The PEDOT/GO@S
composites exhibited a discharge capacity of 800 mAh g−1 after 200 cycles at C/5,
which is much higher than that of PANI/GO@S composites (599 mAh g−1) and
PANI@S (407 mAh g−1). The conducting polymers serve as a conductive matrix
and an adsorbing agent, while GO physically and chemically confines polysulfides
within the cathode.

2.1.3 Prelithiated Sulfur Composites

Prelithiated sulfur, also known as lithium sulfide (Li2S) was also used as a sulfur
cathode because it possesses a high theoretical capacity of 1166 mAh g−1 [82–84].
Li2S has a higher melting point than that of sulfur (938 vs. 120 °C), which allows for
various heat treatments for sulfur protection. Due to lithium source, the Li2S cathode
can avoid direct use of a metallic lithium anode and match with high capacity Si or
Sn anodes for improved energy density [85, 86]. Bulk Li2S (also micro-Li2S) was
always considered as an electrochemically inactive material, since it has electronic
and ionic conductivities as low as 10−14 and 10−13 S cm−1, respectively. When
carbon materials were used to improve its conductivity, it was successfully used as
cathode material for Li-S cells. For example, Fu et al. constructed a sandwiched

Fig. 6 a Synthesis schematic
of the conducting
polymers/GO@S composites.
b Cyclic performance of
PEDOT/GO@S,
PANI/GO@S and PANI@S
cathodes and the
corresponding coulombic
efficiency at C/5 [81].
Reprinted with permission;
© 2015 Elsevier
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sulfur cathode by using two layers of self-weaving, binder-free carbon nanotube
films with micro-Li2S powder in between [87]. Though carbon nanotube films
improved the conductivity of micro-Li2S powder, a high overpotential of 4 V was
still needed at the first charge to overcome energy barrier. After activation, high
electronic resistivity and low lithium ion diffusivity were conquered and no further
overpotential was observed. A high capacity of 838 mAh g−1 at C/10 was achieved
for Li2S, which corresponds to 72 % of the theoretical maximum. Recently, Lin et al.
reduced the micro-Li2S to nano-Li2S by using a solution-based reaction at the room
temperature (Fig. 7a) [88, 89]. Carbon-coated NanoLi2S (NanoLi2S@carbon)
composites were then designed, which consist of Li2S nanoparticles as the core and a
carbon coating as the shell (Fig. 7b). The carbon shell prevents the NanoLi2S core
from directly contacting the liquid electrolyte, which improves the performance of
Li-S cells to provide longer cycle life and high sulfur utilization (Fig. 7c). The
cyclability of Li-S cells is further enhanced by mixing the core-shell
NanoLi2S@carbon composites with graphene oxide, which chemically immobi-
lizes polysulfides in the cathode through their functional groups. The resulting Li-S
cell shows an initial specific discharge capacity of 1263 mAh g−1 (normalized to
sulfur) at the C/10 rate and a capacity retention of 65.4 % after 200 cycles (Fig. 7c).

Fig. 7 a The SEM image of synthesized NanoLi2S. b TEM image of core-shell
NanoLi2S@carbon composites. c Cycling comparisons of NanoLi2S, NanoLi2S@carbon, and
GO-NanoLi2S@carbon cathodes, respectively, at the C/2 rate [88]. Reprinted with permission;
© 2014 Elsevier
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2.2 The Lithium Anode

Although metallic lithium anode has a theoretical capacity of 3860 mAh g−1, it
suffers from poor cycling performance due to lithium dendrite formation. The
lithium dendrite reacts with polysulfides, resulting in poor cycling performance.
The lithium anode was protected by surface modifications, e.g., the use of lithium
nitrate (LiNO3), to minimize or eliminate dendrite formation [90]. During cycling, a
passivation layer forms on Li electrodes, which consist of LixNOy and LixSOy

species that come from reduction of LiNO3 and oxidation of sulfur species by
LiNO3 [91]. This passivation layer diminishes reaction of polysulfide species with
metallic lithium, subsequently improving the coulombic efficiency and cyclability
of Li-S cells. As comparison, phosphorous pentasulfide (P2S5) gained attention for
its ability to form a passivation layer as well as increase the solubility of Li2S [92].
P2S5 led to the formation of a highly protective passivation layer on the metallic
lithium surface (Fig. 8a), which functioned similarly to the passivation layer formed
using LiNO3. Moreover, P2S5 combined with Li2S to form Li2S/P2S5 complex that
dissolves in organic electrolyte, which greatly promoted its electrochemical
reversibility. The resulting Li-S cells demonstrated a discharge capacity of
900 mAh g−1 over 40 cycles with coulombic efficiency of ≥90 % at C/10 (Fig. 8b).

Though effective by adding additives, the lithium anode still suffers unstable
electrodeposition, a consequence to form uneven electrodeposits on the lithium
surface with inevitable defects. Nanoscale interfacial engineering could be a
promising strategy to tackle the intrinsic problems of lithium metal anodes.
Recently, Cui et al. coated the lithium metal anode with a monolayer of inter-
connected amorphous hollow carbon nanospheres to improve its cycling ability
(Fig. 9) [93]. Lithium dendrites do not form up to a practical current density of
1 mA cm−2. The coulombic efficiency improves to 99 % for 150 cycles. This is
significantly better than the bare unmodified samples, which usually show rapid
coulombic efficiency decay in fewer than 100 cycles. This strategy helps isolate the
lithium metal depositions and facilitates the SEI formation. This opens a possibility
for practical lithium anode, which make Li-S cells applicable in the near future.

2.3 The Liquid Electrolytes

Traditionally electrolytes provide effective Li-ion transport between electrodes and
work as a charge-transfer medium within sulfur-containing cathodes. Special
requirements for electrolytes in Li-S cells include low viscosity and low solubility
of sulfur species. A common Li-S electrolyte consists of a Li salt such as lithium
triflate (LiCF3SO3), LiTFSI, LiPF6, and LiClO4, and a matrix of one or two organic
solvents. Based on liquid electrolytes used in Li-S cells, here we divide and discuss
them into four categories: (1) ether-based electrolytes, (2) carbonate-based elec-
trolytes, (3) ionic liquid-based electrolytes, and (4) other new liquid systems.
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2.3.1 Ether-Based Electrolytes

Ethers are stable with reduced sulfur species during Li-S battery cycling. The most
commonly used ethers are 1,3-dioxolane (DOL), 1,2-dimethoxyethane (DME), and
tetra(ethylene glycol) dimethyl ether (TEGDME) [94–97]. An early study into the
optimization of the solvent ratio of TEGDME and DOL was studied by Chang et al.
[98]. According to the solubility of polysulfides in liquid electrolytes, a 1:2 volume
ratio of TEGDME:DOL gave the best discharge capacity when LiCF3SO3 was
employed. The charge-discharge characteristics of Li-TEGDME-S cells at room
temperatures were investigated by Ryu et al. [99]. The performance was improved
by adding DOL and methyl acetate into the TEGDME solutions. The optimum Li-S
cell had an initial discharge capacity of 1342 mAh g−1. However, the capacity fading
become serious after 20 cycles. Choi et al. further worked on finding better mixtures
of ether solvents by comparing the performance of single and binary solvents. The
systems with TEGDME, DME/DEGDME (diethylene glycol dimethyl ether) and
DIOX/TEGDME revealed the beneficial effect of DIOX, which is attributed to the
low viscosity and improved compatibility with lithium (Fig. 10) [100].
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Fig. 8 a The cross-section of
the passivation layer peeled
off from the lithium anode.
b Cycling performance of
Li-S batteries with/without
P2S5 [92]. Reprinted with
permission;
© 2013WILEY-VCH Verlag
GmbH & Co. KGaA,
Weinheim
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2.3.2 Carbonate-Based Electrolytes

In traditional Li-ion batteries, liquid electrolytes are based on organic carbonates,
such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate
(DMC) and diethyl carbonate (DEC). Carbonate solvents underwent a variety of
reactions with reduced sulfur species. These were recently confirmed by XAS
analysis; as a result, this class of solvents is no longer considered for use in Li-S

Fig. 9 Schematic diagrams of the different Li anode structures of a a thin film of SEI layer
forms quickly on the surface of deposited Li (blue). Volumetric changes during the Li deposition
process can easily break the SEI layer, especially at high current rates, and b modifying the
Cu substrate with a hollow carbon nanosphere layer creates a scaffold for stabilizing the SEI layer.
The volumetric change of the Li deposition process is accommodated by the flexible
hollow-carbon-nanosphere coating. c Comparison of cycling performances of the hollow carbon
nanosphere-modified electrode (solid symbols) and the control Cu electrode (hollow symbols) at
different current rates. The amount of Li deposited in each cycle is 1 mAh cm−2 [93]. Reprinted
with permission; © 2014 Nature Publishing Group
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batteries [101]. However, when sulfur is confined in microporous carbons, the
carbonate-based electrolytes were successfully applied in the Li-S cells. Wang et al.
prepared conductive polymer/sulfur composites by heating the mixture of polyac-
rylonitrile (PAN) and sublimed sulfur. PAN was dehydrogenated by sulfur forming a
conductive main chain, while –CN functional group form a thermally stable
heterocyclic compound in which sulfur was confined. These composites was tested
as cathode for Li-S cells, while the electrolyte system consisted of
polyvinylidenefluoride-hexafluoropropylene (PVdF-HFP) colloid system that con-
tains 1 M LiPF6 in EC/DMC (1:1 in volume ratio). The composite cathode exhibited
an initial discharge capacity of 850 mAh g−1, while the capacity remained above
600 mAh g−1 after 50 cycles [102, 103].

2.3.3 Ionic Liquid-Based Electrolytes

Ionic liquids (ILs) possess the properties of non-volatile and non-flammable nature
with relatively large electrochemical stability windows. Compared to the conven-
tional organic electrolytes, ILs are much safer electrolytes in terms of avoiding the
safety issues of leakage and/or gassing. However, ILs have higher viscosity than
that of traditional organic liquid electrolytes, which resulting in lower
conductivities/mobility. They are always used as additives to the traditional liquid
electrolytes due to a substantially high cost. With the development of organic/IL
hybrid electrolytes, the resulting cell properties may compensate cost differences.
As mentioned above, the short cycle-life and low energy efficiency of Li-S batteries
is rooted in the polysulfide shuttle phenomenon that results from the use of liquid
electrolyte. In addition, stable long-term cycling of metallic liquid anode in an
organic liquid electrolyte is a long-standing problem due to the formation of an
unstable solid electrolyte interphase and the dendritic growth of lithium deposition.

Fig. 10 Comparison of cycle
performance of Li-S cells at
room temperature with 1 M
LiCF3SO3 in the electrolytes
of TEGDME,
TEGDME/DIOX (1:1, v/v)
and DME/DEGDME (1:1,
v/v) [100]. Reprinted with
permission; © 2006 Elsevier
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The application of ILs in Li-S cells promise tailoring the solubility of polysufides as
well as improving cycling of lithium anodes.

Recently, a series of IL electrolytes were tested for their applications in Li-S
cells. Traditionally, the TFSI anion dominates the anion part of the ILs for the Li-S
electrolytes, while typical cation examples are including the 1-butyl-3- methyl-
imidazolium (BMIM), 1-ethyl-3-methylimidazolium (EMIM), 1-butyl-1-methy
lpyrrolidinium (PYR14), and 1-butyl-1-methylpiperidinium (PiP14) in Fig. 11
[18]. As in the traditional liquid electrolyte systems, the physical properties
determine the solubility power; charge distribution, polarity, viscosity and so forth.
In the IL systems, however, the permittivity is largely independent of the combi-
nation of cations and anions, while variation in cations and anions affects the
molecular level interactions, type/strength, and solvation. Due to unique properties,
the ILs were studied as effective liquid electrolytes for the Li-S cells.

Yuan et al. first reported the operation of a Li-S cell with an IL electrolyte [104],
where a mixture of 1 M LiTFSI and N-methyl-N-butyl-piperidinium TFSI was
employed. The ionic liquid was used to suppress the polysulfide dissolution and
thereby reduced capacity loss. The initial discharge capacity was higher than
1000 mAh g−1; however, the cycling performance fell away dramatically over 10
cycles. The significant progress in Li-S cells when using the ILs was from the
Cairns group [105, 106], who investigated the performance of mixtures of poly
(ethylene glycol) dimethyl ether (PEGDME) with N-methyl-N-butyl-pyrrolidinium
(PYR14) TFSI. Song et al. reported an ionic liquid-based electrolyte consists of
1 mM g−1 LiTFSI in (n-methyl-(n-butyl) pyrrolidiniumbis(trifluoromethanesulfo-
nyl) imide (PYR14TFSI)/polyethylene glycol dimethyl ether (PEGDME) mixture

Fig. 11 Examples of IL cations implemented in Li-S battery electrolytes [18]. Reprinted with
permission; © 2014 Elsevier
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(1:1, by weight) for sulfur-graphene oxide nanocomposite cathode [107]. The Li-S
cell showed an excellent cycle life of 1500 cycles with a high specific capacity of
*740 mAh g−1 and a low decay rate of 0.039 % per cycle, which confirm the
important role of ionic liquid-based electrolyte for Li-S cells.

2.3.4 Other Liquid Electrolytes

Based on electrolyte systems mentioned-above, traditional liquid electrolytes in Li-S
batteries always use the lithium salt of LiTFSI in single or combination of solvents,

Fig. 12 a A schematic of the
preparation of CSC as a
functional additive for use in
Li-S batteries: (i) mixing of
sucrose and colloidal silica
template in water,
(ii) carbonization at 900 °C
under Ar atmosphere,
(iii) removal of silica
templates by chemical etching
with 10 % HF solution.
b Cyclic performance of Li-S
batteries employing CSC
additives with different pore
sizes and the same pore
volume: CSC-4a (filled
square), CSC-10a (filled
circle), and CSC-20a (filled
triangle). c Cyclic
performance of Li-S batteries
employing CSC additives
with different pore volumes
and the same pore size:
CSC-20a (filled triangle) and
CSC-20b (filled diamond)
[113]. Reprinted with
permission, © 2013 Elsevier
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including 1,3-dioxolane(DOL) [98, 108], dimethoxyethane (DME) [100], tetraeth-
ylene glycol dimethyl ether (TEGDME) [99], polyethylene glycol dimethyl ether
(PEGDME) [106], tetrahydrofuran (THF) [109], and ILs [104, 110, 111]. Except for
the above solvents, other liquid electrolyte systems were also developed for the
cycling performance of Li-S cells. For example, partially fluorinated ethers own
superior properties including low melting point, high oxidation potential, and low
flammability [112]. When used in Li-S cells, sulfur cathode delivered an initial dis-
charge capacity of 1195 mAh g−1 and a reversible capacity of 836 mAh g−1 after 100
cycles. Partially fluorinated ether electrolytes introduced the formation of stable thin
film on the lithium metal surface, which protect lithium anode from dissolved poly-
sulfides. Carbon-basedmaterials also show their potential as superior additives in Li-S
batteries. For example, mesoporous carbon, which was templated by colloidal silica
with particles of 4, 10 and 20 nm, was prepared from sucrose as additives CSC-4a,
CSC-10a, CSC-20a, and CSC-20b for Li-S batteries (Fig. 12) [113]. The total pore
volumes of the CSC-4a, CSC-10a, CSC-20a samples were the same, which was
determined by the amount of each colloidal silica template. The results demonstrated
that the additives improved the cycling performance of batteries significantly, which
was affected by the total pore volume rather than pore size. Total pore volume
determines the amount of soluble Li-polysulfides that were confined within CSC
mesopores and sulfur utilization.As a result, it was proposed that the total pore volume
should reach a certain value in order to absorb Li-polysulfide massively, regardless of
pore size for future development of high-energy Li-S batteries.

3 The Solid Cells

There have been great improvements in cycling performance of Li-S liquid cells
mentioned-above; however, the polysulfide shuttle and lithium dendrite formation
are still tough challenges. When replaced by solid electrolytes, the polysulfide
shuttle can be completely eliminated and the stable cycling of metallic lithium
anodes can be achieved [114, 115]. In this section, we will discuss and highlight
most recent breakthroughs in all-solid Li-S cells, including solid electrolytes and
electrode materials.

3.1 Solid Electrolytes

A good solid electrolyte always has excellent ionic conductivity at room temper-
ature, good compatibility with metallic lithium, and a wide electrochemical window
(up to 5 V vs. Li/Li+). Different kinds of solid electrolytes, including polymer
electrolytes [1, 116–118], thio-LISICON electrolytes [119], and Li2S/P2S5-based
electrolytes [120, 121], have been widely studied for all-solid rechargeable lithium
batteries. In this section, we will discuss and highlight most recent breakthroughs in
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solid electrolytes for all-solid Li-S cells, including polymer electrolytes and
non-polymer electrolytes.

3.1.1 Polymer Electrolytes

Solid electrolytes always show very low conductivities at room temperature, which
greatly inhibit their electrochemical performance. Polymer electrolytes with specific
compositions were designed specifically for desired battery performance. Cairns
et al. first characterized Li-S cells with three different polymer electrolytes;
PEO/LiTFSI, poly(ethylene-methylene oxide) (PEMO) with LiTFSI, and a com-
posite made by mixing fumed silica with PEGDME and LiTFSI [118]. Among
three polymer electrolytes, the PEO cells yielded high initial discharge capacities of
1600 mAh g−1. However, a rapid fall of discharge capacity to 200 mAh g−1 was
observed after 20 cycles, and the cell needs to be operated at 104 °C to meet ionic
conductivity requirement. Recently, Liang et al. reported the solid Li-S cell based
on polymer electrolyte of PEO18Li(CF3SO2)2N-10 wt% SiO2 [122]. This polymer
electrolyte demonstrated the conductivity of 5 × 10−4 S cm−1 at 70 °C. When
applied in all solid lithium batteries, sulfur-mesoporous carbon sphere (S-OMC)
composite cathode showed a reversible discharge capacity of 800 mAh g−1 after 25
cycles at 70 °C (Fig. 13). This is attributed to good conductivity of OMC matrix
and PEO polymer electrolyte at enhanced temperature.

3.1.2 Non-polymer Electrolytes

Although the inherent flexibility and low cost of polymer-based electrolytes are
attractive features, their application in solid Li-S batteries are still limited by the

Fig. 13 Cycling performance
of the Li-S cell with S-OMCs
composite and pristine sulfur
as cathode, 0.1 mA cm−2 at
70 °C [122]. Reprinted with
permission, © 2010 Elsevier
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requirement for operation at above room temperatures (e.g., 70 °C). With the
discovery of solid electrolytes with ionic conductivities comparable to that of liquid
electrolytes, all-solid rechargeable lithium batteries promise to be the next break-
through for electric energy storage [123]. A serial of glass-ceramic solid electrolyte
based on Li2S-P2S5 have been reported by Hayashi and Tatsumisago et al. [124–
129]. They first demonstrated that ball-milling of 80Li2S-20P2S5 (mol%) glasses
gave rise to exceptionally high room temperature conductivity of 10−3 S cm−1. This
was attributed to the formation and stabilization of the high-temperature phase
Li7PS6. Later on, they also described superionic analogues of thio-LISICON
(Li3.25Ge0.25P0.75S4), which was deployed in energy storage devices. For example,
the discharge capacity above 850 mAh g−1 was maintained in Li-S cells for 200
charge-discharge cycles at 1.3 mA g−1 at ambient temperature [121]. Moreover,
lithium thiophosphates also were studied intensively as promising solid electrolytes
for all-solid lithium batteries. Recently, the partial substitution of phosphorus
(P) atoms by germanium (Ge) atoms in lithium thiophosphate showed an unprec-
edented high ionic conductivity of 1.2 × 10−2 S cm−1, a value comparable to those
of the liquid electrolytes used in Li-ion batteries [123]. Unfortunately, the Ge
doping sacrifices the chemical compatibility of the lithium thiophosphate with
metallic lithium. Liu et al. improved the chemical stability of lithium thiophos-
phates by the synthesis of nanostructured Li3PS4. This solid electrolyte showed the
ionic conductivity of 1.6 × 10−4 S cm−1 at room temperature, which is 3 orders of
magnitude higher than that of bulk lithium thiophosphate (Fig. 14) [130]. Both
nano-sized framework and high surface area contributed to the enhancement of
ionic conductivity, which make Li3PS4 a good solid electrolyte for all-solid Li-S
cells [131, 132]. More recently, Sahu et al. reported arsenic substitution of Li4SnS4
solid electrolyte with high conduction and excellent air stability [133]. The solid
electrolyte of composition Li3.833Sn0.833As0.166S4 has a high ionic conductivity of
1.39 mS cm−1 at 25 °C. When taking the high lithium-ion transference number into

Fig. 14 Arrhenius plots for
nanoporous β-Li3PS4 (line a),
bulk β-Li3PS4 (line b), and
bulk γ-Li3PS4 (line c) [130].
Reprinted with permission; ©
2013 American Chemical
Society
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consideration, this phase conducts lithium ions as well as carbonate-based liquid
electrolytes.

3.2 Electrode Materials

As well documented, seamless transport of ions and transfer of electrons are basic
requirements for all-solid Li-S batteries. The electronic conductivity of sulfur
electrode is always improved by adding carbon; however, it is hard to enhance its
ionic conductivity through simple mixing of solid electrolytes with sulfur [134,
135]. Recently, Lin et al. improved the ionic conductivity of lithium sulfide (Li2S)
by two orders of magnitude, through reacting elemental S with lithium triethyl-
borohydride (LiEt3BH) [131]. As mentioned above, Li2S has a favorably high
theoretical capacity of 1166 mAh g−1 and can be used as a pre-lithiated cathode to
avoid the direct use of metallic lithium as the anode. The ionic conductivity of Li2S
was further improved by four orders of magnitude by coating it with solid elec-
trolyte of Li3PS4, thus rendering the material a lithium superionic sulfide (LSS).
The LSS cathode had an initial discharge capacity of 848 mAh g−1 and stabilized at
594 mAh g−1 after 100 cycles at 60 °C. Lin et al. further reported the first series of
sulfur-rich compounds, i.e., lithium polysulfidophosphate (Li3PS4+n, 0 < n < 9),
with high ionic conductivities and excellent electrochemical reversibility for
all-solid Li-S batteries [132]. These Li3PS4+n compounds are Li-ion conductors
with room-temperature ionic conductivity in the range of 10−4 to 10−6 S cm−1.
When n = 5, for example, the ionic conductivity of Li3PS4+5 is 3.0 × 10−5 S cm−1,
which is about 8 orders of magnitude higher than that of bulk Li2S (Fig. 15a).
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Fig. 15 a Temperature dependency of ionic conductivity of lithium polysulfidophosphates
(Li3PS4+5) and (open square, Ea = 0.37 eV) and Li2S (filled circle, Ea = 0.74 eV). b The cycling
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blue discharge) [132]. Reprinted with permission; © 2013WILEY-VCH Verlag GmbH & Co.
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The Li3PS4+5 cathode showed an initial discharge capacity of 1272 mAh g−1 (based
on the incorporated sulfur content) (Fig. 15b) with 100 % coulombic efficiency after
a few initial cycles at room temperature. Even better cycling performance was
observed at 60 °C. The initial capacity was >1400 mAh g−1, and a high capacity of
1200 mAh g−1 was maintained after 300 cycles. The increased ionic conductivity of
the sulfur-rich cathode and the elimination of the polysulfide shuttle are responsible
for improved cycling performance.

4 Conclusions and Perspectives

Li-S batteries have been considered as one of the promising candidates for the
electrification of vehicles since they have the theoretical energy density 5 times
greater than Li-ion batteries. Though promising, the tough challenges of the insu-
lating properties of sulfur species, the polysulfide shuttle, and the lithium dendrite
formation and safety concerns are still preventing them from practical applications.
In the past few years, significant efforts have been dedicated to traditional Li-S
liquid cells for improved cyclability. However, many issues still need further
exploration before full commercialization of Li-S batteries in liquid electrolytes:
(1) A deeper investigation and broader understanding of electrochemical reaction
mechanisms need to be studied for different liquid electrolytes; (2) New liquid
electrolyte compositions need be designed that improve cycle life by retaining
polysulfides within positive electrodes; (3) Good additives need to be explored to
improve stability and solve safety concerns when cycling metallic lithium anodes;
(4) Safe and efficient cycling of metallic lithium anode in liquid electrolytes are
highly needed; and (5) The anode with high capacity needs to be explored further.

By moving from the traditional liquid cells to all-solid cells, the polysulfide
shuttle can be eliminated and high-energy Li-S chemistry with an intrinsically safe
cell design can be enabled. With the emergence of solid electrolytes with ionic
conductivities comparable to that of liquid electrolytes, all-solid Li-S batteries
promise to be the next breakthrough for electric energy storage. Nevertheless,
several issues need to be explored for the possible applications of all-solid Li-S
batteries: (1) Novel solid electrolytes with required ionic conductivities at room
temperature need to be designed; (2) The electrochemical windows and compati-
bility with metallic lithium of solid electrolytes need to be improved; (3) Interfacial
resistance within the electrode and between the electrolyte and electrode need to be
reduced, and (4) The in situ studies on the interfacial reaction need to conducted.

In summary, significant progresses have been made in improving cycling per-
formance and understanding mechanisms of both traditional liquid and all solid
Li-S batteries. Since Li-S batteries supply theoretical energy density 5 times higher
than Li-ion batteries, they are one most promising energy storage system for electric
vehicles and smart grids. With continued great interest and further extensive
research in the battery community, we believe that Li-S batteries could be a
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next-generation breakthrough in advanced energy storage for large-scale grids and
vehicular transportation.
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Why Grignard’s Century Old Nobel Prize
Should Spark Your Curiosity

Claudiu B. Bucur, Thomas Gregory and John Muldoon

1 Introduction

Without a doubt, the Holy Grail in battery research is the development of post
lithium ion batteries (PLiB) with two or three times the energy density of lithium–

ion [34]. One strategy towards PLiBs may require shifting from alloys to pure metal
anodes and from insertion to conversion cathodes such as sulfur or air [2]. In order
to grasp the full potential of a magnesium metal anode, here is a short background
of the roadblocks encountered with lithium metal anodes. Li metal anode is a
superior candidate because of high volumetric capacity (2062 mAh cm−3) and very
negative reduction potential (−3.04 V vs. SHE). Attempts at commercializing a
rechargeable battery containing a Li metal anode have been dissuaded by the
inherent instability of Li metal, especially during charging. Unfortunately, batteries
containing Li metal anodes suffer from thermal runaway, which is characterized by
temperatures quickly rising above the melting point of metallic Li (180.5 °C). This
inherent safety issue can be triggered by dendrite formation on the Li metal anode
which can form an internal short-circuit in the battery, leading to rapid uncontrolled
discharge and internal heating [57]. In an effort to mitigate this intrinsic instability
of batteries containing a Li metal anode, research shifted towards lithiated graphite
and alloy-based anodes containing Si and Sn. Consequently, one of the major
challenges in the commercialization of PLiBs containing a Li metal anode will be
the suppression of dendritic growth; this is not a trivial task. Recent approaches to
stabilize the lithium metal anode and avoid dendrite formation include the devel-
opment of new electrolytes or additives which promote more uniform lithium
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electrodeposition. Noteworthy approaches include the work of Cui who reports a
flexible, interconnected, hollow amorphous carbon nanosphere coating with the aim
of realizing a chemically stable and mechanically strong interfacial layer in the
highly reducing environment provided by the Li metal anode [61]. Also, Ding et al.
[13] proposes a positively charged electrostatic shield composed of small concen-
trations of selected cations such as cesium and rubidium which inhibits the for-
mation of lithium dendrites. Replacement of liquid electrolytes with Li–ion
conducting solid electrolytes is another strategy for suppressing dendrite growth
[46]. In contrast to Li metal, magnesium (Mg) metal anodes are not plagued by
dendritic formation [35]. Additionally, Mg is safer than Li when exposed to air,
more abundant in the earth crust (currently resulting in a cost <5 % of that of Li
metal), provides double the volumetric capacity of Li and has a standard reduction
potential of −2.356 V versus SHE, which is 700 mV less negative than Li (Fig. 1).
Lithium anode operation is enabled by the formation of a passive layer via
reduction of the electrolyte to form a solid electrolyte interface which is blocking to
electrons but not to the alkali metal cations. This allows transport of lithium ions
between the anode and electrolyte without substantial degradation of either com-
ponent. On the other hand Mg has a unique electrochemistry, the formation of
passivating layers on Mg metal by reduction of water, electrolyte or air is a for-
midable roadblock which prohibits its reversible deposition [34]. For example in
carbonate solvents containing currently commercial ionic salts such as magnesium
bis (trifluoromethane sulfonyl)-imide or magnesium perchlorate; reduction of these
electrolytes results in the formation of an electronically blocking surface layer
which does not conduct magnesium ions and inhibits deposition. However, efficient
Mg deposition in ethereal solutions of Grignard reagents has been known since

Fig. 1 Capacities and reductive potentials for various metal anodes. Reprinted with permission
from Muldoon et al. [34]. Copyright 2014 American Society of Chemistry
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1927 [15]. Unfortunately they are unsuitable Mg battery electrolytes due to
therefore low conductivity and narrow electrochemical window (<2 V vs. Mg).
A key to successful secondary Mg battery development is therefore the discovery of
novel electrolytes.

Another strategy towards doubling the energy density of Li-ion batteries is to
increase the capacity of cathodes by achieving two electron reduction at a single
metal redox center [56]. This approach has to overcome the challenge of inserting
two lithium cations for every transition metal center in the cathode material. This is
not trivial due to the volume expansion of the intercalate which can lead to severe
distortion of the crystal lattice and pulverization of the solid. Interestingly, two
electron reduction can be achieved by insertion of a single divalent magnesium
cation which has a similar radius to a monovalent lithium cation (ionic radius of Li+

is 0.9 Å, and of Mg2+ is 0.86 Å), thus circumventing the excessive volume
expansion problem. However, the higher charge density of magnesium cations
poses solid state diffusion challenges due to strong interactions between the Mg
cations and anionic constituents of the cathode material, potentially leading to rate
and capacity limitations. This book chapter will highlight some of the major dis-
coveries in both the area of electrolyte and cathode research and some of the future
challenges which must be overcome. If the reader wishes more comprehensive
reviews and perspectives, the following references are suggested: [5, 34, 44, 58].
Since the pioneering work by Gregory et al. [19] at the Dow Chemical Company in
the early 1980s and the demonstration of a rechargeable, long cycle life but low
energy density magnesium battery by Aurbach et al. [4], Aurbach et al. [4] the field
of magnesium battery was largely dormant until fairly recently. Wide recognition
for magnesium as a post lithium ion battery was catalyzed by research at Toyota’s
R&D labs [23]. The promise of a high energy rechargeable magnesium battery has
stimulated intense research from industry, government labs and academics
including Samsung, Pellion Technologies, JCESR and RISING to name a few.

1.1 Electrolytes

One of the obstacles in developing high voltage rechargeable magnesium batteries
is moving beyond the oxidative stability of Grignards. Current strategies for
developing modern magnesium electrolytes with high oxidative stabilities are
deeply rooted in the early chemistries investigated by Connor et al. [12], Brenner
[8], Gregory et al. [19], Mayer [32] and di Noto. It is important for the reader to
grasp these discoveries and how they laid the foundation for the synthesis of
modern magnesium electrolytes. In 1957 Connor et al. investigated the electrode-
position of magnesium from magnesium borohydride generated in situ from the
reaction of MgBr2 and LiBH4. In 1971, Brenner evaluated electroplating from
magnesium decaborane generated from the reaction of a lithium deacaborane
complex with MgCl2 in THF. In 1980s Gregory et al. synthesized magnesium
organoborates such as Mg(B(C4H9)4)2. In addition, Gregory also spiked alkyl
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Grignards with aluminum trichloride to enhance the electrochemical plating. In the
same year, Mayer also reported the deposition of magnesium from trialkylalumi-
nums and dialkylmagnesium. In the 1990s di Noto demonstrated magnesium
electrolytes generated from the reaction of δ-MgCl2 and aluminum trichloride.
While these discoveries paved the way for modern magnesium electrolytes, this
early work did not yield reversible magnesium electrolytes with high oxidative
stability.

Based on the work of Gregory it was assumed that the character of the Lewis
acid was an important factor in enhancing the voltage stability and that transmet-
allation was key in the formation of the electrochemical species. Derived from this
premise, Aurbach et al. [5] investigated how the combination/ratio of dialkyl-
magnesium to Lewis acids affected the coulombic efficiency and oxidative stability
of electrolytes. Aurbach discovered that the reaction of one equivalent of dibutyl-
magnesium and two equivalents of ethylalumiunm dichloride yielded an in situ
generated magnesium organohaloaluminate electrolyte with the given formula of
Mg(AlCl2BuEt)2 (DCC). This electrolyte exhibits an electrochemical stability
window of 2.2 V and a coulombic efficiency of 100 % for the reversible deposition
of magnesium. (Figure 2) To characterize the structure of DCC, single crystals were
precipitated from a THF solution by the addition of hexane. However, the redis-
solved crystal (Mg2(μ-Cl)3∙6THF)(EtAlCl3) in THF showed no reversible magne-
sium depositing. Aurbach concluded that the cleavage of the relatively weak Al-C
bond in DCC via β-hydrogen elimination was the cause of the low voltage stability.
The electrochemical window of DCC was enhanced by the substitution of the alkyl
group with an aromatic group which excluded β-hydrogen elimination as a possible
oxidation route. Aurbach’s second generation magnesium organohaloaluminate
electrolyte called APC was generated in situ via the reaction of one equivalent of
aluminum trichloride with 2 equivalents of phenylmagnesium chloride [42]. This
displayed a significantly broader electrochemical window of 3.3 V versus Mg on a
Pt working electrode and a coulombic efficiency of 100 % (Figure 2). Aurbach
demonstrated the first long cycle life rechargeable magnesium battery using the
DCC electrolyte. This magnesium battery showed impressive cycle life of greater
than 3500 cycles, low capacity fade, negligible self-discharge and a wide operating
temperature. Unfortunately, this prototype battery was only considered as a
replacement for Ni–Cd or lead acid battery because of the high formula weight and
the low voltage of the Chevrel phase MgxMo3S4 insertion cathode.

In situ generated magnesium organohaloaluminates are complex “soup” mix-
tures operating under dynamic equilibria, containing corrosive and nucleophilic
components. For example, in situ APC contains PhMgCl and Ph2Mg. In addition,
they do not allow varying solvents; they often need electrochemical conditioning
before reaching optimal performance (such as high coulombic efficiency and low
overpotential of deposition) and are difficult to store (their performance changes
over time). By contrast, electrolytes for Li–ion batteries are prepared by simply
dissolving salts of lithium (LiPF6, LiTFSI, LiClO4) in organic solvents (ethers,
carbonates or ionic liquids). Because the salt and solvent are distinct components,
this allows for electrolyte optimization by varying the salt:solvent combination and
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ratio. One of the “Holy Grails” of magnesium battery research is to develop an
electrolyte solution based on low molecular weight, high conductivity magnesium
salts which are highly soluble in a variety of solvents over a wide temperature
range. Recently, our group has demonstrated that crystallization results in an
improvement in both the oxidative stability and the coulombic efficiency of
deposition/dissolution over the in situ generated magnesium organohaloaluminates.
For example, the in situ generated electrolyte formed from the reaction of a 3:1
mixture of the Hauser base hexamethyldisilazide magnesium chloride
(HMDSMgCl) and AlCl3 shows an oxidative stability of 2.5 V versus Mg (which is
identical to the oxidative stability of HMDSMgCl). The crystallized electrolyte
(Mg2(μ-Cl)3∙6THF)(HMDSnAlCl4-n) (n = 1,2) 1 (Fig. 3) shows a voltage stability
of 3.2 V versus Mg and a coulombic efficiency of 100 % [23] (Fig. 4).
Demonstration of the desired electrochemical activity of crystallized electrolyte
GEN1 prompted the synthesis and experimental investigation of crystallized
products obtained from in situ generated magnesium organohaloaluminates previ-
ously reported by Aurbach et al. It was found that, in contrast to previous reports on
crystallized DCC, crystallized (Mg2(μ-Cl)3∙6THF)(EtAlCl3) obtained from the

Fig. 2 Comparison between the voltammetric behavior of THF solutions containing 0.25 M of the
reaction product between 1:2 MgBu2 and AlCl2Et (DCC) and 0.4 M of the reaction product
between 1:2 AlCl3 and PhMgCl (designated APC) as indicated. 25 mV s−1, Pt wire working
electrode, 25 °C. Right insert Enlargement of the cyclic voltammograms near 0 V versus Mg R.E.,
comparing the over-potential for Mg deposition in the two solutions. Left insert The charge
balance upon typical Mg deposition-dissolution cycles in these solutions (100 % cycling efficiency
of Mg deposition). Reprinted with permission from Aurbach et al. [6]. Copyright 2007
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reaction of n-butylmagnesium and ethylaluminum chloride was, in fact, electro-
chemically active (Fig. 4). Similarly, the electrochemical activity of the crystallized
reaction product between PhMgCl and AlCl3 at a 2:1 ratio was also confirmed.
Crystallization of the in situ generated electrolyte APC yields a compound with the
general formula (Mg2(μ-Cl)3∙6THF)(PhnAlCl4-n) (n = 1–4). The predominant
product of this reaction was identified as (Mg2(μ-Cl)3∙6THF)(Ph2AlCl2) by single
X-ray diffraction (Fig. 3). All crystallized magnesium organohaloaluminates share

Fig. 3 a ORTEP plot (25 %
thermal probability ellipsoids)
of crystallized product,
(Mg2(μ-Cl)3∙6THF)
(HMDSAlCl3) (GEN1).
Hydrogen atoms, THF of
crystallization and second
component of disorder are
omitted for clarity. Reprinted
with permission from Kim
et al. [23]. Copyright 2011
Nature Publishing
Group. b ORTEP plot (25 %
thermal probability ellipsoids)
of (Mg2(μ-Cl)3•6THF)
(Ph2AlCl2) (APC), 50 %
thermal probability ellipsoids,
hydrogen atoms omitted for
clarity. Reprinted with
permission from Muldoon
et al. [35]. Copyright 2012
Royal Society of Chemistry.
c ORTEP plot (25 %
probability ellipsoids) of
(Mg2(μ-Cl)3∙6THF) (B
(C6F5)3Ph) (GEN3), hydrogen
atoms omitted for clarity.
Reprinted with permission
from Muldoon et al. [34].
Copyright 2014 American
Society of Chemistry
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the general cation (Mg2(μ-Cl)3∙6THF)
+ and their redox stability is determined by

their unique anions.
Extending the oxidative stability beyond that of APC would require function-

alizing the phenyl group with electron withdrawing groups such as fluorine or –
CF3. Based on our results and the literature, fluorinated aryl metal reagents and
fluorinated aluminates are explosive and should be handled with caution [7]. In
addition, the non-fluorinated trialkyl and triarylaluminum Lewis acids are highly
reactive with air and water and can spontaneously result in uncontrollable fires and
should be handled by experienced organometallic chemists. In contrast,

Fig. 4 a Cyclic voltammograms of HMDSMgCl (green), the reaction product generated in situ
from a 3:1 mixture of HMDSMgCl to AlCl3 (blue), and the crystal obtained from a 3:1 mixture of
HMDSMgCl to AlCl3 (designated GEN1) (red). Inset shows the charge balance during the
deposition and the subsequent dissolution of Mg. Reprinted with permission from Kim et al. [23].
Copyright 2011 Nature Publishing Group. b Cyclic voltammograms of 0.4 M THF solution of the
reaction product generated in situ from a 2:1 mixture of Bu2Mg to EtAlCl2 (DCC) (blue), and the
crystal obtained from a 2:1 mixture of Bu2Mg to EtAlCl2 (crystallized DCC) (red). Scan rate is
0.025 V s−1. Reprinted with permission from Kim et al. [23]. Copyright 2011 Nature Publishing
Group
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triphenylboron Lewis acids are air and moisture stable and the corresponding
fluorinated borates are non-explosive. The crystallized magnesium organoborate
(Mg2(μ-Cl)3∙6THF)(B(C6F5)3Ph) GEN3 (Fig. 3) synthesized from the reaction of
trispentafluorophenyl borate and PhMgCl shows an oxidative stability in excess of
3.7 V versus Mg and is the highest voltage stability recorded to date for a mag-
nesium battery electrolyte [35].

Grignards are highly air sensitive and corrosive in nature and must be handled
under an inert atmosphere. The use of MgCl2 as a Lewis base in the synthesis of
magnesium electrolytes was first proposed by the early work of di Noto. While the
conductivities of these electrolytes were examined, the detailed electrochemical
performance (such as oxidative stability and overpotential of deposition) was not
reported. Recent efforts to mitigate the hazardous nature of organometallic-based
electrolytes include synthesis of a magnesium aluminum chloro complex (MACC)
consisting of inorganic salts by Aurbach and Pellion Technologies [14]. In situ
generated MACC is obtained from the reaction of MgCl2 and AlCl3 in THF or
glyme and exhibit reversible deposition of magnesium as well as an oxidative
stability of 3.1 V versus Mg. It was reported that electrochemical “conditioning” is
needed to lower the overpotential for magnesium deposition and improve the
coulombic efficiency [49] (Fig. 5). Using Pt as the working electrode and Mg foil as
the counter, the electrolyte is cycled in a closed cell between −1.2 V and 2.8 V at a
slow scan rate of 1 mV/sec (DCC, APC and GEN1 can routinely cycle at
25 mV/sec with 99–100 % coulombic efficiencies). Approximately 15 cycles for
each 10 ml solution are required to obtain coulombic efficiencies of <99 % and <
−0.25 V overpotential for magnesium deposition. Although the “conditioning”
process is not fully understood, it has been proposed that it contributes to the
elimination of water impurities present in MACC which can account for the
sluggish deposition/dissolution of magnesium. A significant limitation of these
inorganic electrolytes is a dramatically lower current density for magnesium elec-
trodeposited than can be obtained from magnesium organohaloaluminates. This
may be due to the reduced solution conductivity and the absence of the organoa-
luminate anion. Recently, Liu et al. [29] have prepared electrolytes which can
achieve oxidative stabilities of 3.4 V versus Mg and coulombic efficiencies of up to
100 % by the reaction of MgCl2 with aluminum Lewis acids such as AlEtCl2 and
AlPh3. An electrochemically active product is not isolated by crystallization but the
(Mg2(μ-Cl)3∙6THF)

+ dimer is found in the electrolyte solution by NMR and X-ray
diffraction studies. High current densities are reported for the electrolyte solution
MgCl2–AlPh3Cl and a 100 % coulombic efficiency for the deposition of magnesium
is reported for 250 cycles on a platinum working electrode for the deposition of
pure and non-dendritic magnesium.

Building on Connor’s discovery, the use of Mg(BH4)2 as a magnesium battery
electrolyte has also been recently demonstrated by Mohtadi et al. [33]. The current
densities of magnesium deposition from glyme are dramatically enhanced by the
addition of LiBH4 but the oxidative stability is low (<1.5 V vs. Mg), similar to that
of Grignards. In contrast to the impure deposits reported by Connor, Mohtadi
reports pure magnesium electrodeposition. Early reports of magnesium deposition
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from boron based compounds came from Brenner who evaluated electroplating
from magnesium decaborane clusters. More recently, Mohtadi also demonstrated
enhanced oxidative stabilities (3.2 V vs. Mg) over Mg(BH4)2 by a magnesium
decaborane cluster (1-(1,7-carboranyl) magnesium chloride) dissolved in THF [10].

While the nondendritic deposition of magnesium holds the promise for the
utilization of magnesium metal anodes, research efforts have also been directed
towards coupling of commercially available magnesium salts (Mg(TFSI)2 or Mg
(ClO4)2) with alloy anodes such as Sn or Bi [3, 50]. High rate performance of a Bi
electrode made from nanotubes [47] dramatically improved the discharge rates
previously reported by Arthur et al. Figure 6 summarizes the cyclic voltammetry of
magnesium insertion and de-insertion of the bismuth nanotubes as well as cycling
stability and rate performance. This work emphasizes the importance of

Fig. 5 Inorganic salt-based electrolyte solutions. a Cyclic voltammogram of conditioned MgCl2–
AlCl3/THF (MACC; THF = tetrahydrofuran) solution. The MACC solution exhibits electrochem-
ical performance on par with all phenyl complex solutions, with the added benefit of not
containing the highly hazardous Grignard reagents. b Selected cycles during the conditioning
procedure. Although not yet understood, the conditioning procedure highly enhances the
electrochemical performance of MACC solutions, especially the reversibility and overpotential for
deposition. Reprinted with permission from Shterenberg et al. [49]. Copyright 2014 Materials
Research Society
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nanotechnology to enhance the rate performance of alloy anodes. Surprisingly, the
compatibility of Mg(TFSI)2 with magnesium metal is still under debate. A few
reports demonstrate the sluggish reversible deposition of magnesium from Mg
(TFSI)2 dissolved in glyme (less than 0.1 M Mg(TFSI)2 can be dissolved in THF).
The oxidative stability of Mg(TFSI)2 has been reported below 3.2 V versus Mg and
its deposition of magnesium is plagued by high overpotentials (varying from −0.5
to −1.0 V vs. Mg) and low coulombic efficiencies which vary drastically with the
deposition rate.

1.2 Corrosion

Ideally, the current collector material used for cathode studies should be completely
inert in the electrolyte solution otherwise currents observed during charging could
be due to oxidation of the current collector rather than of the cathode active
material. Unfortunately, magnesium organohaloaluminates electrolytes with high
oxidative stabilities (above 2.2 V vs. Mg) are corrosive towards widely used

Fig. 6 a Cyclic voltammograms of Mg insertion/deinsertion in bismuth; b discharge/charge
profile of an Mg–Bi cell; c rate performance of an Mg–Bi cell; d cycling stability and Coulombic
efficiency (CE) of bismuth electrode for reversible Mg insertion/deinsertion. Cell configuration:
Mg/0.1 M Mg(BH4)2 − 1.5 M LiBH4 − diglyme/Bi. Reprinted with permission from Shao et al.
[47]. Copyright 2014 American Chemical Society
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materials such as stainless steel, aluminum and nickel [35]. Platinum and carbon are
inert and preferred when testing cathodes. In order to test cathodes operating at
voltages higher than 2.2 V versus Mg, corrosivity of magnesium electrolytes has to
be mitigated. Corrosion of metals can be indicated by current hysteresis during
cyclic oxidative stability tests. It is important to observe the current during the
cathodic (reverse) scan because false “high” oxidative stabilities are often claimed
when only the anodic (forward) scan is reported. For example GEN1 and crystal-
lized APC show an oxidative stability of 3.2 V versus Mg on a stainless steel
working electrode on the first cathodic scan. However, high hysteresis currents are
observed during the reverse scan down to 2.2 V versus Mg. The second and
following anodic scans always show an oxidative stability around 2.2 V versus Mg
on a stainless steel working electrode (Figure 7). A plausible explanation for the
corrosion observed using magnesium organohaloaluminates is the presence of
chlorides in the both the cation and anion components. To examine the effect of the
anion, the magnesium organoborate electrolyte (Mg2(μ-Cl)3∙6THF) (BPh4) GEN2
with a halogen free anion BPh4

− was synthesized and tested electrochemically.
GEN2 exhibits reduced corrosivity (2.6 V vs. Mg on either stainless steel or
platinum electrodes) with no hysteresis. To examine the effect of the cation, the
magnesium organoborate Mg(BArF)2 GENX was synthesized [36]. GENX does
not contain the chlorinated magnesium dimer (Mg2(μ-Cl)3∙6THF)

+ cation and it’s

(a)

(b)

Fig. 7 Cyclic
voltammograms of (Mg2(μ-
Cl)3•6THF) (Ph2AlCl2)
(APC) (a) and (Mg2(μ-
Cl)3∙6THF) (HMDSAlCl3)
(GEN1) (b) on a stainless
steel working electrode with
an area of 0.02 cm2 at a
temperature of 21 °C.
Counterclockwise arrows
designate hysteresis. Scan rate
is 25 mV/s and the counter
and reference electrode are
both magnesium
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BArF− anion is chlorine free. As a result, it exhibits very high oxidative stability
(more than 4.5 V vs. Mg) on a stainless steel working electrode. However,
reduction of the anion precludes reduction of magnesium and blocks its deposition.
GENX cannot function acceptably as an electrolyte in a rechargeable magnesium
battery but serves as a useful model compound to evaluate the corrosivity of
magnesium organoborates at high potentials (above 3.0 V vs. Mg). These experi-
ments appear to validate the hypothesis that magnesium organoborates which do
not contain chlorides in either the cation or anion should exhibit reduced
corrosivity.

Magnesium organoborates GEN2 based on the magnesium dimer (Mg2(μ-
Cl)3∙6THF)

+ show no indication of corrosivity to stainless steel due to the absence
of hysteresis during cyclic voltammograms. In order to enhance the oxidative
stability of GEN2 the use of fluorinated Lewis acids such as B(C6F5)3 was con-
sidered. The reaction of B(C6F5)3 with PhMgCl resulted in the formation of GEN3
which has an oxidative stability of 3.7 V versus Mg on a platinum working elec-
trode. Unfortunately, during the reverse scan back to OCV, GEN3 exhibits hys-
teresis and exhibits a stability of 2.2 V versus Mg on a stainless steel working
electrode which is indicative of corrosion. Corrosivity of GEN3 is surprising given
the noncorrosive nature of GEN2 and their analogous structure which contains the
same cation. Is the fluorinated anion of GEN3 responsible for corrosion or are there
other factors at fault (such as purity of starting material or water contamination)?
This is still an open ended question in our laboratory which we are presently
investigating. If the magnesium dimer (Mg2(μ-Cl)3∙6THF)

+ is the reason for cor-
rosion, it would be desirable to have a universal synthetic method capable of
converting the dimer to the naked magnesium such as (Mg∙6THF)2+. One approach
we deem universal is an ion exchange pathway where the magnesium dimer of
GEN3 is converted to the potassium salt (Fig. 8) which can be readily converted to
the silver salt and then exchanged to the naked magnesium salt of GEN3 (Fig. 8).
The only requirement for this chemistry is that the anion is water stable. One of the
challenges with this chemistry is the aqueous workup for the formation of the
potassium salt which can introduce detrimental water with negative effects on the
electrochemistry of the electrolyte. It is also possible to directly convert the
potassium salt to the naked magnesium but one of the advantages of the silver
intermediate is a reduction in the water adducts carried over to the naked magne-
sium salt. Other multivalent salts can be readily obtained using this universal ion
exchange pathway. One of the promises of a naked magnesium electrolyte is a
non-corrosive nature. However, magnesium electrolytes with a dimer cation have
significantly higher solubilities and can accommodate double the moles of mag-
nesium per mole of salt. In addition, it has not been proven beyond reasonable
doubt that the magnesium dimer is responsible for the corrosive nature of mag-
nesium organoborates.
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2 Cathode

Electrochemical intercalation and conversion reactions have been investigated in
the quest to discover practical cathodes for secondary magnesium batteries.
Magnesium intercalation cathodes in particular are attractive due to the potential for
a 2-electron reduction at the metal center with insertion of a single ion with size
similar to univalent Li+. As with Mg anodes, the electrolyte chemistry also plays a
substantial role in the behavior of candidate cathode materials. A comprehensive
survey of Mg battery cathode technology can be found in the review by Muldoon
et al. [34] this chapter summarizes key discoveries in this field.

Fig. 8 a ORTEP plot for
potassium salt analog of
(Mg2(μ-Cl)3∙6THF)(B
(C6F5)3Ph) (GEN3);
b ORTEP plot for naked Mg
salt analog of GEN3.
Hydrogen atoms are omitted
for clarity. There is a 25 %
thermal probability for the
ellipsoids
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2.1 Intercalation Cathodes

Evaluation of Mg2+ intercalation into a variety of oxide, sulfide, and boride host
materials was a focus of early studies by Gregory et al. [19], Bruce et al. [9] and
Novák et al. [37]. Both chemical (via reaction between the host material and
compounds such as dibutyl magnesium) and electrochemical intercalation tech-
niques were demonstrated as being useful to screen cathode candidates. Materials
which showed promise in these screening experiments included TiS2, ZrS2,
γ-MnO2, RuO2, Co3O4, V2O5, and V6O13. In particular, Novák and Disilvestro
demonstrated that V2O5 delivered promising first cycle capacity (*170 mAh/g)
and reversibility, although the highest capacity was achieved when 1 M water was
added to the Mg(ClO4)2/acetonitrile electrolyte; rapid capacity fade was also
observed. It was speculated that preferential solvation of the Mg2+ ions by water
molecules instead of the AN molecules aided the electrochemical insertion reaction
and resulted in increased capacity, perhaps by co-intercalating with the Mg2+ ion
and shielding it from the host material. Incorporation of water into the cathode
material itself instead of the electrolyte also proved beneficial; V2O5 xerogel con-
taining up to about 3 water molecules per V2O5 also demonstrated first cycle
capacities of about 170 mAh/g in both dry AN and ionic liquid-based electrolytes
[38]. Rapid capacity fade was typically observed when using wet electrolytes and
the incompatibility of water with Mg metal and electrolytes which have been shown
to be capable of reversible Mg deposition/dissolution makes use of this technique
problematic in practical batteries.

These promising results for Mg2+ intercalation into V2O5 led to numerous
studies of this compound with the goal of demonstrating reversible behavior with
improved capacity retention. Particularly noteworthy is the work of Gershinsky
et al. [16] who investigated the fundamental properties of electrochemical inter-
calation of Mg2+ into 200 nm films of V2O5 at very low current density in an
attempt to negate the effects of slow solid-state diffusion of Mg2+. Highly reversible
electrochemical intercalation of Mg2+ into the V2O5 thin films was observed with a
first cycle capacity of about 180 mAh/g, decreasing to a stable value of 150 mAh/g
(corresponding to 0.5 mol Mg per mole V2O5) after 25 cycles. A similar capacity
for Mg2+ intercalation into nanoparticulate V2O5 was obtained by Amatucci et al.
[1]. Jiao et al. [22] synthesized Cu-doped vanadium oxide nanotubes which out-
performed undoped nanotubes. Such results using thin film and nanostructured
cathodes illustrate the performance improvement possible when the effect of slow
solid state ionic diffusion is minimized.

Gershinsky et al. also addressed mechanistic aspects of Mg2+ insertion into V2O5.
Cyclic voltammograms exhibited similar insertion and half-wave potentials for both
Mg2+ and Li+ insertion, thus supporting a mechanism involving reduction of the
vanadium metal centers. A color change from yellow to faint green upon Mg2+

insertion was also indicative of the desired 2-electron V5+/V3+ transition. Raman and
XRD analysis of V2O5 at different stages of Mg2+ insertion/deinsertion by
Gershinsky et al. and Yu and Zhang [59] indicated structural reversibility.
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Variations of vanadium oxide evaluated as potential Mg battery cathodes include
hydrated vanadium bronzes (MV3O8.xH2O where M = Li, Na, K, Ca0.5, Mg0.5, and
V2O5.yH2O where y is typically up to 3) by Novák et al. [38] V2O5 aerogels by Le
et al. [26] and V2O5/sulfur composites by Inamoto et al. [21] V2O5/S/metal oxide
composites in particular delivered very high specific capacities up to about
300 mAh/g, although S solubility in the electrolyte was noted and the electrolyte
used did not support Mg electrode reversibility; evaluation of these electrodes with
electrolytes that are capable of reversible Mg electrode operation and reduce S
solubility appears to be of merit.

For neat V2O5, the foregoing studies support a reversible capacity of approxi-
mately 150 mAh/g. Slow solid-state diffusivity of Mg2+ due to its high charge
density and strong interaction with the host material appears to limit cell perfor-
mance which can be ameliorated by addition of water to the electrolyte. However,
this has a negative impact on Mg electrode performance and other techniques
should be developed to achieve similar performance. Modification of the basic
V2O5 structure may also improve its electrochemical performance. Fundamental
differences in the intercalation behavior of Li+ and Mg2+ into V2O5 are illustrated in
Fig. 9 which shows that divalent Mg2+ intercalation yields higher specific capacity
than univalent Li+, but slower Mg2+ solid state diffusion results in significant
voltage hysteresis and polarization.

Low cost MnO2 is an attractive battery cathode candidate, and positive results
obtained with γ-MnO2 vs. other crystalline forms of this compound in early
screening studies led to investigation of various MnO2 crystal structures [Hollandite
(2 × 2 tunnel), OMS-5 (4 × 2 tunnel) and Birnessite (layered)] by Rasul et al. [43]
Hollandite delivered the highest capacity (*140 mAh/g) but slow Mg2+ ion dif-
fusion was noted. Hydrothermally synthesized composite Hollandite/acetylene
black exhibited higher capacity than the sol-gel material which was attributed to
improved stability due to the presence of K+ and H2O in the structure. Improved
cycling performance due to shielding of the charge on the inserted cations with
water molecules in the hydrothermally synthesized material was consistent with
behavior of other cathode materials, although some Mg2+ trapping was seen. The
performance of commercial Hollandite MnO2 was evaluated by Zhang et al. [60]
using 0.2 M GEN1/THF electrolyte, and a first cycle discharge capacity of
280 mAh/g MnO2 at 36 μA/cm2 was measured, corresponding to a loading of about
0.47 Mg per Mn which indicates near full discharge to MgMn2O4. However, sig-
nificant capacity fade was observed (<100 mAh/g after 6 cycles) which was
attributed to Jahn-Teller distortion leading to crystal structure instability and Mn
dissolution from the cathode material. XRD and XPS spectra of the positive
electrode at different states of charge during both charge and discharge were
indicative of reversible redox reactions of the MnO2. MnO2 particle size also
affected first cycle capacity: 280 mAh/g was measured with 20 nm average particle
size MnO2 versus 170 mAh/g for 100 nm particles, which could also indicate slow
Mg2+ diffusion. Mg2+ trapping in the MnO2 structure was also supported by XPS
and XAS studies of the MnO2 electrode at varying state of charge, leading to the
observed irreversible capacity loss. The authors speculated that improved cycling
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performance might be obtained by stabilizing the tunnel structure; techniques which
promote improved performance of manganese oxide-based cathode materials in Li–
ion batteries may also reduce capacity fade and Mn dissolution in Mg batteries.

Other metal oxide cathode materials which have been evaluated for Mg batteries
include MoO3, RuO2 and Co3O4. Spahr et al. [51] achieved a first cycle discharge
capacity in an ionic liquid electrolyte of about 150 mAh/g for MoO3 (corresponding
to an intercalant stoichiometry of Mg0.38MoO3) but rapid capacity fade was
observed. Use of a wet organic electrolyte, however, yielded 210 mAh/g in the first
cycle and stabilized around 160 mAh/g after about 8 cycles. Rate capability was not
studied. Fundamental characteristics of Mg2+ intercalation into MoO3 thin film
cathodes were studied by Gershinski et al. [16] a reversible capacity of 210 mAh/g
with 95 % coulombic reversibility over the first 10 cycles was reported. Mg2+

intercalation into MoO3 appeared to suffer from greater kinetic limitations than V2O5

as evidenced by a greater charge/discharge voltage hysteresis. Koch et al. [24] and
Sutto and Duncan [52] evaluated electrochemical Mg2+ intercalation into RuO2.

Fig. 9 Cyclic
voltammograms of
electrochemical behavior of
nano-V2O5 during cation
intercalation. Reprinted with
permission from Shterenberg,
et al. [49]. Copyright 2014
Materials Research Society
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A first cycle capacity of 101 mAh/g obtained by Sutto and Duncan implies a
discharged stoichiometry of Mg0.25RuO2; capacity fade was attributed to poor
reversibility. Sutto and Duncan also measured a capacity of 74 mAh/g for Mg2+

intercalation into Co3O4 in ionic liquid electrolytes, corresponding to a composition
of Mg0.33Co3O4 [53]. As with RuO2, rapid capacity fade was attributed to difficulty
in deintercalating Mg2+ although Co3O4 exhibited improved reversibility. Ichitsubo
et al. [20] utilized co-precipitation to synthesize MgCo2O4 (spinel structure) and
Mg0.67Ni1.33O2 (rock salt structure) in an attempt to produce higher voltage cathode
materials. The cobalt spinel material exhibited an initial open circuit voltage of 3.5 V
versus Mg in an electrolyte of 1 MMg(ClO4)2/AN; however voltage decay was seen
and was attributed to structural relaxation and migration of Mg from the interior of
the particles to the surface. The magnesium nickelate exhibited a potential of
3.5–3.8 V versus Mg although specific capacities were not reported.

Chevrel phase MxMo6T8 (where M = metal and T = S, Se, or a combination of
both) has received considerable attention as an intercalation cathode for recharge-
able Mg batteries. These compounds consist of cubic anion frameworks enclosing
octahedral clusters of Mo atoms and can be described as stacks of Mo6T8 blocks.
The Mo6 clusters can sustain charge injection of up to 4 electrons, resulting in a
theoretical capacity of up to 2 Mg2+ ions per Chevrel phase unit (129 mAh/g
Mo6S8). Aurbach et al. [4] first utilized Mo3S4 as a reversible cathode material in
the cell Mg|DCC|Mo3S4. Fig. 10 illustrates the structure and electrochemical per-
formance of this material.

Fig. 10 Electrochemical characteristics of Mg2+ intercalation into Mo3S4. Cell discharge current
density was 0.3 mA/cm2 and CV scan rate was 0.05 mV/sec. Note the different response to
intercalation into site A versus site B. Reprinted with permission from Aurbach et al. [4].
Copyright 2000 Nature Publishing Group
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The Site A and Site B portions of the discharge curve represent Mg2+ interca-
lation into the inner and outer sites in the Chevrel phase material, corresponding to
intercalation of the first and second Mg2+ ions per Mo6S8. Coin cells constructed
with these materials delivered impressive performance: >2000 discharge/charge
cycles at 100 % depth of discharge at practical rates (0.1–1 mA/cm2) over a wide
temperature range of −20 to + 80 °C with <15 % capacity fade. While the low cell
voltage is not conducive to construction of high energy density batteries, it appears
that this chemistry may be applicable to long cycle life Mg batteries for applications
such as stationary energy storage. A key feature of these Chevrel phase compounds
is relatively rapid Mg2+ diffusivity, attributed to a high concentration of vacant sites
with relatively short distances between these sites. The octahedral Mo clusters with
delocalized electrons also permit rapid redistribution of the two electrons which
provide charge balance for each Mg2+ ion inserted. Some irreversible capacity loss
attributed to Mg2+ ion trapping in the Chevrel phase materials was noted, however.
Elevated temperature and substitution of up to 2 S atoms by Se in Mo6S8 resulted in
improved performance. Lancry et al. [25] noted that the surface of Chevrel phase
materials was stable in electrolytes capable of reversible Mg deposition/dissolution
and did not form surface films. This could enable the use of nanoparticulate material
to improve electrode kinetics via increased specific surface area and reduced dif-
fusion distances without increasing electrolyte decomposition. Chevrel-type mate-
rials with stoichiometries such as Mo6T6 and Mo15T19 and cluster-containing Mo
oxides such as NaMo4O6 and Mn1.5Mo8O11 have been proposed to improve
cathode voltage and capacity; other metal clusters which may be useful in this
application include Fe6, Co6, and Cr6, although electrochemical data to support this
are not available.

Exfoliated “graphene-like” layered MoS2 prepared by Liang et al. [28] achieved
an operating voltage of about 1.8 V and a reversible capacity of about 170 mAh/g.
An estimated capacity of 223 mAh/g for fully exfoliated MoS2 was determined
using DFT calculations. Liu et al. [30] used hydrothermal synthesis to produce a
series of MoS2/carbon composites with the carbon interspersed between the MoS2
layers. A microspheres of composite consisting of highly exfoliated MoS2 (0.5–
1 μm diameter with curled nanosheets dispersed on the surface, 46.04 % C)
exhibited superior capacity which was attributed to a synergistic effect of the carbon
coating (which improves electronic conductivity) and the highly exfoliated MoS2
structure (which improves electrolyte penetration). TiS2 nanotubes prepared by Tao
et al. [54] achieved a discharged composition of Mg0.49TiS2 with good capacity
retention, while polycrystalline TiS2 only intercalated about 0.2 mol Mg, consistent
with previously results. Small-grain bulk TiS2 with platelet morphology was
speculated to possibly exhibit similar performance. As with MoS2, this invites
speculation that exfoliation of bulk TiS2 could produce a material with high
capacity.

Polyanion compounds such as phospho-olivines have been commercialized as
positive electrode materials in lithium ion batteries and may represent a promising
class of materials for magnesium batteries. Electrochemical investigation of
MgMnSiO4 was conducted by NuLi et al. [39, 40] using DCC electrolytes; at C/20
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rate, a discharge capacity of 253.8 mAh/g was reported, corresponding to utilization
of 0.81 Mg per unit formula. Magnesium cobalt silicate (MgCoSiO4) synthesized
by a solvothermal technique by Zheng et al. [62] was found to produce mesoporous
material which exhibited better rate capability, higher specific capacity, and a
higher discharge voltage than material obtained with high temperature solid state
and molten salt syntheses, presumably due to its larger specific surface area. Li et al.
[27] used molten salt techniques to synthesize MgFeSiO4 but only achieved
capacities of about 110 mAh/g for material synthesized at 900 °C, similar to molten
salt synthesized MgCoSiO4. Thus, solvothermal synthesis of MgFeSiO4 could be
an interesting avenue to explore in search of improved performance.
Mg0.5Ti2(PO4)3 prepared by sol-gel techniques by Makino et al. [31] demonstrated
intercalation of up to one Mg2+ ion per host unit (136 mAh/g), corresponding to
reduction of Ti from IV to III valence. Substitution of Ti with various cations
caused variations in unit cell volume and capacity. It would be instructive to prepare
and evaluate these phosphates using the solvothermal method found to be optimum
for silicate cathodes and an electrolyte capable of reversible Mg electrochemistry.
The electronic conductivity of polyanion Mg compounds is likely to be similar to
corresponding poorly conductive Li compounds, thus these cathode materials
would likely need to use techniques such as nanostructured morphology and carbon
coatings to reduce the impact of poor conductivity and ionic diffusion.

Inorganic Mg2+ intercalation cathodes tend to experience relatively slow Mg2+

diffusion and low intrinsic conductivity which negatively impacts both rate capa-
bility and effective capacity at acceptable charge and discharge rates. Weaker
intermolecular forces in redox-active organic materials may permit higher Mg2+

mobility. Organosulfur compounds which can undergo redox reactions involving
cleavage and recombination of S–S bonds such as 2,5-dimercapto-1,3,4-dithiazole
(DMcT) and other organic materials such as poly-2,2’-dithiodianiline, [41] poly
(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate, [11] and
2,5-dimethoxy-1,4-benzoquinone (DMBQ; Fig. 11a) have been evaluated as Mg
cathode materials. DMBQ was determined to undergo 2-electron redox reactions
with the insertion and deinsertion of one Mg2+ ion per DMBQ molecule and
achieved a first cycle discharge capacity of about 250 mAh/g, remaining at about
200 mAh/g after 5 cycles. [45] The high relative capacity of DMBQ merits eval-
uation with an electrolyte capable of reversible Mg deposition and dissolution.

2.2 Conversion Cathodes

Sulfur has a high theoretical capacity of 1671 mAh/g and is thus an attractive
cathode material, however successful demonstration of secondary Mg/S batteries
was not achieved until non-nucleophilic electrolytes such as GEN1 were discov-
ered; a first cycle discharge capacity of 1200 mAh/g S (vs. 1675 mAh/g theoretical
capacity based on a 2-electron reduction to form MgS) was achieved by Kim et al.
[23] using such electrolytes. Cell voltage was <1 V, however. Significant
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charge/discharge capacity mismatch was attributed to a shuttling mechanism caused
by soluble polysulfide species in the electrolyte similar to that observed in Li/S
batteries. Post-mortem cell analysis revealed a yellow discoloration of the separator,
indicative of the presence of polysulfide species; this was also supported by XPS
analysis of the cathode. Thus, reduction in polysulfide solubility, perhaps via use of
proper electrolyte additives, could potentially improve performance of Mg–S bat-
teries although low cell voltage may still preclude practical implementation of this
chemistry.

Primary and mechanically rechargeable Mg/air batteries have been demonstrated
but electrically rechargeable Mg–O2 batteries have received little attention.
Conceptual Mg/O2 batteries are similar to those of rechargeable Li/O2 batteries,
with either aqueous electrolytes with a metal ion conducting membrane to protect
the negative electrode from corrosion by the electrolyte or non-aqueous electrolytes
capable of supporting reversible oxygen electrochemistry. The lack of a Mg2+

conducting solid which is stable in contact with aqueous electrolytes hampers
development of aqueous Mg/O2 batteries. Conventional non-aqueous Mg/O2 bat-
teries may not be feasible since the probable discharge product, MgO, is considered
to be electrochemically irreversible at ambient temperature and is non-conductive
and insoluble in organic electrolytes. Shiga et al. [48] demonstrated a catalytic cycle
for recharge of a Mg–O2 battery using an I2/DMSO complex as shown in Fig. 12a.
Figure 12b shows electrochemical results.

OCH3

O

O

H3CO

(a)

(b)

Fig. 11 a DMBQ
b Discharge behavior of the
cell Mg|0.5 M Mg(ClO4)2-γ-
butyrolactone|
DMBQ-acetylene
black-PTFE (discharge rate
not specified). Reprinted with
permission from Sano et al.
[45]. Copyright 2012
Chemical Society of Japan
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Little work on metal/metal halide conversion cathodes for use in rechargeable
Mg batteries has been reported. Solubility of the cathode material in the electrolyte
is a potential issue for these materials. Graphite fluorides have been evaluated in
high specific energy primary but not secondary Mg batteries; MgF2 was identified
as a discharge product and thus reversibility is questionable [17]. WS2 can function
as a conversion cathode in primary Mg batteries with solid polymer electrolytes but
again reversibility was not determined [18]. High temperature molten salt
Mg/conversion cathode batteries have also been evaluated, but low cell voltage,
poor rate capability, and high polarization were typically noted [55].

Direct comparison of the aforementioned results is difficult due to the use of
widely varying experimental conditions. However, a few commonalities and con-
clusions may be inferred from the existing body of work:

1. Slow solid state diffusion of Mg2+ ions in many of the cathode materials leads to
increased electrode polarization and ion trapping, resulting in low capacity and
poor rate capability.

2. Possible co-intercalation of water and solvent molecules has been inferred,
which may help shield the charge on the Mg2+ ion but can also cause severe
structural distortion as well as decompose within the cathode material. Water
incompatibility with the anode is another issue.

Fig. 12 a Catalytic cycle for
Mg–O2 battery recharge
b Charge/discharge curves for
the I2 mediated Mg/O2

battery. Reprinted with
permission Shiga et al. [48].
Copyright 2013 Royal
Society of Chemistry
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3. Chemical and physical instability of some intercalates has been observed along
with poor electronic conductivity.

4. Apparent minimal cathode surface film formation allows the use of nanostruc-
tured cathode materials leading to improved performance, but at the cost of
reduced volumetric capacity.

Future research involving structural modifications of intercalation cathodes may
be fruitful. Doping with other metal ions and/or the use of multimetal compositions,
techniques which have been very successful in lithium ion battery cathode devel-
opment, may be useful avenues to explore for Mg batteries and blending of different
cathode materials may also prove advantageous. Fundamental studies involving
elucidation of the intercalation mechanism, including identification of the exact
intercalating Mg species, could positively impact both cathode and electrolyte
development. Irreversibility of high voltage conversion reactions due to formation
of stable, non-conductive discharge products hampers use of such cathodes. Such
thermodynamic limitations may be very difficult to overcome.

3 Summary

One would perceive the major advantages of magnesium as an anode are a higher
volumetric capacity and the apparent lack of dendrite formation during charging
which is highly dependent on the electrolyte and overcomes major safety and
performance challenges encountered with the use of a lithium metal anode.
However, the solid state chemistry and electrochemistry of magnesium is sub-
stantially more complex than that of the monovalent alkali metals due its higher
charge density, which leads to greater difficulty in identifying and implementing
practical battery chemistry. As highlighted here, the major developments for a high
energy multivalent metal battery are rooted in material discovery of both high
energy cathodes and noncorrosive electrolytes. The most significant issues for the
development of magnesium batteries stems from the compatibility of the electrolyte
with both the anode and the cathode and the discovery of high energy cathodes
capable of undergoing multiple electron transfers to the same metal center with
rapid diffusion of magnesium ion in the solid state. Nanotechnology may offer an
opportunity to help reduce the impact of slow solid state diffusion as well as
structural distortion during intercalation/deintercalation but also tends to reduce the
volumetric capacity of the cathode structure. It is important to note that formation of
passivation layers on the cathode and the anode by oxidation or reduction of the
electrolyte might impede the search for cathodes capable of intercalating magne-
sium. Such trade-offs must be identified and optimized in the quest to develop
practical rechargeable magnesium batteries.
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Organic Cathode Materials
for Rechargeable Batteries

Ruiguo Cao, Jiangfeng Qian, Ji-Guang Zhang and Wu Xu

1 Introduction

Lithium-ion batteries based on intercalation chemistry have dominated the battery
market in the applications for portal electronics and electric vehicles since Sony
released the world’s first commercial lithium-ion battery products in 1991 [1]. In
conventional lithium-ion batteries, lithium intercalation compounds such as lithium
transition metal oxides (e.g. LiCoO2) or lithium transition metal phosphates (e.g.
LiFePO4) are used as the cathode materials where lithium ions are de-intercalated
from the cathode during charge process and reversibly intercalated into the cathode
during discharge process, while graphite carbon is widely used as the anode
material in which the lithium ions are intercalated during charge process and
de-intercalated during discharge process of the batteries. Such inorganic cathode
materials (e.g. LiCoO2 and LiFePO4) can provide a typical specific capacity of
140–170 mAh g−1 [2–4]. Lithium- and manganese-rich (LMR) layered-structure
cathode materials deliver a much higher specific capacity (*250 mAh g−1) than
traditional cathode materials such as LiFePO4 and LiCoO2 [5–8]. However, sig-
nificant challenges, including voltage fade and limited cycle life in LMR cathodes
still remain to be overcome prior to their large-scale market penetration [9–11].

Aftermore than two decades of persistent research and development on lithium-ion
batteries, the specific capacities of the electrode materials and the energy densities
(both gravimetric and volumetric) of the batteries at cell level are approaching their
intrinsic theoretical values [9, 12]. On the other hand, due to the limited solid-state
diffusion coefficient, the intercalation/de-intercalation mechanism for most of the
present inorganic cathodematerials limits their high-rate performance for high-power
applications [13]. Another concern on inorganic cathode materials comes from the
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limited resource and high cost of transition metals especially cobalt. On the other
hand, most of inorganic cathodematerials are produced frommining process which is
not renewable. To further develop greener rechargeable batteries, organic cathode
materials based on conversion reactions are alternative candidates for high-capacity
and low-cost batteries. The advantages of organic cathode materials stem from the
nature of organic chemistry and these cathodematerials could be potentially generated
from renewable natural resources and easily tuned through changing the chemical
environment surrounded the redox centers [14]. The flexible nature and high energy
density of the organic cathode materials also have advantages over heavy inorganic
materials to satisfy the need for the future wearable electronics [15–17].

The idea for organic cathode materials was initiated in the late 1960s, which is
even earlier than the existence of the intercalated inorganic cathode materials [2, 18].
Although organic cathode materials have slightly longer history than that of the
intercalation inorganic cathode materials, the research progress for organic electrode
materials began to lag behind their inorganic counterparts when layered metal oxides
were found to have good reversibility of insertion/de-insertion by lithium ions. Since
then, inorganic cathode materials have taken the center stage in lithium-ion battery
research, because they could provide higher cell voltage, lithium source and, more
importantly, longer cycle life. With the extensive development of various inorganic
cathode materials in the last several decades, the specific energy of these cathode
materials is expected to reach their theoretical limits in the next decade. Therefore,
the pursue for alternative cathode materials, including organic cathode materials, has
attracted increased attention in recent years [19–22]. With increased research efforts,
certain organic cathode materials have demonstrated electrochemical performance
comparable or ever superior to the conventional inorganic cathode materials in terms
of energy density, power density and cycling stability [21].

Generally, organic electrode materials can be categorized into different types
based on their electrochemically active groups involved in the redox reactions,
including conjugated carbonyl compounds, conducting polymers, organosulfides
and free radicals. Conjugated carbonyl compounds were first discovered for energy
storage materials in 1969 [18]. Carbonyl compounds stabilized with a variety of
different substituent R-groups, i.e. R-(C=O)-R′, undergo a reversible redox reaction
through an enolization mechanism forming R-(C·-O−)-R′. Quinone is one of the
most well-known examples that have carbonyl groups and exhibit fast reversible
redox reactions. Besides quinones, many other conjugated carbonyl compounds can
also be used to accommodate lithium ions through a reversible redox reaction.
Benefit from their small unit molecular weight and fast reaction kinetics, conjugated
carbonyl compounds can usually achieve high specific capacity and high power
density. In 1977, some of the conducting polymers were found to exhibit
remarkably high conductivities when subjected to a variety of chemical dopings
[23]. After that, conducting polymers, such as polyacetylene, polyphenylene,
polypyrrole, polythiophene, and polyaniline, have been extensively investigated for
charge storage in lithium batteries [19]. The advantages of conducting polymers as
electrode materials for charge storage include their high conductivity, flexibility and
easy processibility. The drawback is the relatively low capacity restricted by the
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doping level. Organosulfides can be functionalized as organic electrode materials
taking advantage of the S–S bond which can be broken and rebuilt reversibly. Two
electrons are involved in the redox reaction of the S–S bond so that organosulfides
are expected to deliver a higher capacity than conducting polymers. However, the
high dissolution and slow kinetics of organosulfides greatly impede their electro-
chemical performances and limit their practical applications. On the other hand,
some of the organic cathodes based on free radicals have found their applications in
cases for extremely high rate but low energy-density requirements.

Besides the applications in lithium batteries, the implementation of organic
electrode materials for sodium batteries has attracted significant interests [24–30].
Comparing to lithium batteries, sodium batteries are desirable to provide low-cost
energy storage devices because sodium has much rich natural abundance, easy
access to sources and, consequently, low price [30, 31]. Sodium has a suitable
redox potential (E�ðNa=NaþÞ ¼ �2:71V vs. standard hydrogen electrode, or 0.33 V
above that of Li/Li+) and similar intercalation chemistry to lithium, which make it
possible to be a substituent of lithium for battery applications. However, although
the studies on lithium-metal and lithium-ion batteries provide the valuable expe-
riences and examples for researches on sodium-metal and sodium-ion batteries, the
differences in size and bonding strength between lithium ions and sodium ions lead
to different thermodynamic and/or kinetic properties for sodium batteries than for
lithium batteries [13]. Most studied organic electrode materials for sodium batteries
include conjugated carbonyl compounds with C=O functionalities which can
accommodate sodium ions via an enolization reaction through C=O bond and
sodium. Conducting polymers have also been proposed to act as electrochemically
active materials used for electrode components in organic sodium batteries.

This chapter will review the recent advances on the development of organic
electrode materials for their applications in three main areas, including rechargeable
lithium batteries, sodium batteries and redox flow batteries. Four kinds of organic
cathode materials, including conjugated carbonyl compounds, conducting poly-
mers, organosulfides and free radical polymers, will be discussed in terms of their
electrochemical performances in these three battery systems. Fundamental issues
related to the synthesis-structure-activity correlations of these organic cathodes, as
well as the working principles in these energy storage systems and their capacity
fading mechanisms will also be discussed.

2 Organic Cathode Materials for Lithium-Based Energy
Storage Systems

The organic materials in rechargeable lithium batteries have several advantages
over inorganic electrode materials. First, organic electrode materials are usually
lighter than their inorganic counterpart so that they could deliver higher gravimetric
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energy densities than the latter. Second, organic electrode materials are more
flexible to be adapted in the electrode processing for the future wearable electronics.
Third, taking advantage of versatility of organic reactions, the property of elec-
trochemical redox reaction of organic electrode materials could be tuned by
changing the chemical structure of functional groups. In addition, the adoption of
organic electrode materials in lithium-based batteries can aid in the design of
greener electrochemical storage devices and simplify the battery recycle processes.
From the viewpoint of sustainability and renewability, organic electrode materials
could be potentially extracted or made from renewable natural resources (biomass).
For example, the oxocarbon salt Li2C6O6 containing carbonyl groups as redox
active center can be synthesized through potentially low cost processes and free of
toxic solvents and by enlisting the use of natural organic sources (CO2-harvesting
entities) [32]. In this section, we will introduce four types of organic cathode
materials for lithium-based batteries: conjugated carbonyl compounds, free radical
polymers, conducting polymers, and organosulfide compounds.

2.1 Conjugated Carbonyl Compounds

The first attempt to use organic cathode materials for lithium batteries started
40 years ago when Williams et al. [18] proposed dichloroisocyanuric acid, a
positive N-chloro compound with carbonyl functionalities, as a high energy density
material for a primary lithium battery. Later, Alt et al. [33] investigated the pos-
sibility of quinone compounds with carbonyl functionalities as secondary (i.e.
rechargeable) battery cathode materials. Since then, lots of carbonyl compounds
have been investigated for cathode or anode materials in lithium batteries [21, 34–
41]. The redox mechanism of carbonyl functionalities can be generalized as an
enolization reaction and a reverse reaction of the carbonyl group (Fig. 1) [21, 22,
42]. When stabilized by conjugation, the redox system is most often reversible
through a one-electron reduction to form a radical monoanion and has fast reaction
kinetics [42]. Quinone-type structures are the most common organic molecules with
carbonyl groups as the redox center. Some small organic molecules based on
conjugated carbonyl groups with their theoretical specific capacity values are shown

R
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R R
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R

+e
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carbonyl radical anion

Fig. 1 Typical redox reaction mechanism for an organic cathode material with a carbonyl redox
center
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in Fig. 2 [11]. Owing to their multiple electron redox reaction nature and relatively
light molecular weight per unit, conjugated carbonyl compounds usually deliver
high specific capacity (typically more than 200 mAh g−1) for lithium storage. Based
on their high specific capacity and fast reaction kinetics, as well as the structure
diversity, conjugated carbonyl compounds are believed to be the most promising
organic electrode materials for cathode application in rechargeable lithium batteries.

Fig. 2 Typical small organic molecules based on conjugated carbonyl groups proposed as
positive electrode materials with their theoretical specific capacity values. Reprinted with
permission from Ref. [21]. Copyright (2013) Royal Society of Chemistry
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The major problem of small quinone-type molecules as electrode materials in
non-aqueous lithium batteries stems from the solubility of active materials in
organic electrolytes, usually leading to poor cycling stability. In order to address
this issue, one successful strategy is to link small molecules with quinone groups to
form larger molecular sizes and accordingly to reduce the solubility in organic
electrolytes. An insoluble oligomer with a larger molecular size and a higher
molecular weight, nonylbenzo-hexaquinone (NBHQ), has been investigated in
organic electrolytes, and a good cycling performance up to 500 cycles with a
practical working potential was achieved [36, 43]. However, the low specific
capacity and slow reaction kinetics of NBHQ makes it less promising in practical
battery applications. Another strategy to tackle the dissolution problem of
quinone-type cathode materials is to incorporate small quinone-type molecules into
mesoporous pores to improve the retention of active materials on electrodes through
confinement effect [44]. However, even though the small molecules were incor-
porated in mesoporous carbon materials, the cycling stability still suffered from the
slow dissolution leading to irreversible capacity degradation.

Another approach to prevent the dissolution of small quinone species have been
thoroughly studied through polymerization of quinone-type monomers [37, 45, 46].
For example, the monomer of 5-amino-1,4-naphthoquinone (ANQ) was polymer-
ized through electrochemical or chemical process to form a redox polymer poly
(5-amino-1,4-naphthoquinone) (PANQ), which delivered a capacity of 300 Ah kg−1

in the non-aqueous electrolyte and retained 200 Ah kg−1 after 17 cycles [46]. Han
et al. [37] developed a relatively stable positive electrode through polymerization of
3,4,9,10-perylene-tetracarboxylicacid-dianhydride (PTCDA). A mixture of PTCDA
and excess sulfur could form a PTCDA sulfide polymer through calcination at 400–
500 °C under argon atmosphere. The resulted carbonyl polymer compounds with
thioether bonds between PTCDA units showed a discharge capacity of
131 mAh g−1 at a current density of 100 mA g−1 and exhibited excellent cycling
performance with almost no degradation after 250 cycles. The improved cycling
stability can be attributed to the improvement of the electronic conductivity and the
prevention of dissolution of active materials (Fig. 3). It is noteworthy that the
drawback for the PTCDA sulfide polymer is its relatively low energy density.

Polyimides can be synthesized by simple polycondensation from dianhydrides
and diamines, which contain rich carbonyl functionalities and can potentially deliver
high specific capacities. Song et al. have synthesized a series of typical polyimides
and studied their electrochemical energy storage performance [47]. It was found that
the polyimide based on 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)
showed the best cycling performance while the PTCDA-based polyimide delivered
the highest energy density. Another finding was that the NTCDA-based polyimide
tended to improve the discharge voltage and to reduce the voltage gap between charge
and discharge plateaus. In another study, density functional theory
(DFT) calculations indicated that the six-membered cyclic 1,2-diketones served as an
excellent core structure because of the high redox energy change resulted from the
favorable coordination of the oxygen atoms to lithium and the aromaticity of the
reduced form [48]. Pyrene-4,5,9,10-tetraone units, which contains two
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six-membered-ring 1,2-diketones units, was anchored onto poly-(methacrylate)
resulting in a polymer (PPYT) with porous structure. PPYT showed excellent
charge-discharge ability based on a reversible lithium insertion/de-insertion mecha-
nism and exhibited surprisingly outstanding cell performance with high capacity and
excellent cyclability, as well as good rate capability.

Despite of polymerization, immobilization of small carbonyl compounds on
certain solid substrates through chemical or physical bonding can also prevent the
dissolution of active materials from electrodes. For example, a quinone derivative
of calix[4]arene immobilized onto the surface of silica nanoparticles can signifi-
cantly mitigate the dissolution of small organic molecules into organic electrolytes
[49]. However, the partial loss of capacity is a big problem for this strategy. The
improvement of energy and power density can be realized by substituting a
non-conductive substrate with a conductive material. Recently, Lee et al. [50]
demonstrated that active organic materials with carbonyl redox centers were
immobilized onto conductive scaffolds through non-covalent bonding resulting in a
self-standing and flexible nanohybrid organic electrode (Fig. 4). The nanohybrid
organic electrodes exhibited surprisingly high capacity retention with nearly no
capacity degradation after 100 cycles. More recently, a binder-free and flexible
polyimide/single-walled carbon nanotube (PI/SWCNT) composite electrode
(Fig. 5) has been developed as the cathode for lithium batteries, which showed very
good cycling stability and rate capability [51]. The PI/SWCNT was synthesized by
in-situ polymerization giving an extremely light weight electrode with significantly
improved electronic conductivity. The morphology of polyimide on carbon nano-
tubes can be controlled to form nanoflake structures deposited on one side of the
SWCNT film. The nanostructure of polyimide nanoflakes coupled with good
conductive SWCNT leads to a good rate capability and a promising cycling stability
in lithium batteries.

Anion-based organic salts with permanent negative charges generally show
much poorer solubility than their neutral organic counterparts owing to their high

Fig. 3 a Schematic diagram showing the contribution of thioether bonds to the electronic
conductivity. b Discharge capacity versus cycle number (current density: 100 mAh g−1) for
PTCDA and the sulfide polymers (P450 and P500 represent the sulfide polymers formed under
argon atmosphere at 450 and 500 °C, respectively). Reprinted from Ref. [37] with permission from
WILEY-VCH
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polarities via salt formation [52]. Therefore, lithiation of small organic cathode
materials provide a possible way to decrease the solubility of organic cathode
materials. Several lithiated organic salts with carbonyl groups, such as hydroxyl
quinones [32, 53–55], conjugated dicarboxylates [56, 57] and dianhydride deriva-
tives [39, 58, 59], have been investigated as electrode materials for lithium-ion
batteries. A lithiated carbonyl compound, namely Li2(C6H2O4), has been investi-
gated as a positive active material in lithium-ion batteries [53]. This organic salt has
an initial discharge capacity of 176 mAh g−1 and a Coulombic efficiency of 93.2 %
in the first cycle. More importantly, Li2(C6H2O4) exhibited significant improvement
in terms of cycling stability comparing to small organic compounds. The use of
lithiated redox organic molecules containing electrochemically active C=O func-
tionalities, such as lithiated oxocarbon salts, has been proposed by Poizot and
coworkers [54]. The key material is the tetralithium salt of tetrahydroxybenzoqui-
none (Li4C6O6), which can be both oxidized to Li2C6O6 and reduced to Li6C6O6.

Fig. 4 a Nanohybridization strategy of aromatic redox molecules with SWCNTs for
high-performance rechargeable lithium batteries. The organic nanolayer on SWCNTs formed
via disassembly of crystalline structure of lumiflavin (LF) upon the immobilization with SWCNTs
can have higher electron conductivity and better lithium accessibility than the polycrystalline bulk
particle. b The energy storage mechanism of flavin in lithium rechargeable batteries via two
lithium-ion coupled two electron transfer reaction. Reprinted from Ref. [50] with permission from
WILEY-VCH
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The Li4C6O6 compound exhibited good performance with a specific capacity of
*200 mAh g−1 at an average potential of 1.8 V, showing a capacity decay of only
10 % after 50 cycles.

Taking advantage of the structural diversity of organic chemistry, the electro-
chemical properties of organic electrode materials can be easily tuned to give higher
specific capacity or higher voltage gain, as well as better cycling stability. In order
to achieve higher specific capacity, smaller molecular weight of the active center
and less “electrochemically dead matter” are desirable to build stable structure of
electrochemically active molecules [42]. The dilemma existing here is that large
active groups with “dead matter” as supporting parts are good to achieve reasonable
structural stability and reversible redox reaction. Therefore, the balance between
capacity loss and stability gain needs to be considered when a practical organic
electrode material is successfully designed. For example, comparing to naphtho-
quinone (NQ) and anthraquinone (AQ), benzoquinone (BQ) has a higher theoretical
specific capacity of 496 mAh g−1 owing to its smaller molecular weight. However,
NQ and AQ usually show better reversible redox reaction and more stable cycling
performance because of their more conjugated structure and poorer solubility in
organic electrolytes. Therefore, the holistic consideration on electrochemically
active structure can lead to a successful molecular design. Poizot and coworkers
designed a pyromellitic diimide dilithium salt by following an integration of some
criteria: (i) having a restricted five-membered heterocycle to decrease the “elec-
trochemically dead matter”, (ii) connecting to a single phenyl group in a planar
structure to stabilize the as-produced radical in reduction, and (iii) including per-
manent negative charges (i.e., organic anion rather than neutral molecular structure)
[58]. The latter aims to decrease the redox potential compared to that of the

Fig. 5 a Schematic of the preparation process of PI/SWCNT film; photographs of b SWCNT
aqueous dispersion; c SWCNT film; and d PI/SWCNT film. Reprinted from Ref. [51] with
permission from WILEY-VCH

Organic Cathode Materials for Rechargeable Batteries 645



tetraketopiperazine as well as the solubility issue. Taking benefit of the rational
molecular design, the as-synthesized pyromellitic diimide dilithium salt exhibited
quite stable electrochemical performance by delivering a two-electron redox reac-
tion mechanism and a reasonable specific capacity of 200 mAh g−1.

In addition to improving the specific capacity and the cycling stability through
rational design, the redox potential of conjugated carbonyl compounds can also be
tuned through the multiplicity of chemical combination at the molecular level [60].
By using a well-known phenomenon in molecular electrochemistry that a positive
potential shift exists when switching from para- to ortho-position in the
quinone/hydroquinone moiety, Poizot and coworkers reported that dilithium
(2,3-dilithium-oxy)-terephthalate (Li4-o-DHT), which is simply the
ortho-regioisomer of Li4-p-DHT, demonstrated a positive potential shift of nearly
300 mV (Fig. 6) [61]. In addition, an interesting electrochemical performance was
observed with fast kinetics and good capacity retention upon cycling. The chemical
structure variation around redox active centers can change the electrochemical
performance, which may provide the capability of finely tuning organic electrode
materials to give desirable performance. Recently, Wan et al. studied the effects of
anthraquinone with and without SO3Na-functional groups on electrochemical
performance of lithium ion batteries [62]. It was found that the SO3Na-functional
groups were electrochemically inactive during the electrochemical process. Even
though the specific capacity decreased due to the addition of electrochemically
inactive species, as a trade-off, the structural stability and the cycling performance
were significantly improved. Introducing functional groups to the quinone mole-
cules can not only open a new approach to solve the dissolution problems of
organic cathode materials but also provide a valuable guidance for tuning other
properties such as specific capacities and redox potentials.

Fig. 6 Dilithium (2,3-dilithium-oxy)-terephthalate (Li4-o-DHT), which is simply the ortho-
regioisomer of Li4-p-DHT, demonstrated a positive potential shift of nearly 300 mV. Reprinted
with permission from Ref. [61]. Copyright (2014) American Chemical Society
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Besides the dissolution problem of organic electrode materials in electrolytes
which leads to poor cycling stability, another disadvantage of small organic mole-
cules is their non-conductive nature. To address this issue, electrochemical active
materials with carbonyl groups need to be incorporated with a large portion of
conductive carbon in the electrode preparation process. Recently, CNTs and
graphene have attracted extensive attention in a variety of research field because of
their outstanding physical and chemical properties. Oxidization of CNTs or graph-
ene can generate various oxygen-containing groups, such as carbonyl, carboxyl,
hydroxyl, epoxide, etc. Therefore, oxidized CNTs and graphene have the potential to
be used as electrochemical active materials in lithium-ion batteries. Shao-Horn and
coworkers proposed the possibility of using the surface-functionalized carbon
materials as electrochemical active cathode materials [63–65]. By using
additive-free, functionalized layer-by-layer multi-walled carbon nanotubes
(LBL-MWCNTs) as active materials, the electrode could store lithium up to a
reversible gravimetric capacity of *200 mAh g−1-electrode, deliver a power of
100 kW kg−1-electrode and provide a lifetime in excess of thousands of cycles [63].
This excellent performance is attributed to the fast redox reaction of surface
oxygen-containing groups on electrodes (Fig. 7). In their follow-on research, the role
of oxygen functional groups for lithium storage has been investigated in the elec-
trodes with oxidized CNTs/graphene mixtures as active materials [65]. By tuning the
surface oxygen chemistry, faradaic contributions from electrochemically active
carbonyl, carboxylic and ester groups could provide gravimetric energies of
*230 Wh kg−1. Since CNTs and graphene can provide a platform to undergo

Fig. 7 Schematic of the energy storage mechanism of LBL-MWCNT electrodes. Faradaic
reactions between surface oxygen functional species (orange arrows) and Li schematically
illustrated on an HRTEM image of the LBL-MWCNT electrodes. Intact graphite layers inside the
MWCNTs (white arrows) are indicated as electron conduction channels. Reprinted from Ref. [63]
with permission from Macmillan Publishers (Color figure online)
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versatile chemistry through organic functionalization [66–68], it is reasonable to
expect that modification of the surface functional groups on carbon may allow the
tuning of redox potentials and increase the efficiency by reducing the voltage dif-
ference during charge and discharge processes.

2.2 Free Radical Polymers

Many kinds of radicals are stable enough to be isolated at room temperature [69].
Some stable organic radicals can be oxidized and reduced electrochemically
through reversible redox reactions with fast kinetics so that they could be good
candidates for battery applications, which are called organic radical batteries
(ORBs) [70–72]. Stable organic radicals often need to be anchored on the polymer
chains or other substrates to commit their reversible redox functions. Free radical
polymers are an important family of organic electrode materials, which utilize
polymers with defined electrochemically active moieties as electrode materials.
Most radical polymers consist of two main components including a robust radical
pendant and a backbone polymer. A polymer bearing stable organic radicals as
electrochemically active pendant groups can display striking performance, such as
fast charging/discharging rate, stable cell voltage and good processibility. The first
known application of stable radicals for energy storage systems was proposed by
Nakahara et al. in 2002 [70]. A stable nitroxyl polyradical, poly
(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA), was used as the cathode
material in rechargeable lithium batteries. The batteries based on PTMA exhibited a
discharge capacity of 77 Ah kg−1 at an average discharge voltage of 3.5 V and
demonstrated a surprisingly high cycling stability up to 500 cycles. After that, more
and more efforts have been put onto this promising material and most of the
research attention mainly focused on nitroxyl radicals, such as
2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) and 2,2,5,5-tetramethylpyrrolidine -
1-oxyl (PROXYL) [71, 73–82].

The research work on radical-based lithium batteries was mainly conducted by
Nakahara and coworkers [70, 71, 83–85], and then followed by Nishide and
coworkers [74, 80, 86–100]. The efforts have focused on polymer design, electrode
optimization and search for robust radicals. A polymer backbone is indispensable to
bear organic radicals and prevent their dissolution from electrodes. The require-
ments for polymer backbones include stability, insolubility, processibility, as well
as light molecular weight. Various polymer backbones have been used to bear
radical pendants, including polymethacrylate (PMA) [70, 71, 76, 83, 84, 101–107],
polyacetylene (PAc) [73, 108] polynorbornene (PNB) [73, 86–88, 109, 110], poly
(vinyl ether) (PVE) [85, 111, 112], polystyrene (PS) [88, 93, 113], polyether
(PEG) [74, 82], cellulose [81], DNA [77] etc. Because of the easiness of poly-
merization method, PMA and PNB are the most popularly used polymer back-
bones. Interestingly, DNA can be used as scaffold to form DNA-lipid complexes
containing TEMPO radicals, which can enable organic radical batteries [77].
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The TEMPO-containing DNA-lipid complexes displayed reversible two-stage
charge/discharge processes with a discharge capacity of 40–60 Ah kg−1.

A nitroxide radical can be reversibly n-doped to aminooxy anion and p-doped to
oxoammonium cation (Fig. 8) [22]. Based on the bipolar property of nitroxide
radicals, it is possible to construct an all-organic battery in which the cathode and
the anode contain the same or different nitroxide radicals with suitable redox
potentials [96]. For example, a total organic polymer-based rechargeable device
with a symmetric configuration has been developed by using poly(nitronilnitr-
oxylstyrene) as the p- and n-type bipolar redox-active radical polymer [93]. The
polymer offered the charge capacity of 82 and 91 mAh g−1 for the n-type and p-type
redox reactions, respectively. Such an all-organic-based battery with the symmetric
configuration, which consists of the same redox-active polymer for both anode and
cathode, delivered a charge capacity of 44 mAh g−1 at a plateau voltage of 1.3 V, as
well as a good cycle life (more than 250 cycles). In addition, this “rocking-chair
type” battery could also be enabled by using different redox-active polymers as
anode and cathode based on the potential gap between two different redox couples.
To help the selection of suitable redox-active polymer couples, the potentials of
various redox active radicals (Fig. 9) and synthetic approaches towards organic
radical bearing polymers have been summarized in a review paper written by
Schubert and coworkers [72].

Even though the organic radical itself has fast electrochemical redox kinetics,
most of the polymer backbones are non-conductive thus leading to poor rate
capability for the nitroxide radical batteries. To mitigate the drawback of low
electronic conductivity, large amount of conductive carbon additives are usually
required to make a satisfactory electrode. The electrochemical performance of
redox-active radicals also greatly depends on the electrode structure where radical
polymers may aggregate during cycling hence degrading the capacity. To tackle
this problem, SWCNTs were employed to form a composite with radical polymer
PTMA (Fig. 10) [91]. SWCNTs were wrapped by the radical polymer at molecular
level to provide a high dispersibility of the SWCNTs and resulted in the charge
propagation on the PTMA, thus providing a quantitative charge-storage capacity at
a high rate. Recently, Choi et al. developed a method to terminally modify the
radical polymer of redox-active nitroxide and then to graft the modified polymer
uniformly onto MWCNTs [99]. The radical polymer-grafted MWCNTs allowed a
high dispersibility in organic solvents and fadeless redox ability of nitroxide. The
radical polymer wrapped MWCNTs exhibited quantitative and high rate redox
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Fig. 8 Schematic of n-doping and p-doping mechanism of nitroxide compounds. Reprinted from
Ref. [22] with permission from WILEY-VCH
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properties of nitroxide suitable as a cathode active material. The findings indicate
that nano-scale homogeneous wrapping can prevent the aggregation of radical
polymers and allow the rapid counterion accommodation leading to quantitative
and rapid charge propagation.

2.3 Conducting Polymers

Conventional polymers such as plastics, rubbers, etc. which take advantage of
strength, flexibility, elasticity, stability and mouldability typically exhibit significant
resistance to electrical conduction and are either dielectrics or insulators. Since the
discovery of conductive polyacetylene in 1977 [23], conducting polymers have
received significant attentions from both science and engineering communities and

Fig. 9 a Stable organic radicals used as redox-active pendant groups in ORBs and their potentials
as well as capacities. b Commonly employed polymeric backbones for hosting the organic radicals
shown in (a). Reprinted from Ref. [72] with permission from WILEY-VCH
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their applications in a wide range of fields including electronic devices and energy
storage have been explored owing to their unique properties including good elec-
tronic conductivity and reversible redox activity [16, 19]. The attempts to apply
conducting polymers for battery applications had first been proposed by Nigrey
et al. and followed by a continuation of publications from many research groups
[19, 114]. Conducting polymers are usually used as positive electrode materials in
the p-doping oxidation state, which exchange anions during the charging and dis-
charging processes. Therefore, the salt concentration in the electrolyte changes with
the charge state of the conducting polymers, which is unfavorable for the specific
energy and the operation of the battery [19]. The general redox chemistry of a
p-type conducting polymer in a non-aqueous electrolyte can be described as below:

Polymernþ½ � A�½ �nþne� $ Polymer þ nA�

As the cathode is discharged, the oxidized p-type polymer doped with anions
takes up electrons and releases dopant anions into the electrolyte. Meanwhile,
lithium metal anode releases lithium ions into the electrolyte and gives up electrons
[115]. The conducting polymers that are most studied for battery applications
include polyacetylene (PAc), polypyrrole (PPy), polythiophene (PTh), polyaniline
(PAn) and polyparaphenylene (PPP). The theoretical specific capacities of the
conducting polymers are comparable to those of metal oxide cathodes normally
used in lithium-ion batteries. The capacities of conducting polymers are determined
by the doping level which is defined by the ratio of doped units to all structural
units, expressed as x in [(Px+)(xA−)]n (0 ≤ x ≤ 1). Typically, the reported capacities
of p-type conducting polymers, such as polyanilines and polypyrroels, fall in the

Fig. 10 a Structure of a radical polymer-wrapped SWCNT. b Discharging curves of the
PTMA/SWCNT (4 wt%) composite and PTMA at the current density of 1, 3, 10, 30, and 60 A g−1.
Inset Charging–discharging curves of the PTMA/SWCNT composite at 1 A g−1 in acetonitrile
containing 0.1 M TBAClO4. Reprinted from Ref [91] with permission from WILEY-VCH
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range of 80–150 mAh g−1 [115]. The p-type organics generally offer higher redox
potentials than n-type organics. The battery with conducting polymers as cathode
materials can offer a cell voltage up to *4.0 V, comparable to conventional
lithium-ion batteries with inorganic metal oxides as positive electrodes. The
drawbacks for conducting polymers as electrode materials include their relatively
low energy density, poor cycling stability, low Coulombic efficiency and
self-discharge phenomenon. The poor cycling stability is caused by the irreversible
overoxidation reaction at high voltages, which leads to capacity degradation during
repeated charge/discharge cycling.

The major advantage of conducting polymers arises from their high electronic
conductivity and ease of processibility. PAn that has several oxidation states can be
fabricated in various nanostructural morphologies and has been widely used as a
cathode material in lithium batteries, which offer an average charge/discharge
voltage of *3.5 V [116–119]. Cheng et al. reported a template method to syn-
thesize PAn nanotubes and nanofibers and investigated the performance in Li|PAn
rechargeable batteries [117]. In that work, anodic aluminum oxide
(AAO) membranes that have cylindrical pore arrays were used as the template to
synthesize 1-D structured PAn. Comparing to the Li|PAn cell with commercially
available doped PAn powders, the cells with as-synthesized 1-D PAn nanotubes
exhibited a high energy density of 227 Wh kg−1. However, PAn gradually loses its
electrochemical activity during cycling because of the irreversible oxidation even at
moderately oxidizing potentials (3.5 V vs. Li/Li+). To address this issue, the
polyaniline:poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAn:
PAAMPSA) complex had been incorporated into an LBL electrode and the
as-resulted electrode exhibited excellent electrochemical performance in terms of
capacity and cycling stability [120]. After 1000 cycles between 1.5 and 4.5 V, no
significant decrease was found for the LBL electrode fabricated with the
PAn/PAAMPSA composite. In order to fabricate free-standing and flexible energy
storage electrodes, hybrid aerogels consisting of interpenetrating SWCNT/PAn
nanoribbons have been prepared and employed in lithium batteries (Fig. 11) [121].
Thin PAn nanoribbons (thickness of 10–100 nm, width of 50–1000 nm, and length
of 10–20 μm) were formed within the network after polymerization of aniline. The
lithium battery with optimized SWCNT/PAn nanoribbon aerogels showed high
capacity of 185 mAh g−1 and good cycling stability. The improved electrochemical
performance can be ascribed to the synergistic effects of efficient ion/electron
transport within the 3D carbon nanotubes network, shortened ion diffusion distance,
optimized strain relaxation from nanoribbons and nanotubes, and effective pene-
tration of electrolyte within interconnected nanopores in the electrode.

Polypyrrole (PPy) is another intensively studied conducting polymer used for
energy storage applications. PPy has been synthesized from the polymerization of
pyrrole by either electrochemical or chemical oxidation method [16, 19]. Since it is
difficult to n-dope PPy, p-type PPy as positive electrode material is the common
choice reported in lithium batteries. Typically, the specific energy of PPy falls in the
range of 80–390 Wh kg−1 with the open-circuit voltage of 3–4 V. One of the main
drawbacks of PPy as cathode material is its relatively low theoretical capacity.
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Recently, several approaches have been developed to improve the specific energy
of PPy. The most common strategy is the modification of PPy with redox active
functionalities or incorporation of redox active molecules [122–126]. Park et al.
proposed to improve the specific capacity of PPy by chemically and/or physically
attaching a suitable redox couple to the polymer backbone, which should in general
be a 3dn/3dn+1 pair of the first-row transition elements [122]. As an example of the
chemical bonding of a redox couple to the polymer, ferrocene groups were cova-
lently anchored to the PPy backbone. The PPy/ferrocene polymer film with a
uniform thickness was electrodeposited onto a stainless-steel mesh and the film
delivered a specific capacity of up to 65 mAh g−1 with a short voltage plateau near
3.5 V versus Li/Li+, comparing to the specific capacity of 20 mAh g−1 for a pure
PPy cathode. Kong et al. incorporated cobalt and iron into PPy to form coordination
complexes which exhibited high lithium storage capacity and cycling stability [124,
125]. The characterizations and DFT calculations indicated that the coordination
complexes have multilayer structures in which the strong and stable intralayer
metal-N coordination permits the material to possess high specific capacity, high
cycling stability and outstanding rate capability. Recently, Zhou et al. reported the
dramatic capacity enhancement of PPy by doping with Fe(CN)6

4− anions [123]. The
Fe(CN)6

4− doped PPy material could deliver not only a greatly enhanced redox
capacity of 140 mAh g−1, three time higher than undoped PPy, but also had an
excellent cycling stability. More recently, a high charge capacity redox molecule,
1,4-benzoquinone, has been used to increase the energy density of PPy electrode
[126]. PPy electrodes doped with 1,4-benzoquinone exhibited specific charge
capacities as high as 104 mAh g−1 compared to 50 mAh g−1 for the reference PPy
electrodes.

Fig. 11 Hybrid aerogels from SWCNT/PAn nanoribbons as free-standing, flexible energy storage
electrodes. Reprinted with permission from Ref. [121]. Copyright (2014) American Chemical
Society
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2.4 Organosulfide Compounds

It is well known that the S–S bond contained in the organosulfides or thiolates can
be reversibly broken and rebuilt, in which the two-electron reaction is involved to
provide higher capacity than the doping/undoping reactions of conducting polymers
[21, 22]. The redox reaction mechanism for organosulfides with S–S bond in
lithium batteries undergoes the reversible reactions between the reduction of
disulfides to lithium thio salts and the oxidation of lithium thio salts back to the
corresponding disulfides and can be described as:

RSSRþ 2e� þ 2Liþ $ 2LiSR

where R is an organic moiety. The S–S bond in RSSR can be progressively cleaved
during discharge, leading ultimately to monomeric anions, and then the monomer
anion can be subsequently oxidized back to form the original S–S bond during
charge. Even though organosulfide compounds potentially could offer higher
capacity due to the multi-electron redox reactions, they suffer from major draw-
backs including the slow reaction kinetics and the poor cycling stability. Generally,
organosulfide compounds can be categorized into three types: dimeric organosul-
fides, main-chain-type organosulfur polymers and side-chain-type organosulfur
polymers.

Tetraethylthiuram disulfide (TETD), one of dimeric organosulfides, was first
proposed by Visco and DeJonghe [127] as an energy storage material in high
temperature sodium batteries. Later, Liu et al. [128–130] pushed forward these
efforts by following a series of researches to thoroughly examine the reaction
mechanism and the kinetic behavior of a diverse group of organodisulfide/thiolate
redox couples. Because of the high solubility of RSSR and RS− in organic elec-
trolytes, it is very difficult to achieve satisfactory cycling performance in
non-aqueous rechargeable lithium batteries. Therefore, the early studies on this kind
of organosulfides were mainly concentrated on high-temperature lithium batteries
with solid-state electrolytes.

In order to enhance the specific capacity of organosulfide compounds, a series of
organosulfur polymers with disulfides bonds in the main chain have been investi-
gated [129, 130]. However, due to the problems of the dissolution and slow
kinetics, these compounds were only studied in solid-state lithium batteries at
elevated temperatures (typically 80–130 °C). Oyama et al. introduced a new
composite cathode for high energy density rechargeable lithium batteries, which
consisted of 2,5-demercapto-1,3,4-thiadiazole (DMcT), PAn and gel electrolyte
[131]. The lithium cell had a cell voltage over 3.0 V and exhibited the energy
density of 303 Wh kg−1 at a current density of 0.1 mA cm−2 at room temperature.
DMcT-based organosulfides thereafter attracted much attention among all
organosulfur compounds for cathode materials in lithium batteries owing to their
high theoretical capacity (362 mAh g−1) [132–141]. However, because of its slow
kinetics of redox reactions, DMcT usually offers poor rate capability and not all of
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DMcT incorporated in the electrode is reactive so it is unfavorable for practical
applications in lithium/lithium-ion batteries. The redox behavior of the dimercaptan
can be accelerated greatly when coupled with electrocatalysts, such as PAn, poly
(3,4-ethylenedioxythiophene) (PEDOT) and copper(II) salt [132, 133, 137, 140,
142]. For example, the incorporation of PAn can enable DMcT to reach its theo-
retical capacity limit which exceeds that of the intercalated inorganic electrodes in
commercial lithium-ion batteries [132]. Furthermore, PEDOT was also found to
exhibit dramatic electrocatalytic activity toward the redox reaction of DMcT.
Abruña et al. have contributed great efforts to the studies on the electrocatalytic
effect of conducting polymers toward the redox reactions of thiadiazole-based
compounds through both experiments and calculations [137, 139, 140, 143–145]. It
was suggested that PEDOT could be an effective oxidative electrocatalyst for any
aromatic organosulfur compound whose highest occupied molecular orbital
(HOMO) energy level was in between the neutral PEDOT’s HOMO level and the
cationic PEDOT’s singly-occupied molecular orbital (SOMO) level (Fig. 12) [139].
Similarly, a compound with a lowest unoccupied molecular orbital (LUMO) energy
level close to the HOMO level of PEDOT could exhibit reductive electrocatalysis
by PEDOT.

In addition to DMcT, other organosulfur compounds based on dimercaptothi-
ophene and its derivatives with a variety of functional groups (electron-donating or
electron-withdrawing groups) have been synthesized and investigated as cathode
materials in lithium batteries [139, 144]. However, the composite cathodes, con-
sisting of a thiolate compound such as DMcT and a conducting polymer, often
exhibit poor charge/discharge cyclability due to dissolution of the reduction
products (typically monomers) of the disulfide polymer when an organic liquid
electrolyte is used [137, 139, 140]. Therefore, the battery performance with
DMcT-based composite electrode is still far from practical use because of the
intrinsic dissolution problem and slow kinetics.

Side-chain-type organosulfur polymers typically consist of conducting polymer
as the main chain and S–S bond or polysulfide bond as the side chain. The feature
of side-chain-type organosulfur polymers avoids backbone cleavage when the S-S
bond is broken during charge/discharge processes and is expected to offer better
cycling stability comparing to main-chain-type organosulfur polymers. Naoi et al.
firstly developed a new class of conducting polymers with S–S bonds as side chain
linkers to interconnect between two moieties of aniline [146]. 2,2′-Ditiodianiline
(DTDA) was used to conduct electrochemical polymerization to form an electro-
active poly(DTDA) thin film. The electrochemically polymerized poly(DTDA) has
several advantages because of its high theoretical energy density, faster kinetics and
higher electrical conductivity over an organosulfur cathode when used in lithium
batteries. The as-prepared poly(DTDA) offered a specific capacity of 270 Ah kg−1

and an energy density of 675 Wh kg−1. Following this concept, polymers with
similar structures containing interconnected S–S bonds have been developed for
energy storage in lithium batteries [147, 148]. Although poly(DTDA) contains a
conductive polymer as main chain, the dislocation of the two main chains during
discharge and the dissolution of the discharged polymer main chain resulted in low
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recombination efficiency, consequently leading to a poor cycling stability. To
overcome this problem, other type polymer with S–S bond as the side groups of
polymer chain has been developed [149–152]. Because of the S–S bond occurred
on the side of same polymer chain, the recombination of S–S bond during charge
has been improved which results in better cycling performance.

Fig. 12 Schematic of the electrocatalytic cycle between DMcT and a PEDOT film-coated
electrode showing the oxidative (charge) and reducing (discharge) processes. a Neutral EDOT
(monomer unit within the PEDOT film) species is electrochemically oxidized, forming [EDOT]n

+

followed by (b) oxidation of the DMcT monomer (or oligomer), regenerating neutral EDOT
species followed by (c) proton-coupled polymerization of DMcT monomers (or oligomers) into
oligomers/polymers. Reprinted with permission from Ref. [139]. Copyright (2007) Royal Society
of Chemistry

656 R. Cao et al.



3 Organic Cathode Materials for Sodium Batteries

Even though lithium batteries are characterized by high specific energy, high effi-
ciency and long cycle life which make them dominant in the battery market for
portable electronics, scaling up the lithium battery technology for power systems in
stationary energy storage applications such as smart grid is still facing significant
challenges [153]. The potential large-scale production of lithium-ion batteries for
vehicle applications will eventually drive the cost of lithium higher in the near future
because of the limited lithium resource which in turn makes lithium-ion batteries
unlikely to meet the fast-growing global demands. Taking advantage of the high
content level in the earth crust and the low cost of sodium when compared to lithium,
rechargeable sodium batteries have been recognized recently as an alternative to
rechargeable lithium batteries as energy storage systems for smart grid and renew-
able energy power plants [13, 30, 154]. However, most of inorganic intercalation
oxides for lithium storage cannot be directly used for sodium storage because of their
different cation radius sizes, which hampers the development of sodium-ion bat-
teries. In contrast, organic cathode materials are not sensitive to the insertion ion
radius and therefore can be directly transplanted to sodium storage systems.

In early research, tetracyanoethylene (TCNE) had been used as a cathode material
to circumvent the corrosion problems prevalent in many existing electrochemical
couples using the Na/β″-alumina half cells [24]. TCNE exhibited reversible elec-
trochemical characteristics with a potential over 3.0 V versus Na/Na+ and an energy
density of*620 Wh kg−1. Recently, most of attention has been focused on carbonyl
compounds owing to their favorable electrochemical performance for sodium ions.
Despite of carbonyl compounds, other organic electrode materials such as con-
ducting polymers and free radicals have also been characterized for sodium storage.

Unlike lithium-ion batteries using graphite as anode, one of the key barriers for
sodium-ion batteries is the lack of stable anode materials which can insert sodium
ions reversibly at relatively low potentials. Therefore, many efforts have been made
to search for suitable organic anode materials for sodium-ion batteries. Park et al.
reported on the first construction of high performance sodium-ion batteries using a
small organic molecule, disodium terephthalate (Na2C8H4O4), and its derivatives
[27]. Disodium terephthalate can reversibly de-insert two sodium cations.
Moreover, the substituents on a phenyl ring (amino-, bromo-, and nitro- functional
groups) and region-isomerism of dicarboxylates (ortho-, meta- and para- positions)
can affect the thermodynamic and kinetic properties of disodium terephthalate and
its derivatives. Almost at the same time, Zhao et al. [28] reported similar work by
using disodium terephthalate as high performance anode materials for sodium-ion
batteries. Later, the sodium insertion in a series of carboxylate based anode
materials were characterized by Abouimrane et al. [26] and the full sodium batteries
were assembled and tested. It demonstrated that organic conjugated carboxylates
can be used as promising anode materials for sodium-ion batteries.

Besides as anode materials, conjugated carbonyl compounds can also be used as
cathode materials in sodium batteries. Zhang et al. synthesized a series of
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dianhydride-based polyimides (PI), which bear various commercially available dian-
hydrides such as pyromellitic dianhydride (PMDA), 1,4,5,8-naphthalenetetra
carboxylic dianhydride (NTCDA), and perylene 3,4,9,10-tetracarboxylic dianhydride
(PTCDA), and reported their performances as cathode materials in sodium batteries
[31]. Among all the polymers, PTCDA-based PI exhibited a high power density of
*21 kW kg−1, a specific energy of 285 Wh kg−1, and an excellent cycling stability of
87.5 % capacity retention after 5000 cycles. The superior performance for
PTCDA-based PI to PDMA- and NTCDA-based PI analogues can be contributed to its
low solubility in electrolytes and the lowest LUMO energy. In addition, indigo carmine
(IC), a water-soluble organic molecule widely used as a food dye, has been proved to
reversibly store not only lithium but also sodium via a redox reaction, and can be used
as the cathode material in sodium batteries [155]. The IC electrode exhibited a dis-
charge capacity of 106 mAh g−1 with an average potential of 1.8 V versus Na/Na+ for
the first cycle. Also, the IC electrode showed good cycling stability with a capacity drop
of 20 mAh g−1 after 40 cycles. Recently, PTCDA, a well-known organic pigment has
been used as a cathodematerial in sodiumbatteries [156]. In the voltage range of 1–3V,
PTCDA delivered a high capacity of 145 mAh g−1 at 10 mA g−1, an excellent rate
capability (91 mAh g−1 at 1000 mA g−1), and a good cycling stability for 200 cycles.
Another example of carbonyl groups for sodium storage has been proposed by using
functionalized graphite nanoplatelets [157]. The XPS spectra results suggested that the
sodium ions were chemically bound to C=O functional groups by breaking the double
bonds and forming single bonds between carbon and oxygen.

Recently, all-organic sodium-ion batteries have been reported by using organic
compounds as both anode and cathode materials. Deng et al. used p-doped poly-
triphenylamine as cathode and n-type redox-active poly(anthraquinonyl sulphide) as
anode in their study. Such an all-organic sodium-ion battery had a voltage output of
1.8 V, a considerable specific energy of 92Wh kg−1, a high rate capability with 60 %
capacity release at 16C rate (or 3200 mA g−1), and an excellent cycling stability with
85 % capacity retention after 500 cycles at 8C rate [158]. Later, Wang et al. reported
an all-organic sodium-ion battery with tetrasodium salt of 2,5-dihydroxyterephthalic
acid (Na4C8H2O4), which was prepared through a one-pot method, as both anode
and cathode. Na4C8H2O4 delivered compatible and stable capacities of
*180 mAh g−1 with excellent cycling stability as either anode in 0.1–1.8 V or
cathode in 1.6–2.8 V versus Na/Na+ [159]. The use of Na4C8H2O4 as the single
initial active material for both anode and cathode in the simple all-organic
sodium-ion battery provided an average operation voltage of 1.8 V, a practical
energy density of about 65 Wh kg−1, a good rate capability up to 5C rate and a stable
cycling stability for 100 cycles. It is worth to note that this type of all-organic
“rocking-chair” sodium-ion batteries can be realized from renewable, sustainable
and synthetically modifiable organic compounds and polymeric materials.

Conducting polymers have also been proposed to store sodium as positive elec-
trodes in sodium batteries. Most of the research on conducting polymers for sodium
batteries has been done by Yang et al. [160–162]. An aniline-nitroaniline copolymer
was prepared through a chemical oxidative polymerization and the as-prepared
product was investigated as a cathode material for sodium batteries [160].

658 R. Cao et al.



The electrode with the aniline-nitroaniline copolymer provided a reversible capacity
of 180 mAh g−1 at an average potential of *3.2 V versus Na/Na+ and remained
173 mAh g−1 after 50 cycles, indicating a good cycling stability. Polypyrrole doped
with redox-active Fe(CN)6

−4 was found to deliver a specific capacity of 135 mAh g−1

in sodium battery with good rate capability and cycling stability [161]. Another
polypyrrole functionalized with ionizable sodium sulfonate has been developed by
the same group and it was found that the self-doping polymer could reversibly
undergo sodium insertion-extraction reaction with a specific capacity of 85 mAh g−1

[162].

4 Organic Cathode Materials for Redox Flow Batteries

With increasing demand for electricity, renewable energy resources have been
growing their popularity to a significant portion in the electric grid during the past
several years [163]. However, the intermittent nature of renewable energy, such as
solar and wind, requires energy storage systems to seamlessly integrate the variable
output renewable generation into smart grid to fulfill a set of ancillary services
including frequency regulation, cold start, contingency reserves and peak load cur-
tailment [163]. Although existing energy storage is dominated by pumped hydro-
electric, there is the recognition that batteries which can reversibly convert electrical
power to chemical energy can address the energy storage need more easily, flexibly
and economically [164]. Among all the potential battery technologies, redox flow
batteries (RFBs) show the most promising potential to meet the requirements for
stationary electrical energy storage because of their unique features such as moderate
cost, modularity, transportability and flexible operation [163, 165–168]. Unlike
solid-electrode batteries which can only maintain discharge at peak power for a short
period of time and thus have difficulties to fully regulate renewable energy output,
RFBs have a significant advantage in this regard which can independently scale the
power and energy components of the system by maintaining all of the electro-active
species in fluid form [169, 170]. A RFB can reversibly convert electrical energy into
chemical energy through two soluble redox couples contained in external electrolyte
tanks sized in accordance with application requirements. Generally, inorganic redox
couples in aqueous electrolytes are dominant in RFB chemistries, which is limited by
the electrochemical stability of water that is only stable within a small potential
window (typically 1.2–1.6 V) beyond which water electrolysis occurs [171]. To
broaden the voltage output of conventional aqueous RFBs, non-aqueous RFBs in
which redox couples in non-aqueous electrolytes are employed to store energy have
attracted increasing interests which promise to enable higher energy density for
commercially-viable energy technology. Redox-active organic molecules in
non-aqueous RFBs offer a series of merits including a wider electrochemical window,
a larger energy density and a higher energy efficiency. Nevertheless, the research of
organic redox couples for RFBs is still in its early state, which has attracted a great deal
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of research interests recently for the selection of suitable organic redox couples
[170,172–175].

Inspired by organic electrode materials in lithium-ion batteries, Li et al. reported
a novel all-organic RFB employing 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
and N-methyl-phthalimide as cathode and anode active materials, respectively
[172]. NaClO4 dissolved in the anhydrous acetonitrile was used as the supporting
electrolyte. Stable charge/discharge plateaus and relatively high Coulombic effi-
ciency (90 %) were achieved for the first 20 cycles. In another work, Brushett et al.
reported a similar all-organic RFB employing 2,5-di-tert-butyl-1,4-bis
(2-methoxyethoxy)benzene as high potential redox compound and a variety of
molecules derived from quinoxaline as low potential active materials and the
common electrolytes used in conventional lithium-ion batteries as the supporting
electrolyte [171]. It was found that the choice of electrolyte and of substituent
groups could have a significant impact on the electrochemical performance of active
materials. The charge/discharge characteristics were investigated in a
proof-of-principle coin cell flow battery which delivered a moderate voltage of
<2.0 V and showed a stable electrochemical performance over the course of 30
discharge-charge cycles.

Though it is easy to find organic molecules as high potential redox compound for
non-aqueous RFBs, the low potential redox compounds usually have difficulties to
reach low enough redox potentials to take advantage of the full utilization of positive
electrode materials [176]. To achieve higher voltage output and greater energy den-
sity, metal-based anodes have been studied to pair a high potential redox compound in
RFBs [173, 177–183]. Wang et al. [178] developed a non-aqueous, hybrid
metal-organic RFB based on tailored anthraquinone as cathode active material and
lithium metal as anode. The molecule of choice for this work was 1,5-bis(2-(2-
(2-methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione (15D3GAQ) which had
higher solubility in polar solvents than anthraquinone owing to the functional groups.
The cell with the tailored molecules demonstrated an energy density of*82 % and a
specific discharge energy density similar to those of aqueous RFBs. Recently, in
another work done by the same group, an ionic-derivatized ferrocene
(Fc1N112-TFSI) compound has been designed to approach an increased solubility
which was 20 times higher than its precursor in the supporting electrolyte [184].
Because of themodification of themolecular structure offerrocenewhich is evidenced
by NMR and DFT calculation (Fig. 13a), the solvent molecules would have prefer-
ential positionswithin the solvation sphere resulting in a higher solubility. Besides the
higher solubility, the modified ferrocene exhibited more positive redox potential in
comparison with its pristine counterpart (Fig. 13b). The Li|Fc1N112-TFSI flow cell
was evaluated using LiTFSI-based electrolyte containing 5 wt% FEC, which exhib-
ited the capacity retention of 99.95 % per cycle through the 100 cycles (Fig. 13c).
More recently, Zhao et al. demonstrated a promising rechargeable batterywith a redox
flow cathode in which an environmentally friendly, low-cost ferrocene/ferrocenium
molecular redox couple was employed as an active material [183]. The cell showed
about 95 % energy efficiency and about 90 % capacity retention after 250 full
charge/discharge cycles.
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Fig. 13 a Charge density around Fc1N112 cation calculated using B3LYP level theory and the
TZ2P basis set using the ADF 2013 package; b CV scans of 0.04 M pristine ferrocene and 0.1 M
Fc1N112-TFSI in a 1.0 M LiTFSI supporting electrolyte in EC/PC/EMC; c cycling performance
(charge and discharge capacities with respect to cycle number) of the Li|Fc1N112-TFSI flow cell
using 0.1 M Fc1N112-TFSI in 1.0 M LiTFSI with 5 wt% FEC at 3.5 mA cm−2. Reprinted from
Ref. [184] with permission from WILEY-VCH

Fig. 14 a Schematic cell configuration of redox flow cell at discharge mode. AQDSH2 refers to
the reduced form of AQDS. b Cell potential versus current density at five different states of
charge. c Galvanic power density versus current density for the same SOCs. d Electrolytic power
density versus current density. Reprinted from Ref. [170] with permission from Macmillan
Publishers
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Like aforementioned organic cathode materials in solid-electrode lithium bat-
teries, tunable molecular structure is their important feature through which their
electrochemical properties such as redox potential and solubility can be changed.
The active organic materials in flow batteries espouse the same dogma. For
example, quinone based molecules are common active species employed in flow
batteries and their structure can be readily tuned to achieve favorable electro-
chemical properties [170, 174, 178]. With tuned small organic molecules called
9,10-anthraquinone-2,7-disulphonic acid (AQDS), a team of Harvard scientists
demonstrated that AQDS underwent extremely rapid and reversible two-electron
two-proton reduction in sulphuric acid [170]. An aqueous flow battery with the
quinone/hydroquinone couple as anode and the Br2/Br

− redox couple as cathode
yielded a peak power density exceeding 0.6 W cm−2 at 1.3 A com−2 (Fig. 14).

5 Summary and Outlook

Organic redox-active molecules are perceived as promising electrode materials for
energy storage devices owing to their light weight, easy modification, and ability to
undergo multiple redox processes, as well as their low cost, sustainability and
greener nature in comparison with the conventional inorganic electrode materials.
Especially, tunability of organic molecular structure can take advantage of rich
organic chemistry and facilitate the development of more stable organic electrode
materials with greater capacity, improved stability, and non-solubility (for
solid-electrode batteries) or higher solubility (for redox flow batteries). In addition,
with the increasing interests in the emerging field of wearable electronics, such as
roll-up screens, conformable active radio-frequency identification tags, wearable
sensors and implantable medical devices, organic electrode materials with flexible
nature are perfect candidates to fulfill the applications in foldable electronics. More
importantly, organic electrode materials have the potential to be manufactured by
using biomass as precursors through a greener process comparing to inorganic
electrode materials which are usually produced by less environmentally-friendly
ways that generate a great deal of waste water and gases. However, while organic
electrode materials possess the notable advantages and attract extraordinary
research interests, their wide adoption by battery community still faces big chal-
lenges. Many difficulties remain in developing suitable organic electrode materials
with satisfactory performance in comparison with their inorganic counterparts. We
believe that the following research directions are important to the development of
next generation organic electrode materials for different energy storage applications.

1. Organic electrode materials often suffer from their thermally unstable nature of
organic molecules leading to short cycling life. Rational design of the organic
molecular structure is critical to improve its chemical and physical stability.

2. Organic electrode materials have relatively low packing or tap density in
comparison with inorganic electrode materials. As a result, it is difficult to
achieve high volumetric energy density of the batteries when employing light
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organic electrode materials. Therefore, it is necessary to investigate the
self-assembly mechanism of organic electrode materials to increase their
packing densities. Another strategy is to develop the organic/inorganic com-
posite electrode materials to take the advantage of the merits from both organic
and inorganic materials.

3. Organic electrode materials used in solid-electrode-based batteries exhibit
another drawback of appreciable solubility in conventional organic electrolytes
which leads to poor cycling stability. To address this problem, several
approaches can be taken to prevent the solubility of organic electrode materials,
such as structure modification, polymerization, substrate anchoring, as well as
selection of suitable electrolytes.

4. Organic electrode materials used in redox flow batteries still have low solubility
in non-aqueous electrolytes and exhibit low energy density. This problem can be
addressed by structural modifications with ionization or high polarizable groups,
and selection of appropriate electrolytes.

5. Low conductivity of most organic molecules usually requires quite a large
amount of conductive carbons during the electrode processing to guarantee the
electrochemical performance of organic active materials. Another strategy is to
develop the composite structure with highly conductive support materials such
as graphene and carbon nanotubes.

6. It is important to search for “greener” approaches to manufacture organic
electrode materials.

7. Computational calculations are useful to the development of favorable organic
electrode materials with high energy density and cycling stability.

8. Finally, the in-situ microscopic characterizations (such as in-situ transmission
electron microscopy and in-situ nuclear magnetic resonance) can be powerful
tools to reveal the details of the electrochemical processes occurred in the electrode
materials and help guide the further development of organic electrode materials.
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Recent Developments and Trends
in Redox Flow Batteries

Liang Su, Jeffrey A. Kowalski, Kyler J. Carroll and Fikile R. Brushett

1 Introduction

A major challenge of the 21st century is the development of efficient and sus-
tainable means of energy conversion, distribution, and storage on a global scale.
Presently, fossil fuel technologies make up the backbone of our energy economy,
notably transportation and bulk generation for electrification. The International
Energy Agency (IEA) reported that, in 2012, of the total energy consumed
worldwide, around 70.8 % was derived from fossil fuel sources (oil, natural gas,
coal, etc.), with the majority of energy consumption and demand growth coming
from developing nations [1]. In the United States, the 2011 Energy Information
Administration (EIA) annual review reported that around 78 % of the total energy
consumed was derived from fossil fuel sources (i.e., oil, coal, and natural gas) and
the two largest consumption sectors are electricity (38 %) and transportation
(27 %), both of which are dominated by fossil fuel sources [2, 3]. However, in the
future, this energy mix will not be feasible [4]. Rising population and continuing
economic growth in the developing world are projected to double global energy
consumption by 2050 [3]. Non-renewable fossil fuel reserves, which took millennia
to accumulate, are finite and rapidly disappearing. Moreover, the continued and
increasing generation of anthropogenic carbon dioxide (CO2) from fossil fuel
combustion will likely have negative implications for the global climate [5].
Analysis by the Intergovernmental Panel on Climate Change (IPCC) indicated that
to stabilize the atmospheric concentration of CO2 at 350–400 ppm (near its current
level), global CO2 emissions would need to be tapered by 2050 to a level of 20–
50 % of the 2000 emissions [6]. Thus a tremendous need exists for scientific and
technological advances to address these grand challenges, sparking worldwide
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investment in low-carbon/carbon-neutral power generation, carbon capture and
storage, and system-wide energy efficiency [7].

Stationary energy storage systems (ESS) will play a pivotal role in the wide-
spread integration of renewable, non-dispatchable energy sources (e.g., solar pho-
tovoltaic (PV), wind) and in the improvement of energy efficiency of the electric
grid [8, 9]. Indeed, increased energy storage assets can enhance energy security,
reduce carbon emissions, and introduce new revenue streams for a range of
stakeholders [10, 11]. In cases where no transmission or distribution constraints
exist, grid-connected ESS are not required to be co-located with the energy source,
providing the flexibility to optimize storage performance characteristics and mini-
mize costs. Where constraints exist (e.g., developing economies, island nations),
coupling energy storage with local generation resources (e.g., solar PV, fuel cells,
micro-turbines) can enable the development of robust micro-grids. Services pro-
vided by ESS and their remuneration create the incentive for adopting energy
storage. These services can be broadly classified as bulk energy, ancillary, trans-
mission and distribution (T&D), renewables integration, and customer energy
management (Table 1) [12, 13]. However, despite this promise, only * 2.5 % of
total electric production in the US relies on grid energy storage with the principal
barrier to widespread installation being the system cost [14]. Therefore, the
development of cost competitive energy storage technologies with validated reli-
ability and safety is of paramount importance to the continued evolution of the
electric power sector in the US and worldwide.

While a range of ESS options exist to meet the aforementioned services, no
single technology is suitable for all applications. Present storage technologies vary
in their performance characteristics, level of technological maturity, and, most
importantly, cost. The applicability of different technologies based on their asso-
ciated attributes is shown in Fig. 1, an adaptation from a recent Sandia National
Laboratory report [15]. The storage technology comparison shown divides the
applications roughly into three broad segments based on the discharge time and
system power requirements: uninterruptible power supply, T&D grid support-load
shifting, and bulk management. Both cost and bulk-storage-relevant attributes have
resulted in pumped hydroelectric storage (pumped hydro) being responsible for
over 97 % of the worldwide energy storage capacity (ca. 127 GW) [16]. Pumped
hydro however suffers from constraints arising from geographical settings, licens-
ing, environmental regulations, and uncertainty in long-term electric markets [10,
17]. Though they presently constitute a significantly smaller installed capacity (ca.
400 MW), electrochemical energy storage technologies have a number of desirable
characteristics including high power/energy density, high round-trip efficiency,
rapid response time, and terrain-independence. However, the economics of grid
storage are challenging. In a 2013 report, the United States Department of
Energy (DOE) has outlined a near-term system capital cost goal of $250/kWh for
grid storage systems with a long term reduction to $150/kWh [10]. Other DOE
programs have proposed more aggressive cost targets. For example, the Advanced
Research Projects Agency-Energy (ARPA-E) Grid-Scale Rampable Intermittent
Dispatchable Storage (GRIDS) program has set a target of less than $100/kWh for
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new storage technologies [18]. Further, the Joint Center for Energy Storage
Research (JCESR), a DOE-funded Energy Innovation Hub, aims to develop battery
prototypes that, when scaled to manufacturing, are projected to reach battery price
levels to enable widespread market adoption (e.g., $100 per useable kWh) [19].
These stringent targets reflect the low cost of electricity in the United States but
market penetration may be realized in global regions with higher electricity costs
(e.g., Europe, Japan [1]) or through niche applications where higher system costs
can be offset by the value of provided services.

Redox flow batteries (RFBs) have attracted considerable academic and industrial
interest based on their favorable combination of performance, cost, and safety. Over
the past few years, several comprehensive reviews have been published on RFBs

Table 1 Key characteristics of storage systems for selected energy services adapted from Ref.
[13]

Services Size
(MW)

Discharge
duration

Cycles
(typical)

Response
time

Output
(electricity ‘e’,
thermal ‘t’)

Bulk energy services
Seasonal storage 500–2000 d–mo 1–5/y d e, t
Arbitrage 100–2000 8–24 h 0.25–1/d >1 h e

Ancillary services

Frequency regulation 1–2000 1–15 min 20–40/d 1 min e
Load following 1–2000 15 min–1 d 1–29/d <15 min e, t
Voltage support 1–40 1–60 s 10–100/d 0.001–1 s e
Black start 0.1–400 1–4 h <1/y <1 h e

Spinning reserve 10–2000 15 min–2 h 0.5–2/d <15 min e
Non-spinning reserve 10–2000 15 min–2 h 0.5–2/d >15 min e
Transmission and distribution infrastructure services

Transmission and
distribution congestion
relief

10–500 2–4 h 0.14–1.25/d >1 h e, t

Transmission and
distribution investment
deferral

1–500 2–5 h 0.75–1.25/d >1 h e, t

Renewable and other integration services

Variable Supply
Resource Integration

1–400 1 min–h 0.5–2/d <15 min e, t

Waste Heat Utilization 1–10 1–24 h 1–20/d <10 min t
Combined Heat and
Power

1–5 min–h 1–10/d <15 min t

Customer energy management services

Demand shifting and
peak reduction

0.001–1 min–h 1–29/d <15 min e, t

Off-grid 0.001– 3–5 h 0.75–1.5/d <1 h e, t
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with detailed assessments of individual components (i.e., membranes [20–22] and
electrodes/bipolar plates [23–25]) and of utility for stationary ESS applications [26–
31]. For the sake of completeness, we will briefly review several topics covered in
previous literature and, where appropriate, we will highlight in-depth reports for the
interested reader. However, our goal is to discuss emerging, potentially transfor-
mative, strategies for enhancing RFB technologies through molecular design,
electrolyte development, and cell-level engineering. In particular, we will survey
the non-aqueous RFB literature which, to date, has been underrepresented in critical
reviews. To this end, following a short overview of RFB basics and key perfor-
mance metrics (Sect. 2), we highlight recent advances in redox active materials for
aqueous and non-aqueous RFBs (Sect. 3) and new cell configurations to enhance
common chemistries and enable the emerging redox couples and flowable formu-
lations (Sect. 4). Finally, we conclude with future research directions and key
challenges for RFB technologies (Sect. 5).

Fig. 1 Comparison of select storage technologies and associated addressable services broadly
divided into three categories: uninterruptible power supply (UPS)-power quality, transmission and
distribution (T&D) grid support-load shifting, and bulk power management. When roughly
compared to Table 1, UPS-power quality is comparable to customer energy management services,
T&D grid support-load shifting to ancillary services, T&D infrastructure services, renewable and
other integration services, while bulk power management can be related to bulk energy services.
Figure adapted from Ref. [15]. Reproduced with permission. Copyright 2010 Electric Power
Research Institute
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2 Overview of Redox Flow Batteries

A redox flow battery (RFB) is a rechargeable electrochemical device that utilizes
the reversible redox reactions of two soluble electroactive species for energy
storage. Figure 2 shows a simplified schematic of a flow battery. The system
includes electrochemical reactors, storage vessels, circulation pumps, a heat
exchanger, and power conditioning equipment. The positive and negative electro-
lytes (also referred to as the catholyte and anolyte) are fed to one or more elec-
trochemical reactors, where the active species are oxidized or reduced to alternately
charge or discharge the battery. Within an electrochemical cell, each electrolyte
reacts on the corresponding positive or negative electrodes (also referred to as the
cathode or anode), which are separated by either an ion-selective membrane or a
nanoporous separator. These generic reactions are shown below (assuming a
1-electron transfer process):

Positive electrode: Xnþ þ e� � X n�1ð Þþ E0
1

Negative electrode: Ymþ þ e� � Y m�1ð Þþ E0
2

Total reaction: Xnþ þ Y m�1ð Þ� � X n�1ð Þþ þ Ymþ Ecell ¼ E0
1 � E0

2

As compared to enclosed batteries, RFB architecture has several compelling
features including:

• Independent power (W) and energy (Wh) due to separate tank and electroreactor
configurations, which enables modular flexibility.

• Long life cycle with deep charge capabilities as storage is based on facile
solution-phase redox reactions where the electrodes serve as a source or sink of
electrons. Indeed, Skyllas-Kazacos et al. reported that durability generally
exceeds 5000 deep cycles for flow batteries [31].

• Superior safety as reactants are contained in physically separated tanks with a
relatively small volume in close proximity within the reactor stack.

Fig. 2 a Schematic of a redox-flow cell (discharge mode). b Exploded view of components in a
redox flow cell and an assembled redox flow battery with 4 stacked cells
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• Simplified manufacturing and lower cell-to-cell variability due to simple elec-
trode and stack construction. Further, replacement costs are likely to be lower.

• High active-to-inactive materials ratios are possible, especially for long duration
storage where the battery cost asymptotically approaches the cost of redox
solutions.

However, these advantages must be balanced against low energy density and
increased system complexity. The energy densities of common aqueous flow sys-
tems, such as all-vanadium redox (VRB), are lower than those of enclosed batteries
such as lead-acid and lithium-ion. Fortunately, this deficiency can be tolerated in
many stationary applications. Flow battery systems require pumps to circulate the
electrolytes, resulting in parasitic losses and complicating independent operation on
the grid. Shunt currents between electrochemical cells within the stack also lead to
efficiency losses. In this chapter, we will not contemplate these system-level con-
siderations but direct the interested reader to reference [32] for the estimation of
system efficiency in the presence of shunt current and pumping loss.

At present, RFBs are broadly considered too expensive for widespread
deployment. While materials cost reductions can be expected through manufac-
turing scale and learning by doing, and additional contributions to price will
decrease through competition and volume, new redox couples, electrolytes, and
reactor configurations are likely needed to meet the DOE cost targets. As battery
cost ($/kWh) are proportional to materials costs ($/kg) and inversely proportional to
materials requirements (kWh/kg), two approaches can be taken to lower the system
cost: cheaper storage materials and higher energy density (less material required).
As we hope to highlight in this chapter, both of these avenues are being pursued by
the research community.

3 Redox Active Compounds for Flow Cells

A wide range of electroactive materials have been investigated for use in RFBs.
These materials can be broadly classified as inorganic compounds, which are far
more prevalent at this point, and organic compounds, which are emergent.
Moreover, their performance and durability have been evaluated in aqueous and
non-aqueous electrolytes. In this section we highlight both select common and
newly-identified redox couples and the resulting cell chemistries. While this
treatment is representative rather than exhaustive, the ideal redox couple should be
cost-effective and have the following properties: excellent reversibility and stability
(both chemical and electrochemical), fast kinetics and mass transfer, and high
solubility in relevant electrolytes. Note that only solution-phase redox reactions are
discussed in this section. Dissolution/deposition reactions are introduced in Sect. 4.
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3.1 Redox Active Compounds in Aqueous Flow Cells

3.1.1 Inorganic Redox Active Compounds

The application of inorganic electroactive compounds in aqueous RFBs have been
the subject of the vast majority of the literature to date. Table 2 summarizes the
standard electrode potentials of common redox couples while Table 3 highlights
prominent cell chemistries based on combinations of these redox couples. Of these
chemistries, iron–chromium (ICB) [33], polysulfide–bromide (PSB) [14], and
all-vanadium (VRB) [31] systems have yielded industry-level demonstrations
(order of 100 kW–10 MW). Below, these RFB chemistries are introduced in some
detail with key advantages, disadvantages, and challenges highlighted.

Iron–Chromium Redox Flow Batteries

As the first modern RFB, the Fe–Cr system was proposed by NASA in 1973 and
triggered considerable research activity on electrodes, membranes, and catalysts for
optimizing performance and durability throughout the 1980s [43]. Furthermore, a
1 kW/13 kWh ICB system with 8 × 39-cell stacks was prototyped as the energy

Table 2 Electrochemical
series for redox flow batteries
[34]

Electrode reaction E0 (V)

Li+ + e− ⇌ Li −3.040

2H2O + 2e− ⇌ H2 + 2OH− −0.828

Zn2+ + 2e− ⇌ Zn −0.762

Cr3+ + e− ⇌ Cr2+ −0.407

S4
2− + 2e− ⇌ 2S2

2− −0.265

V3+ + e− ⇌ V2+ −0.255

Pb2+ + 2e− ⇌ Pb −0.126

TiOH3+ + H+ + 2e− ⇌ Ti3+ + H2O −0.055

2H+ + 2e− ⇌ H2 0.000

O2 + 2H2O + 4e− ⇌ 4OH− 0.401

I3
− + 2e− ⇌ 3I− 0.536

Fe3+ + e− ⇌ Fe2+ 0.771

VO2
+ + 2H+ + e− ⇌ VO2+ + H2O 0.991

Br2 + 2e− ⇌ 2Br− 1.807

O2 + 4H+ + 4e− ⇌ 2H2O 1.229

PbO2 + 4H+ + 2e− ⇌ Pb2+ + 2H2O 1.455

Mn3+ + e− ⇌ Mn2+ 1.542

Ce4+ + e− ⇌ Ce3+ 1.720

Here, E0 represents the standard electrode potential
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storage device for a photovoltaic array in the early 1980s [44]. The electrode
reactions are1:

Positive electrode: Fe3þ þ e� � Fe2þ E0 ¼ 0:771V
Negative electrode: Cr3þ þ e� � Cr2þ E0 ¼ �0:407V
Total reaction: Fe3þ þ Cr2þ � Fe2þ þ Cr3þ E ¼ 1:178V

Hydrochloric acid and an cation or anion-selective membrane are commonly
employed in the system. While the ferrous/ferric (Fe2+/Fe3+) redox couple demon-
strates facile kinetics on carbonaceous surfaces, the kinetics of the chromous/chromic
(Cr2+/Cr3+) couple are fairly sluggish, requiring a relatively high overpotential to
drive the reaction. Thus, the hydrogen evolution reaction (HER) inevitably becomes a
concern at these low potentials, resulting in the parasitic losses on the negative
electrode. A gold-lead bimetallic electrocatalyst has been shown to effectively miti-
gate the problem as lead suppresses HER while gold catalyzes the redox reaction of
Cr2+/Cr3+ [44]. However, the incorporation of gold is undesirable as it dramatically

Table 3 Summary of major aqueous redox flow battery chemistries

Chemistry Cell
voltage
(V)

Electrolyte (positive/negative) Current
density
(mA/cm2)

Efficiency Reference

Fe/Ti 0.826 1 M FeCl3 + 0.5 M HCl ≤25 CE ≈ 100 % [35]

1 M TiCl3 + 6 M HCl EE = 40 %

Fe/V 1.026 1.25 M
FeCl2 + 1.25 M VCl3 + 2.3 M
HCl

50 CE = 97 % [36]

1.25 M
FeCl2 + 1.25 M VCl3 + 2.3 M
HCl

EE = 78 %

Fe/Cr 1.178 1.25 M FeCl2 + 2.3 M
HCl + 1.25 M CrCl3

40 CE = 97 % [37]

1.25 M FeCl2 + 2.3 M
HCl + 1.25 M CrCl3

EE = 73 %

VRB 1.246 1.5 M VOSO4 + 2 M H2SO4 40 CE = 90 % [38]

1.5 M VOSO4 + 2 M H2SO4 EE = 73 %

Bromide/polysulfide 1.352 4.0 M NaBr 40 EE = 64 % [39]

1.3 M Na2S4

Polyhalide/V *1.43 1 M NaBr + 1 M HCl 20 CE = 83 % [40]

1 M VCl3 + 1.5 M HCl EE = 66 %

Mn/V 1.797 0.3 M Mn(II) + 5 M H2SO4 20 CE = 69 % [41]

0.3 M V(III) + 5 M H2SO4 EE = 63 %

Ce/V 1.975 0.5 M Ce(III) + 1 M H2SO4 22 CE = 87 % [42]

0.5 M V(III) + 1 M H2SO4

Here, CE and EE represent coulombic efficiency and energy efficiency, respectively

1All electrode potential values are referenced to the standard hydrogen electrode unless otherwise
stated.
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increases the capital cost. Moreover, for these systems, rebalancing the system due to
side reactions and active species crossover (through the membrane) is necessary for
long-term use, which adds to the overall operating expenses.

Polysulfide-Bromide Redox Flow Batteries

The PSB is an attractive chemistry due to the low cost, high abundance, and high
solubility of both polysulfide and bromine in aqueous electrolytes. Considered
applicable in MW/MWh class installations, this chemistry has been extensively
studied since the earlier 1990s with several large-scale demonstration undertaken by
various companies (e.g., Regenesys Technology) [14]. The electrode reactions are:

Positive electrode: Br�3 þ 2e� � 3Br� E0 ¼ þ1:087V
Negative electrode: S2�4 þ 2e� � 2S2�2 E0 ¼ �0:265V
Total reaction: Br�3 þ 2S2�2 � 3Br� þ S2�4 E ¼ 1:352V

A cation exchange membrane is typically used with a sodium ion shuttling
between the positive and negative electrolytes containing NaBr and Na2S4,
respectively. Nickel [45] and cobalt [39] have been found to catalyze the negative
electrode reaction. Further, the use of activated carbon/polyolefin composite elec-
trodes has been shown to increase charging voltages, from 1.7 to 2.1 V, due to
bromine adsorption [31]. However, as with ICBs, species crossover over the
operating life dramatically decreases the efficiency and capacity of the cell.
Moreover, side reactions may lead to the formation of toxic gases (i.e., Br2, H2S)
and insoluble insulating precipitants. Therefore, the system requires stringent
maintenance to separate the electrolyte and to recover the reactants, which sub-
stantially increases the operating cost. Despite the favorable kinetics, the mass
transfer overpotential on the positive electrode limits the discharge performance of
the battery [46]. Scamman and coworkers developed a numerical model for PSBs,
and showed that there would still be a net loss for arbitrage applications even if
operated under optimum conditions. However, if the total capital cost were reduced
by 20–30 % or the buy and sell price difference for electrical energy were increased,
the system could become economically feasible [47].

All Vanadium Redox Flow Batteries

As arguably the most well-known RFB chemistry, VRBs take advantage of the four
oxidation states of vanadium within the stability window of water. This enables
operation with the same element as an electroactive species as both negative and
positive electrolytes and limits concerns about solution crossover and the associated
permanent deleterious effects (e.g., capacity fade, irreversible side reactions). Since
the initial electrochemical studies of the V(IV)/V(V) and the V(II)/V(III) redox
couples in 1985 [48, 49] and the first demonstration of an all-vanadium redox flow
cell in 1986 [50] by Skyllas-Kazacos and co-workers, VRBs have been the focus of
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intensive research, development, demonstration, and deployment activities for more
than two decades. These efforts have culminated in several pilot plant scale or
utility scale installations worldwide [31]. The electrode reactions of a VRB are:

Positive electrode: VOþ
2 þ 2Hþ þ e� � VO2þ þ H2O E0 ¼ þ0:991V

Negative electrode: V3þ þ e� � V2þ E0 ¼ �0:255V
Total reaction: VOþ

2 þ V2þ þ 2Hþ � VO2þ þ V3þ þ H2O E ¼ 1:246V

This system typically uses sulfuric acid as the electrolyte with a proton exchange
membrane. While a porous separator could be used, for high efficiency operation,
ion-selective membranes are generally preferred as vanadium crossover leads to
losses in coulombic efficiency. At present, Nafion is the membrane of choice as V(V)
is a powerful oxidizing agent, which can attack cheaper hydrocarbon-based ion
selective membranes [21]. The redox reactions of different vanadium species have
displayed reversibility and high activity on carbon based electrodes. Moreover, Li
et al. discovered the catalytic effects of bismuth nanoparticles on V(II)/V(III) [51] and
of niobium oxide nanorods on both V(II)/V(III) and V(IV)/V(V) [52], which have
been shown to further enhance the energy efficiency of the VRB by more than 10 %.

One challenge of VRBs is the low energy density (<25 Wh/L), which is, at least
partially, restricted by the low solubility of VOSO4 (<1.7 M), which is sensitive to
both acid concentration (3–4 M H2SO4) and solution temperature (10–40 °C) [53].
Recently, Li et al. developed sulfate-chloride mixed acid electrolyte that solubilizes
V(V) in the form of VO2Cl(H2O)2 up to 2.5 M, which corresponds to a 70 %
improvement of the battery capacity compared to the conventional sulfate based
electrolyte [54]. A 1 kW/1 kWh prototype VRB system using the mixed acid
electrolyte has been demonstrated [55] and the underlying patents are being
licensed by several companies. A second challenge for VRB technologies is the
high cost of vanadium, reportedly 43 % of total cost for 1 MW/4 MWh mixed acid
system [32]. This may set a floor for the potential system costs despite reductions
enabled by mass production and engineering improvements. Alternative approaches
are exploring the use of bromine polyhalide positive electrolytes, which leverages
the higher solubility of vanadium in the presence of halides and the lower cost of
bromine-based electrolytes [30, 31]. However, the aforementioned challenges with
ICB and PSB systems; namely species crossover and bromine toxicity, are
re-introduced.

3.1.2 Organic Redox Active Molecules

Recently, electroactive organics have been explored as active materials in aqueous
RFBs and may open new avenues to meet the stringent grid storage cost targets.
Indeed, organic molecules may offer several advantages over inorganic molecules.
First, they are often comprised of earth-abundant elements (carbon, hydrogen,
oxygen, nitrogen, sulfur, etc.), and thus, their cost and availability is less
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constrained by the production and reserves of key elements (e.g., vanadium).
Moreover, while transition metals must be mined and purified from ore, organic
materials may be synthesized in sustainable fashion using green chemistry routes
[56]. Second, while inorganic redox couples are restricted by the known periodic
table, a broader array of organic redox-active molecules are available, allowing for
the realization of new redox couples. Third, key electrochemical and physical
properties (e.g., redox potential, solubility) can be tailored via modification of the
redox moiety or the surrounding molecular structure. Further, a number of organics
are known to undergo two electron transfer (e.g., quinones), which may lead to
higher intrinsic capacities and thus, higher cell energy densities. These design
degrees of freedom allow for a wide array of potential storage materials to be
contemplated and for high throughput computational tools to be leveraged to
drive the discovery and development process. However, as with any emerging
materials, a number of unanswered questions exist including organic stability in
acidic electrolytes and the organic solubility in aqueous media. Below, we highlight
recent developments in organic aqueous RFBs.

Huskinson et al. studied the electrochemistry of 9,10-anthraquinone-2,7-disul
phonic acid (AQDS) and demonstrated its applicability as the low potential com-
pound in a AQDS-bromide aqueous redox flow cell [57]. AQDS undergoes a
reversible, 2-electron transfer process on the glassy carbon electrode. Excitingly,
the reported reaction kinetics were one to three orders of magnitude faster than
many common redox couples Fe2+/Fe3+, Cr2+/Cr3+, VO2+/VO2

+, V2+/V3+, Br2/Br
−,

and S4
2−/S2

2− on similar carbon surfaces. The electrode reactions are:2

Positive electrode: Br2 þ 2e� � 2Br� E0 ¼ þ1:087V
Negative electrode: AQDS þ 2Hþ þ 2e� � AQDSH2 E0 ¼ þ0:213V
Total reaction: Br2 þ AQDSH2 � 2Br� þ AQDS þ 2Hþ E ¼ 0:874V

Promising cycling performance and capacity retention was obtained using a
benchtop cell (Fig. 3). Specifically, the cell was operated at a large current density
(0.5 A/cm2) with a high current efficiency (*99 %) and low capacity degradation
(0.78 %/cycle). Since energy density is directly proportional to the number of
electrons transferred by the redox active compound, the 2-electron transfer redox
event of AQDS is highly favorable in the application of redox flow batteries.
Moreover, via DFT-informed molecular design, the researchers were able to
identify a more promising second generation AQDS derivative with one hydroxyl
group on each benzene ring (1,8-dihydroxy-9,10-anthraquinone-2,7-disulphonic
acid). Compared to AQDS, the derivative displayed a lower redox potential (con-
sequently, a higher cell voltage) and higher kinetic rate constant, which not only
produces a more favorable low potential compound, but also validates the appli-
cability of computationally directed research for RFBs. Based on this work, the
authors further explored the long-term cycling performance of the AQDS/Br2 cell

2Determined by CV of 1 mM AQDS + 1 M H2SO4 on a glassy carbon electrode versus SHE.
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containing 0.1 L AQDS (1 M) and H2SO4 (1 M) on the negative side and 0.12 L
Br2 (0.5 M) and HBr (3 M) on the positive side with a Nafion 115 membrane
separating the electrolytes [58]. The cell showed good stability at 100 %
state-of-charge and 0.75 A/cm2 over 750 cycles with an average discharge capacity
retention and current efficiency as high as 99.84 and 98.35 %, respectively.

Beyond anthraquinone, the fundamental electrochemistry of other quinonoid
compounds such as benzoquinone and naphthoquinone in aqueous systems have
been thoroughly studied [59, 60], paving the way for their new applications in RFBs.
Huskinson et al. reported the cyclic voltammetry results of 1,4-benzoquinone in
neutral solution with high reversibility on both glassy carbon and platinum disc
electrodes [61]. Moreover, they also studied the cycling performance of 0.1 M
benzoquinone as the positive electrolyte couple with hydrogen reduction reaction
with a theoretical cell voltage of*0.70 V in acidic electrolyte using I-V polarization
curve. The authors pointed out that the cell performance was primarily restricted by
mass transport of benzoquinone due to its limited solubility whereas higher flow rate
improved the peak power density and limiting current density. Xu et al. investigated
the electrochemical behavior of 4,5-dihydroxybenzene-1,3-disulfonic acid disodium
salt (Tiron) as a high potential compound in the application of aqueous redox flow
batteries. Constant current electrolysis (vs. a lead counter electrode) was performed
on Tiron (0.05 M) in a H2SO4 solution (3 M) [62]. The proposed reaction mechanism
involves a reversible 2-electron transfer process followed by the addition of a
hydroxyl group and a subsequent reversible 2-electron transfer process, which is also
known as an ECE (electrochemical–chemical–electrochemical) process (Fig. 4). The
reversible 2-electron transfer redox reaction between compound 3 and compound 4
at 0.96 V makes this redox couple an ideal high potential compound for aqueous
redox flow batteries. Tiron, herein, serves as a starting material due to its commercial
availability and low price.

Fig. 3 a Cell schematic. Discharge mode is shown; the arrows are reversed for electrolytic/charge
mode. AQDSH2 refers to the reduced form of AQDS. b Constant-current cycling (0.5 A/cm2) at
40 °C using a 3 M HBr + 0.5 M Br2 solution on the positive side and a 1 M AQDS + 1 M H2SO4

solution on the negative side. Discharge capacity retention is indicated for each cycle [57].
Reproduced with permission. Copyright 2014 Nature
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Combining Tiron and AQDS as the high potential and low potential redox active
compounds, respectively, Yang et al. reported an all organic, aqueous redox flow
cell with an open circuit voltage (OCV) of *0.75 V [100 % state of charge
(SOC)] [63]. A demonstration cell was operated using 0.2 M Tiron (positive side),
0.2 M AQDS (negative side), and 1 M H2SO4 (electrolyte) at a current density of
8 mA/cm2 and a flow rate of 1000 mL/min, and displayed high current efficiency
and acceptable capacity retention. In this paper, the authors also pointed out that the
strong interaction between the ionized quinonoid species (R-SO3

−) and water
results in the low diffusion coefficient of the quinone based redox active molecules.
Corroborating this statement, computational analysis of the I-V relationship
revealed that lowering mass transfer resistance is critical to achieving a high
operating current density in this type of redox flow cell.

3.2 Redox Active Compounds in Non-aqueous Flow Cells

As compared to their aqueous counterparts, non-aqueous RFBs are in their infancy.
Transitioning from aqueous to non-aqueous electrolytes offers a wider window of
electrochemical stability that enables cell operation at higher voltages. Indeed,
depending on the salt, solvent, and electrode material, the stability window for
non-aqueous electrolytes can span greater than 4 V [64]. Higher cell voltage leads
to higher energy density, and typically to higher efficiency as well. These benefits
promise to reduce cost of energy and to lessen system footprints that may enable
specific applications such as energy storage in an urban environment. In addition, a
broader selection of redox materials may be available due to either the wider
potential window or the variety of available non-aqueous solvents. However, this
promise must be balanced with the challenges associated with non-aqueous

Fig. 4 a The mechanism of the redox reaction of 4,5-dihydroxybenzene-1,3-disulfonic acid.
b Electrolytic characterization of tiron in 3 M H2SO4 at 298 K with a lead counter electrode [62].
Reproduced with permission. Copyright 2010 Electrochimica Acta
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electrolyte, including increased cost, reduced ionic conductivity, and other unfa-
vorable physical properties (e.g., flammability). Understanding and balancing these
competing factors will be key to determining the true value of non-aqueous RFBs.
Below, we highlight recent research activities in the investigation of redox active
compounds for non-aqueous flow cells.

3.2.1 Metal-Centered Coordination Complexes

As a natural extension of the studies conducted on transition metals for aqueous
RFBs, metal-centered coordination complexes have been investigated for use in
non-aqueous systems. The structure of a metal-centered coordination complex can
be expressed as [MLn]

z+ where M is a transition metal center (i.e., ruthenium, iron,
vanadium, chromium, manganese, nickel, etc.). L is a ligand [i.e., acetylacetonate
(acac−), 2,2′-bipyridine (bpy), phenanthroline (phen), etc.], n is the number of
ligands (typically n = 3 for bidentate ligands), and z is the total charge that com-
bines the valence of the metal center and the charge of the ligand. Because an entire
compound must be neutral, a counter ion is necessary if z is not zero. Using [Ru
(bpy)3], [Ru(acac)3], and [Ru(phen)3] as examples, Fig. 5a–c depict the bonding
environment of the ruthenium metal center as well as 2-D structures of 2,2′-
bipyridine, acetylacetonate, and phenanthroline, respectively. While the metal
center provides the electrochemical activity of [MLn], the coordinating ligands
plays a pivotal role in determining a number of key parameters of the complex, such
as the solubility, diffusivity, reversibility, and redox potential of each electron
transfer event. Moreover, non-innocent (redox active) ligands may store additional
charge thus increasing the intrinsic capacity of the complex [65]. A multi-step redox
process with a sufficient potential difference enables the use of the same redox
active compound as both the high potential and the low potential compound, which
alleviates the concern of cross contamination. To date, most systems employ ACN
and a non-coordinating salt [e.g., tetraethylammonium tetrafluoroborate (TEABF4)]
as the solvent and the supporting salt, respectively, with an anion exchange

Fig. 5 The molecular structures of (A) [Ru(bpy)3], (B) [Ru(acac)3], and (C) [Ru(phen)3]
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membrane (AEM) to separate the positive and negative electrolytes. Table 4
summarizes several reported metal-centered coordination complexes and the cell
voltage of the proposed non-aqueous redox chemistry.

Ruthenium-Centered Coordination Complex

In 1988, Matsuda et al. demonstrated the first non-aqueous redox flow cell using
[Ru(bpy)3]

2+/[Ru(bpy)3]
3+ and [Ru(bpy)3]

+/[Ru(bpy)3]
2+ as the high potential and

low potential couples, respectively, with an OCV of 2.6 V [71]. A static H-cell
polarization experiment identified the efficiency/performance limiting reaction as
[Ru(bpy)3]

+/[Ru(bpy)3]
2+, which might be due to a side reaction and/or the low

stability of [Ru(bpy)3]
+. A flow cell cycling experiment demonstrated the

charge-discharge capability of the cell with a 1.2 V discharge voltage, a 40 %
coulombic efficiency and a 47 % utilization efficiency at 5 mA/cm2. Although the
performance metrics of this cell were far from practical, this seminal work initiated
the application of metal-centered coordination complexes to non-aqueous redox
flow cells and triggered ensuing research interest in this area. More recently,
Chakrabarti et al. investigated ruthenium acetylacetonate (Ru(acac)3) that displayed
two 1-electron transfer processes with *1.77 V separation according to the cyclic
voltammetry [67]. The charge/discharge performance of Ru(acac)3 was studied in
the H-cell configuration containing 40 mL Ru(acac)3 (0.1 M), TEABF4 (1 M), and
ACN in each compartment. At the charge and discharge rate of 1 and 0.5 mA,
respectively, the first cycle gave an energy efficiency of 74 % and the second cycle
gave an energy efficiency of 57 %. Based on this work, a redox flow cell using Ru
(acac)3 as the active materials with two 2.5-L storage tanks and 5 cm × 5 cm active
area was demonstrated [72]. For 0.02 M Ru(acac)3, the optimum power output was

Table 4 Non-aqueous redox flow batteries based on metal-centered coordination complex

Reactions Electrolyte Cell voltage (V) Reference

[Mn(IV)(acac)3]
+ + e− ⇌ Mn(III)(acac)3

Mn(III)(acac)3 + e− ⇌ [Mn(II)(acac)3]
−

0.5 M TEABF4
Acetonitrile

1.1 [66]

[Ru(IV)(acac)3]
+ + e− ⇌ Ru(III)(acac)3

Ru(III)(acac)3 + e− ⇌ [Ru(II)(acac)3]
−

0.05 M TEABF4
Acetonitrile

1.77 [67]

[Co(III)(acacen)]+ + e− ⇌ Co(II)(acacen)
Co(II)(acacen) + e− ⇌ [Co(I)(acacen)]−

0.1 M TEABF4
Acetonitrile

2.0 [68]

[V(IV)(acac)3]
+ + e− ⇌ V(III)(acac)3

V(III)(acac)3 + e− ⇌ [V(II)(acac)3]
−

0.1 M TEABF4
Acetonitrile

2.2 [69]

[Fe(III)(bpy)3]
3+ + e− ⇌ [Fe(II)(bpy)3]

2+

[Ni(II)(bpy)3]
2+ + 2e− ⇌ Ni(0)(bpy)3

0.05 M TEABF4
Propylene
carbonate

2.3 [70]

[Ru(III)(bpy)3]
3+ + e− ⇌ [Ru(II)(bpy)3]

2+

[Ru(II)(bpy)3]
2+ + e− ⇌ [Ru(I)(bpy)3]

+
0.1 M TEABF4
Acetonitrile

2.6 [71]
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determined to be 35 mW at the discharge current density of 2.1 mA/cm2 and the
voltage efficiency is 52.1 % (at 100 % SOC). Increasing the concentration of Ru
(acac)3 to 0.1 M increased the current density and power output by a factor of 5 (at
the same velocity) due to the improved mass transfer of the active species.

Vanadium-Centered Coordination Complexes

Thompson et al. investigated a series of metal acetylacetonates [M(acac)3] (where
M = V [73], Cr [74], and Mn [66]) for their potential application in non-aqueous
redox flow batteries. Amongst these beta-diketonate candidates, [V(acac)3] has
been systematically studied to optimize the cell performance with respect to the
electrode surface, the impurity concentration, and the electrolyte. Specifically, the
influence of the electrode surface (glassy carbon, platinum, and gold) on the
electrochemistry of [V(III)(acac)3]

0/[V(IV)(acac)3]
+ (positive electrolyte) and [V(II)

(acac)3]
−/[V(III)(acac)3]

0 (negative electrolyte) was examined [75]. The positive
electrode reaction exhibits fast and reversible kinetics on all electrode surfaces. In
contrast, the negative electrode reaction is surface-selective and the kinetic constant
of [V(II)(acac)3]

−/[V(III)(acac)3]
0 on a gold electrode is about 6.5 times higher than

that on a glassy carbon electrode. As the main source of impurities, oxygen and
water deteriorate the performance of [V(acac)3] based, non-aqueous redox flow
cells [69]. Oxygen may degrade the electrolyte and block the reduction reaction on
the negative electrode while water can not only impede the kinetics on the negative
electrode but also hinder the positive electrode reaction by forming vanadyl ace-
tylacetonate [VO(acac)2]. In addition, a range of solvents (ACN, dimethylform-
amide, hexane, tetrahydrofuran, dimethylcarbonate) and salts [tetraethylammonium
tetrafluoroborate, tetrabutylammonium tetrafluoroborate, tetrabutylammonium
hexafluorophosphate,(1-butyl, 3-methyl)imidazolium bis(trifluoromethanesulfonyl)
imide] were screened aiming at improving the conductivity of the electrolyte and
the solubility of [V(acac)3] [76]. According to their results, ACN and TEABF4 is
still the optimal combination for [V(acac)3]. However, even under carefully con-
trolled conditions, the charge/discharge performance of [V(acac)3] (in a stirred
H-cell) was still not desirable with coulombic and energy efficiencies of 70 and
35 %, respectively at 50 % SOC and a discharge current of 0.014 mA/cm2.

Recently, vanadium-centered coordination complexes using the non-innocent
redox active ligand—maleonitriledithiolate [(mnt)2−] were investigated for their
potential application in non-aqueous RFBs [65]. It has also been demonstrated that
the reduction of [V(mnt)3]

2− adds one electron to the vanadium (IV) center and the
oxidation of [V(mnt)3]

2− removes one electron from the (mnt)2− ligand. Therefore,
non-innocent ligands may store additional electrochemical energy beyond what can
be accessed from the metal center. In addition, improved complex stability can be
expected when electron transfer takes place on the ligand rather than involving
metal-ligand bonding. The redox potential of V(III)/V(IV) is tunable by the
selection of cation in the supporting electrolyte, which might be attributed to the
decreased relative electrostatic stabilization of [V(mnt)3]

2− and the increased steric
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shielding of the cationic charge. The cycling performance using 0.02 M TEA2[V
(mnt)3] in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)/ACN as
both the positive and the negative electrolyte with a battery separator (Tonen)
demonstrated the rechargeability of the non-aqueous redox flow cell with *90 %
coulombic efficiency and good capacity retention, although the energy efficiency is
<45 %.

Fe, Co, Ni Based Coordination Complexes

Recently, promising results were reported by Mun et al. using [Fe(bpy)3] and [Ni
(bpy)3] as the high potential and low potential compounds, respectively [70]. The
1-electron transfer [Fe(II)(bpy)3]

2+/[Fe(III)(bpy)3]
3+ takes place at +0.65 V versus

Ag/Ag+ and the 2-electron transfer [Ni(bpy)3]
0/[Ni(II)(bpy)3]

2+ takes place at
−1.66 V versus Ag/Ag+, which results in the nominal cell voltage of 2.31 V. The
redox stability of both reactions in TEABF4 (0.05 M)/PC was verified by a 100
cycle CV on a glassy carbon electrode. The advantageous electrochemical prop-
erties of the redox active compounds were further validated by the constant current
(0.8 mA/cm2) cycling in a flow cell containing 0.4 M [Fe(bpy)3](BF4)2 and 0.2 M
[Ni(bpy)3](BF4)2 in TEABF4 (0.5 M)/PC, and an AEM. The OCV of the cell was
2.2 V and the coulombic and energy efficiencies of the cell were maintained at
90.4 % and 81.8 %, respectively, throughout the cycling. The utilization efficiency
(based on the first charging phase) was 92.8 % of the theoretical capacity. However,
the capacity of the cell decayed over time, which might be due to the crossover of
redox active species. An improved capacity retention was observed by replacing [Ni
(bpy)3] with [V(acac)3] in a non-flowing cell [77]. Besides the non-aqueous
chemistries discussed above, several other combinations such as [Ni(phen)3]-[Fe
(phen)3], [Co(bpy)3]-[Fe(bpy)3], [Co(phen)3]-[Fe(phendione)3]

3 have been evalu-
ated as well, and their performances were similar to that of the [Fe(bpy)3]-[Ni
(bpy)3] cell [77].

Ferrocene Derivatives

Ferrocene is a well-known redox model compound for its superior electrochemical
reversibility and stability in non-aqueous electrolytes, and has been widely adopted
as an internal standard for electrochemical measurements [78]. However, ferrocene’s
low solubility (e.g., <0.1 M in carbonate-based solvent) restricts its use in RFBs for
grid energy storage. Recently, Wei et al. described a structural modification strategy
to greatly enhance the solubility of ferrocene [79]. Figure 6a shows the structure of
the ferrocene derivative (Fc1N112-TFSI). As evidenced experimentally and com-
putationally by nuclear magnetic resonance (NMR) and DFT, respectively, the

3phendione stands for 1,10-phenanthroline-5,6-dione.
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quaternary ammonium cation accentuates the interaction between the ionic pendant
and the polarizable oxygen atoms on the carbonate solvent molecules. As a result,
the as-prepared ionic-derivatized ferrocene compound can be dissolved in a car-
bonate based electrolyte [1.2 M LiTFSI in the mixture of ethylene carbonate (EC)/
propylene carbonate (PC)/ethyl methyl carbonate (EMC) (4:1:5 by weight)] up to
0.85 M—more than 20 fold higher than the solubility of pristine ferrocene in the
same electrolyte. Besides advancing the solvation chemistry, the quaternary
ammonium cation also induces the electron withdrawing effect on the ferrocene
moiety, which increases the redox potential of the ferrocene derivative by 0.23 V as
compared to pristine ferrocene. Stable half-cell cycling performance of 0.1 M
Fc1N112-TFSI with a lithium foil negative electrode is shown in Figs. 6b and c,
further validating the electrochemistry of the compound. Furthermore, using a
hybrid lithium-graphite negative electrode and appropriate additive (15 wt%
fluoroethylene carbonate) in the electrolyte, the cycling performance of 0.8 M
Fc1N112-TFSI was demonstrated at 1.5 mA/cm2, resulting in 90 % coulombic
efficiency, 76 % energy efficiency, 0.93 %/cycle degradation of discharge capacity.

Fig. 6 a Cell schematic (discharge mode) and the molecular structure of Fc1N112-TFSI.
b Coulombic (CE), voltage (VE), and energy (EE) efficiencies and c capacities of the half-cell test
using 0.1 M Fc1N112-TFSI in 1.0 M LiTFSI in EC/PC/EMC with 5 wt% FEC at a current rate of
3.5 mA/cm2 and a flow rate of 40 mL/min [79]. Reproduced with permission. Copyright 2014
Advanced Energy Materials
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3.2.2 Organic Redox Active Molecules

Metal-centered coordination complexes are usually bulky, resulting in large
molecular weights, and consequently, if not offset by multiple electron transfer
events, small specific capacities (Mol. Cap. = nF/3.6*MW [Ah/kg]). In this regard,
redox active organic molecules may offer the advantage of lower molecular weights
and multi-electron transfer. Further, given the variety of non-aqueous solvents,
redox active organic molecules may achieve higher solubilities, with fewer
molecular modifications, than in aqueous electrolytes. For example, sulfonic groups
(MW = 80 g/mol) are often attached to improve the organic solubility in aqueous
electrolyte but these modifications can lower intrinsic capacity and may lead to less
favorable properties (e.g., slower diffusion). In contrast, numerous functional
groups are accessible for engineering the redox-active compounds in non-aqueous
electrolytes, which enables rationally designed molecular modifications towards
improved performances such as enabling multi-electron transfer, increasing solu-
bility, improving the electrochemical reversibility, and shifting the redox potential.

Organic Molecules

Over the past decade, a wide variety of redox active organic materials have been
investigated for use as solid electrodes in rechargeable Li-metal and Li-ion cells as
well as for performance-enhancing solution-phase additives for advanced batteries
[56, 80, 81]. For Li-metal and Li-ion cells, active material insolubility is desirable
without tethering the discrete monomers to a polymeric backbone (lowering elec-
trode capacity). In general, this can be pursued through enhanced polarity, π-π
stacking, or reversible polymerizations. Despite these efforts, dissolution remains a
key performance-limiting challenge for organic materials, especially at different
charge states. A number of highly engineered redox active molecules have been
developed as redox shuttles for overcharge protection in advanced batteries
including phenothiazines, nitroxide-based radicals (vide infra), and substituted di-
methoxybenzenes [82]. A number of these organic materials can be employed for
non-aqueous RFB applications.

Brushett et al. reported the proof-of-concept study of an all-organic, lithium-ion
based, non-aqueous redox flow cell using 2,5-di-tert-butyl-1,4-bis
(2-methoxyethoxy)benzene (DBBB) and 2,3,6-trimethylquinoxaline (TMQ) in
0.2 M LiBF4/PC with a theoretical OCV of 1.54 V (Fig. 7a) [83]. A wealth of
knowledge from the development and optimization of electrolytes for Li-ion bat-
teries [64, 84] can be leveraged to inform the design and construction of Li-ion
based non-aqueous RFBs, which further enriches the selection of solvent and salts.
As a product of molecular engineering, DBBB was originally designed for the
overcharge protection of lithium-ion batteries [85], which requires a high redox
potential, high electrochemical reversibility, moderate solubility, and high chemical
compatibility. All of these properties are in perfect alignment with the criteria of
redox active compounds in non-aqueous RFBs. Moreover, it has been determined
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that the rate constant and diffusivity of DBBB are comparable to those of ferrocene
[86]. Quinoxaline, a commercially available compound with a molecular weight of
only 130 g/mol, has displayed very high solubility (*7 M in most solvents) and
promising electrochemical behavior in 0.2 M LiBF4/PC. The addition of methyl
groups on the conjugated rings not only enhances the reversibility of electron
transfer, but also lowers the redox potential to a more negative value. The charge–
discharge of the proposed system was demonstrated for 100 cycles in a
non-flowing, Swagelok® cell configuration with lithiated Nafion 117 as the mem-
brane, and displayed average coulombic and energy efficiencies of *90 and
*50 %, respectively (Fig. 7b, c). Although the cell performance is far from being
optimized, this archetypical work represents the baseline of organic redox active
molecules for non-aqueous RFBs, and more importantly, provides a guideline for
the future development of energy storage strategy in this category with higher
energy density. To this end, more recent efforts have focused on the optimization of
the positive electrolyte in terms of improving the conductivity and the solubility of
DBBB in a range of carbonate based solvents and their mixtures [propylene car-
bonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl car-
bonate (DEC)] with commonly used lithium salts (LiTFSI, LiBF4, LiPF6) in a
high-throughput, automated screening platform [86]. The best combination of
solubility and conductivity (at 25 °C) was obtained as 0.6 M (DBBB) and
5.25 mS/cm, respectively, in 0.6 M LiPF6 in a ternary mixture of PC:EC:DMC
(0.08:0.12:0.8). In addition, higher solubility of DBBB can be expected in ether

Fig. 7 a The image of Swagelok® cell and the corresponding reactions on the positive and
negative electrodes during charging. b The 1st, 50th, and 100th constant current charge-discharge
profiles. c The coulombic and energy efficiency over 100 cycles
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based solvent due to the presence of methoxymethyl group in the solute and
solvent.

The superior electrochemistry of anthraquinone derivatives has not only found
use in aqueous system as discussed in Sect. 3.1.2, but also attracts attention in
non-aqueous RFBs. Wang et al. reported the structural modification of pristine
anthraquinone by adding two triethylene glycol monomethyl ether groups onto the
1 and 5 carbons [87]. The adapted anthraquinone derivative showed a significantly
improved solubility in non-aqueous polar solvent such as PC. This modification
strategy towards the enhancement of solubility has recently been rationalized by
DFT calculations [88]. Cyclic voltammetry of this compound displayed two
1-electron transfer processes centered at 2.82 and 2.50 V versus Li/Li+ in 1 M
LiPF6/PC. The step-wise redox activity was also captured galvanostatically in a
non-flowing, half-cell measurement. Moreover, this anthraquinone derivative based
non-aqueous redox flow cell displayed high-energy efficiency (*82 %) and relative
stable discharge energy density (with an average degradation rate of 0.08
mAh/L/cycle) in the cycling experiment at 0.1 mA/cm2 for 40 cycles.

Using DFT calculations, Hernández-Burgos et al. investigated the effect of
heteroatoms and substituents on the redox potential and stability of quinone based
and other carbonyl based organic redox active molecules for energy storage
applications [89]. As a rule, electron-withdrawing groups result in a positive shift of
the redox potential while electron-donating groups result in a negative shift of the
redox potential. Higher potential compounds tend to be less stable than the lower
potential compounds, and the anionic species are predicted to be more stable than
the neutral species. Furthermore, molecular engineering can also be realized by
replacing the C atom with a heteroatom such as N, O, or S, especially for a
five-membered ring, which will unburden the capacity penalty imposed by the
increased molecular weight from the substituent. The same group also formulated a
unique method to tune the redox potential of a carbonyl based organic redox active
molecule by exploring the effect of cations in the supporting electrolyte as observed
by RDV and verified by DFT [90]. Taking 1,2-di(thiophen-2-yl)ethane-1,2-dione
(DTED) as an example, in the presence of a non-coordinating salt (tetrabutylam-
monium perchlorate), there are two 1-electron transfer processes observed at −1.36
and −2.20 V versus Ag/Ag+. In the presence of a lithium salt (LiClO4), the first
reduction reaction slightly increases to −1.35 V and the second one noticeably
increases to −1.80 V versus Ag/Ag+, which can be explained by the stabilization
effect of Li+ on the anionic DTED due to its smaller size than that of (TBA)+. In the
presence of a magnesium salt [Mg(ClO4)2], the two 1-electron transfer processes
merge to one 2-electron transfer process at dramatically higher potential (−1.11 V
vs. Ag/Ag+), which can be attributed to an even smaller ion with multiple charges.
Therefore, this provides a flexible strategy for adjusting the redox potential of
electroactive species based on the choice of supporting electrolyte ions according to
their role as a high potential or low potential compound. While organic active
materials in non-aqueous environments have the potential to enable high energy
density storage, several key questions about the stability and solubility of active
materials remain, particularly in their charged states. Furthermore, while a broad
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array of materials are available, archetypical redox families and resulting cell
chemistries with common ion exchange have yet to be developed and exploited.
Establishing and testing these baseline systems is a critical next step.

Stable Radicals

Stable radicals are sub-valent compounds with an unpaired electron, which is sta-
bilized via steric protection of the radical center and/or delocalization of the
unpaired electron throughout the molecular structure. An important feature of stable
organic radicals is the oxidation and reduction reactions producing closed-shell
cations and anions via simple one-electron transfer outer-sphere reactions with no
broken or formed chemical bonds. Often, but not always, these reactions are very
fast and reversible. Certain classes of stable radicals, most notably nitroxides, are
both durable and reactive under specific conditions, and thus are of interest as
charge storage materials. Indeed, significant efforts by Nishide and co-workers have
focused on developing organic radical batteries based on stable radical monomers
tethered to polymeric backbones [91, 92]. Efforts by Buhermester et al. and
Nakahara et al. have focused on understanding and exploiting nitroxide-based
radicals, typically derivatives of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), as
active materials in non-aqueous electrolytes (e.g., for overcharge protection) [93,
94]. More recently, stable radicals have been explored for RFB applications. Li
et al. proposed a non-aqueous redox flow cell utilizing TEMPO and, a redox-active
organic molecule, N-methylphthalimide (NMP), as the high potential and low
potential species, respectively, in NaClO4 (1 M) in ACN [95]. The measured rate
constants of TEMPO and NMP are on the order of 10−1 and 10−2 cm/s, respec-
tively, both of which are higher than that of ferrocene (*10−3 cm/s); the diffusion
coefficients of TEMPO and NMP are in the order of 10−5 cm2/s (10-fold higher than
ferrocene). A constant current cycling in a non-flowing cell kept a high coulombic
efficiency of 90 % for 20 cycles with an average charging and discharging voltages
of 1.65 and 1.36 V, respectively. More recently, Wei et al. demonstrated a hybrid
non-aqueous RFB using TEMPO as the positive electrolyte and lithium metal as the
negative electrode [96]. As TEMPO is quite soluble in carbonate-based solvents
(e.g., >2.0 M actives in the presence of supporting salt), high energy flow cells were
proposed and demonstrated (>100 Wh/L). Initial results are very promising and
further chemistry development may lead to a standard positive electrolyte system
for non-aqueous RFBs.

4 New Configuration of Redox Flow Batteries

From Fe2+/Fe3+ in aqueous electrolytes to organic radicals in non-aqueous elec-
trolytes, the development of novel redox active compounds over the past 30 years
has greatly enriched the options for the electrochemistry in flow batteries. However,
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the cell design and operating principles of redox flow cells have remained, for the
most part, similar to the original configuration proposed by Thaller in 1974 [97].
New paradigms that incorporate unique flow patterns, electrode geometries, and
electrolyte compositions are critical for the next generation flow batteries. This
section highlights recent advances in these areas and describes emerging flow cell
technologies.

4.1 Cell Architecture and Flow Channel Configuration

In general, the conventional electro-reactor architecture of a redox flow cell utilizes
flow-through graphite felt electrodes coupled with graphite plate current collectors.
Alternatively, redox flow cells can adopt design paradigms from more mature
electrochemical technologies, such as proton exchange membrane fuel cells, where
advances in cell engineering have led to high-performance reactor stacks. As shown
in Fig. 8a, a graphite plate is in close contact with a thinner electrode such as carbon
paper. Compared to the flow-through configuration, different flow patterns such as
parallel, serpentine, and interdigitated flow, can be engraved on the graphite plate
(Fig. 8b). The compression of the carbon electrode can be controlled by incom-
pressible gaskets with varying thicknesses. The improved performance of this
zero-gap cell architecture with a serpentine flow channel has been verified by Aaron
et al. for VRB in terms of high peak power density (557 mW/cm2, 1 M vanadium
and 4 M H2SO4, 50 mL reservoirs) compared to other cell architectures under
similar experimental conditions [98].

Recently, Darling and Perry systematically investigated the influence of a flow
channel configuration on the cell parameters of the high-potential redox couple [V
(IV)/V(V)] in VRBs [99]. Specifically, pressure drop, ohmic resistance, and the

Membrane

Electrode

Gasket
Flow channel

Parallel Flow Serpentine Flow

Interdigitated Flow Flow Through

(a) (b)

Fig. 8 a Exploded view of components in a redox flow cell with a flow channel. b Different flow
channel configurations
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limiting current were measured with respect to a combination of the electrode and
channel configurations. The limiting current was measured at a constant voltage
(0.4 V) and reflects the mass transfer limitation of the configuration. For the flow
through configuration, the electrode was inserted in the flow channel whereas in the
interdigitated and the parallel flow, electrodes were fixed on top of, but still in close
contact, with the flow channel. The key results are that the interdigitated-flow
carbon paper outperforms the conventional flow-through graphite felt in terms of
pressure drop, which is directly related to pumping losses, and an increased cell
resistance, which is directly related to ohmic loss, with equally efficient mass
transfer. Therefore, the interdigitated flow configuration with carbon paper will be
beneficial for high viscosity and low conductivity systems such as non-aqueous
redox flow cells. While these experiments were conducted in a “half-cell” config-
uration, the results can lead to system level engineering and enable more combi-
natorial approaches towards enhancing flow battery performance.

4.2 Semi-solid Flow Batteries

In conventional redoxflow cells, aflowing electrolyte carries redox active compounds
to the surface of a static electrode that is in contact with a current collector to enable the
electron transfer. Recently, Chiang and co-workers revolutionized this paradigmatic
operating mode by introducing the concept of semi-solid flow batteries (Fig. 9a),
which combines the features of high energy density lithium ion batteries and the
advantage of scalability and flexibility from conventional redox flow cells [100]. The
conventional static porous carbon electrode is replaced by a percolating network of
nanoscale conductors that serve as the “dynamic electrode” in the semi-solid flow cell.
In detail, electrochemically active compounds (redox, intercalation, etc.) and
Ketjenblack carbon nanoparticles (<2 vol.%) are dispersed in the supporting elec-
trolyte (salt + solvent) under sonication (Fig. 9b). This leads to the formation of a
fractal nanoscale network within the electrolyte, which enables both electronic and
ionic conduction. The aggregated carbon nanoparticles form a continuous flowable
electrodes at a low volume fraction with the storage materials densely packed and in
proximity to the carbon network. By pumping the suspension-based electrode through
a channel, the carbon network contacts the current collector, enabling electron transfer
into the suspension volume. The applicability of the proposed suspension has been
demonstrated not only in static half-cells using lithium intercalation compounds such
as Li4Ti5O12 / LiCoO2 but also in flow cells using Li3Ti2(PO4)3/LiFePO4, in
non-aqueous [100] and aqueous [101] systems, respectively. There are some key
advantages associated with flowable electrodes:

• Solubility—The energy density of a semi-solid flow battery is not limited by the
solvation chemistry in the electrolyte, but rather depends on the rheology of the
suspension (the suspension must still be flowable). For example, 20 vol.%
LiCoO2 (ρ = 5.06 g/cm3, MW = 97.9 g/mol) can be easily dispersed in the
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suspension, corresponding to 10.2 M electrochemically active compound, which
is much higher than any other maximum achievable solubility of redox active
compounds in aqueous or non-aqueous systems [100].

• Surface area—For the commonly used graphite felt (6 µm diameter fiber, 3 mm
thickness), the specific surface area is*0.33 m2/g and the fraction of the fiber is
*6 vol.%. Therefore, the surface area of graphite felt in a cell is*0.04 m2/cm3.
For the carbon nanoparticles, the specific surface area is *1400 m2/g.
Therefore, 1.5 vol.% Ketjenblack results in the surface area of the
“nano-conductor” to be as large as *42 m2/cm3 [102].

• Pumping efficiency—Intuitively, the high viscosity suspension (*700 cP)
would seem harder to pump than a solution (*50 cP for VRBs). However, if
solution flow through a porous media is consider, as might be expected in an
operating flow cell, the “wired-up” suspension becomes more attractive. For
example, Fan et al. showed that for same flow channel length and diameter, the
pressure drop of a suspension-based electrode through an open channel is
actually three orders of magnitude lower than that of a solution-based electrolyte
through a porous media (e.g., carbon electrode) with a 10 µm pore diameter
[102].

Semi-solid flow cells with “wired” up electrolytes are an intriguing concept
which can be applied to both soluble and insoluble chemistries [100, 101]. However,
the unique properties that enable desirable electrolyte-level properties present new
challenges for cell and system design. First, the electrolytes display non-Newtonian
viscoelasticity properties (i.e., Herschel-Bulkley behavior), which confounds both

Fig. 9 a Scheme: semi-solid flow cell (SSFC) system using flowing lithium-ion cathode and
anode suspensions could enable new models such as transportation ‘fuels’ tuned for power versus
range, or cold versus warm climates, with flexible refueling and recycling options. b Fluid
semi-solid suspension containing LiCoO2 powder as the active material and Ketjenblack as the
dispersed conductive phase, dispersed in alkyl carbonate electrolyte. c Galvanostatic
charge/discharge curves for semi-solid suspensions having 26 vol.% LiCoO2 (LCO) dispersed
in 1.3 M LiPF6 in an alkyl carbonate blend and 25 vol.% Li4Ti5O12 (LTO) dispersed in 1 M LiPF6
in dimethyl carbonate [100]. Reproduced with permission. Copyright 2011 Advanced Energy
Materials
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traditional cell design and pumping. Second, the electronic conductivity of the
solution may lead to parasitic losses due to shunt currents throughout the system.
Third, the impact of suspended particulates in the fluid may lead to increased pump
and component wear (e.g., abrasion). Continued engineering improvements will be
required to realize the full potential of this novel approach.

4.3 Hybrid Redox Flow Batteries

By definition, a hybrid redox flow cell involves plating and stripping of a redox
active metal such as zinc, lithium, and lead, which generally serves as the negative
electrode of a hybrid redox flow cell with the corresponding metal cation existing in
the electrolyte. Given the high solubility in its discharged state (metal cations) and
the zero mobility in its charged state (metal), the energy density limitation and the
crossover concern of hybrid redox flow cells are not imposed by the low potential
side. However, the concomitant penalty associated with the metal negative elec-
trode is the formation of dendrites, which can puncture the membrane or separator,
and consequently, short-circuit the battery.

4.3.1 Zinc-Based Redox Flow Batteries

A classic example of a hybrid redox flow battery is the zinc-halogen system, such as
zinc-bromine, which can be traced back to 1885 [103], and was systematically
re-evaluated as a secondary battery in 1964 [104]. Similarly, zinc–chlorine was
investigated in the late 1970s and 1980s but was found to be environmentally
hazardous (chlorine gas formation) and more complicated in a system level than the
zinc-bromine chemistry. More recently, Lim et al. introduced a circulating aqueous
electrolyte to the zinc-bromine battery (ZBB), which dramatically improved the
performance of the system [105]. The electrode reactions of a ZBB are:

Positive electrode: Br2 þ e� � 2Br� E0 ¼ þ1:087V
Negative electrode: Zn2þ þ 2e� � Zn E0 ¼ �0:762V
Total reaction: Br2 þ Zn � 2Br� þ Zn2þ E ¼ 1:849V

The most attractive feature of ZBBs is the low cost of both zinc and bromine. In
addition, the electrode polarization is very small due to the fast kinetics on both the
positive and negative electrodes [105]. The circulation of electrolyte not only
greatly improves the coulombic efficiency of the cell, but also alleviates the for-
mation of dendrites on the negative electrode. However, self-discharge, resulting
from the crossover of Br2, is the primary concern of ZBBs, which can be aggravated
by the formation of tribromide ions (Br3

−) and other polybromide ions in the positive
electrolyte. In practice, complexing agents such as quaternary ammonia salts are
usually added to the positive electrolyte, which bind to these polybromide ions and
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form a new, low-solubility liquid phase that is separated from the electrolyte [106].
In addition, a periodic stripping cycle, which aims to completely remove zinc from
the negative electrode (100 % depth-of-discharge), is recommended to ensure a
smooth zinc deposition during normal operation [14]. Commercially available
ZBBs are designed for a 20-year service life with a modular 50 kWh unit and
scalable to 500 kWh in a single enclosure and up to 4 enclosures (2 MWh) from a
single point of system connection [107].

Besides the zinc-halogen systems, other zinc-based hybrid chemistries have been
explored. One example is the alkaline zinc-ferricyanide redox flow cell that was
demonstrated by Adams in 1979 [108]. The advantage of this zinc-ferricyanide
redox flow cell includes high efficiency, high cell voltage, and low toxicity [109].
The electrode reactions are:

Positive electrode: Fe CNð Þ6
� �3�þ e� � Fe CNð Þ6

� �4� E0 ¼ þ0:358V

Negative electrode: Zn OHð Þ4
� �2�þ2e� � Zn þ 4OH� E0 ¼ �1:199V

Total reaction: 2 Fe CNð Þ6
� �3�þ Zn þ 4OH� � 2 Fe CNð Þ6

� �4�þ Zn OHð Þ4
� �2� E ¼ 1:557V

The system utilizes zinc and carbon as the negative and positive electrodes,
respectively. On discharge, zinc is converted to a zincate ion ([Zn(OH)4]

2−) which
is then converted and stored in the negative electrolyte tank as ZnO. Similarly,
sodium ferro- and ferricyanides are stored as precipitates in the positive electrolyte
tank. This unique design of solid storage in the electrolyte tanks results in a smaller
footprint, but in a more complex system management and temperature control.

Another example is the zinc-cerium redox flow cell developed by Clarke et al. in
2004 [110]. The electrode reactions are:

Positive electrode: Ce4þ þ e� � Ce3þ E0 ¼ þ1:720V
Negative electrode: Zn2þ þ 2e� � Zn E0 ¼ �0:7618V
Total reaction: 2Ce4þ þ Zn � 2Ce3þ þ Zn2þ E ¼ 2:482V

Methanesulfonic acid is preferentially used as the electrolyte on both sides to
increase the solubility of the metal cations [111]. Zinc-cerium chemistries enable a
very high cell voltage. However, the concomitant parasitic reactions such as HER
and OER must be avoided or minimized to achieve acceptable cell efficiencies.

4.3.2 Soluble Lead-Acid Flow Batteries

An extension of hybrid redox flow batteries is the “double hybrid” soluble lead-acid
flow batteries (SLFBs) where deposition and dissolution of redox active compounds
are involved in both high potential and low potential electrode reactions. Pletcher
et al. explored the concept of SLFBs in 2004 [112], and have reported their sys-
tematic study in a series of papers [113–120]. The electrode reactions of a SLFB are:
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Positive electrode: PbO2 þ 4Hþ þ 2e� � Pb2þ þ 2H2O E0 ¼ þ1:455V
Negative electrode: Pb2þ þ 2e� � Pb E0 ¼ �0:126V
Total reaction: PbO2 þ Pb þ 4Hþ � 2Pb2þ þ 2H2O E ¼ 1:581V

As shown in Fig. 10, the electrolyte consists of lead (II) methansulfonate (up to 2
M) in a biodegradable methanesulfonic acid (1.5 M). Charging the cell results in
metallic lead (Pb0) being deposited at the negative electrode and lead (IV) dioxide
at the positive electrode; discharging the cell results in Pb2+ being re-dissolved into
the electrolyte from both electrodes. SLFBs differ from traditional lead-acid bat-
teries in that, rather than residing on the electrodes in the form of PbSO4, the lead
methansulfonate is dissolved in methanesulfonic acid, which enables the flow
functionality of SLFBs. Furthermore, the single redox active molecule (Pb2+)
existing in the electrolyte contributes two very attractive features of SLFBs com-
pared to other redox flow batteries. (1) There is no need for an ion-selective
membrane in the cell, and consequentially, (2) only one electrolyte storage tank is
required. These key features allow for a simplified cell design and decreased
footprint of the system, and in turn, greatly reduces the construction and mainte-
nance cost of a SLFB.

However, similar to other hybrid redox flow systems where liquid-solid reac-
tions occur, SLFBs suffer from Pb0 dendrite formation on the negative electrode

Fig. 10 Schematic of a
soluble lead-acid redox flow
battery
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and more severely, irreversible PbO2 polymorph (both α- and β-PbO2) formation on
the positive electrode, which dictates the low current density applied in SLFBs
(typically <20 mA/cm2). Recently, Verde et al. demonstrated that increased mass
transfer results in the formation nanoscale PbO2 and Pb0 on the positive and
negative electrodes, respectively, which effectively mitigates the polymorph and
dendrite issues during charging [121]. In a beaker-cell configuration with sufficient
stirring, their soluble lead-acid flow cell achieved an energy efficiency of *79 %
for 2000 cycles at 20 mA/cm2. Continued efforts are needed in the development of
novel flow reactor architectures that allow for faster mass transport of Pb ions
across the electrode surfaces to minimize depletion layer thickness while keeping
the pumping cost low.

4.3.3 Lithium-Aqueous Flow Batteries

Lithium metal is an extremely attractive negative electrode material due to its high
theoretical specific capacity (3861.9 mAh/g), low electrochemical potential
(−3.04 V vs. SHE), and possibility of coupling with a charged or discharged
positive electrode material [122, 123]. However, despite significant efforts over the
past 40 years, continued challenges with safety and efficiency during prolonged
and/or high rate battery operation prevent the deployment of advanced Li batteries.
However, emerging needs for high energy batteries for transportation applications
(e.g., Li–metal oxide, Li–S, Li–O2) continued to drive research and development.
Indeed, over the past five years, progress has been made in enhancing cyclability
and safety through the mechanically robust and chemically-stable solid-electrolyte
membranes, based on ceramics, polymers or hybrid materials [124]. These
advances may also be leveraged to develop hybrid flow systems where the lithium
metal negative electrode is paired with a flowing positive electrolyte.

Lu and Goodenough demonstrated a hybrid redox flow cell using a lithium neg-
ative electrode in static non-aqueous electrolyte and a carbon positive electrode in
circulating aqueous electrolyte with 0.1 M K3Fe(CN)6 as the redox active molecule
[126]. The key design component is a sub-millimeter thick water stable lithium-ion
conducting ceramic, Li1+x+yAlxTi2-xSiyP3-yO12, which enables Li-ion transfer
between the two compartments. To avoid chemical reduction of the solid electrolyte
on the lithium metal, two pieces of electrolyte soaked polypropylene separator
(Celgard) were used. This concept can be extended to a wide range of aqueous redox
couples (Fig. 11) many of which have been explored by different groups [127].
Recently, Zhao and Byon described a hybrid lithium-iodine redox flow cell and
systematically investigated the influence of the concentration of redox active mole-
cule, flow rate, discharge current, and temperature on the cell performance [128].
Figure 12a illustrates the configuration of the system. Lithium ion conductive
Li2O-Al2O3-TiO2-P2O5 (LATP) solid electrolyte was employed to separate the
positive and negative flowing electrolyte, and a layer of glass fiber was employed to
separate the solid electrolyte and lithium metal. The electrode reactions are:
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Positive electrode: I�3 þ 2e� � 3I� E0 ¼ þ0:536V
Negative electrode: Liþ þ e� � Li E0 ¼ �3:040V
Total reaction: I�3 þ 2Li � 3I� þ 2Liþ E ¼ 3:576V

Lithium iodide is highly soluble in water, up to 12.4 M (25 °C), which can match
the high capacity of the lithium negative electrode. The cycling data of the hybrid
lithium-iodine battery are shown in Fig. 12b, where high coulombic efficiency
(>99 %) and good capacity retention (>99 %) were obtained for 20 cycles. A key
challenge for lithium-aqueous systems is the low ionic conductivity of the solid
electrolyte, which is two orders of magnitude lower than that of non-aqueous
electrolytes and three orders of magnitude lower than that of aqueous electrolytes.
Therefore, greatly improved energy efficiency and higher charge/discharge rates for
aqueous-non-aqueous based hybrid redox flow cells can be expected from more
conductive solid electrolytes.

4.3.4 Lithium–Polysulfide Flow Batteries

In the pursuit of highly efficient, low cost energy storage systems, the lithium-sulfur
(Li–S) hybrid battery is one of the most promising technologies due to its high
theoretical energy density [129]. In a Li–S cell, lithium metal is applied as the
negative electrode and solid-state sulfur as the positive electrode. The electrode
reactions of a Li–S cell are:

Fig. 11 Systems for lithium-aqueous batteries [125]. Reproduced with permission. Copyright
2011 Journal of the American Chemical Society
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Positive electrode: S þ 2e� � S2� E0 ¼ �0:476V
Negative electrode: Liþ þ e� � Li E0 ¼ �3:040V
Total reaction: 2Li þ S � Li2S E ¼ 2:564V

The theoretical capacity of sulfur (S0 ⇌ S2−) is 1672.0 mAh/g, which is 12.2,
19.7, and 22.6 times higher than that of LiCoO2, LiFePO4, and LiMn2O4 (assuming
0.5 Li+ transfer per molecule), respectively. Ether-based electrolytes such as tet-
rahydrofuran (THF), 1,3-dioxolane (DOL), 1,2-dimethoxyethane (DME), tetraeth-
ylene glycol dimethyl ether (TEGDME) are commonly used in Li–S batteries. The
evolution of S to Li2S involves the formation of Li2Sx intermediates that have
varying solubilities in ether-based electrolytes. For example, when 8 ≥ x ≥ 6, Li2Sx

Fig. 12 a Schematic illustration of a cathode-flow mode aqueous Li–I battery equipped with an
aqueous electrolyte reservoir and pump. The center insets from left to right are SEM image of the
Super P carbon current collector, an image of color gradients of LiI aqueous electrolytes, and a
graph of temperature-dependent ionic conductivity in lithium‐ion‐conducting LATP solid
electrolyte (on the order of 10−4 S cm−1 at RT). The LiI electrolyte color in the center‐middle
inset corresponds to the depth of charge and discharge (0, 5, 15, 25, 50 and 100 % of charge and 0,
50, 75, 85, 95 and 100 % of discharge from left to right). b 20‐times cycled charge/discharge
profiles of CF/LiIB equipped with an aqueous electrolyte reservoir containing total 0.5 mL of
0.5 m of LiI aqueous electrolyte at a current rate of 2.5 mA/cm2 and a flow rate of 150 μL/min
[128]. Reproduced with permission. Copyright 2014 Advanced Energy Materials
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is highly soluble, while when x = 4, Li2Sx is moderately soluble, and when x < 4,
Li2Sx is insoluble [130]. Since both positive and negative electrodes of conven-
tional Li–S batteries are in the solid state, the soluble intermediates impose the most
noticeable technical challenge in a Li–S cell, resulting in low coulombic efficiency
(shuttle mechanism) and poor capacity retention (self-discharge) [131]. In addition,
both S and Li2S are electrical insulators, which limit the rechargeability and
charge/discharge rate of Li–S batteries [129].

Lithium–polysulfide (Li–PS) flow batteries originated from Li–S batteries. Still
using lithium metal as the negative electrode, Li–PS flow cells utilize a porous
carbon electrode and soluble lithium polysulfides (Li2Sx where 8 ≥ x ≥ 4) as the
positive electrode and positive electrolyte, respectively. The positive electrode
reactions can be described as:

Li2S8 solubleð Þ � Li2S6 solubleð Þ � Li2S4 solubleð Þ

A full charge/discharge cycle between Li2S8 and Li2S4 corresponds to the the-
oretical capacity of 209.0 mAh/g S, which is still higher than that of the positive
electrode materials in conventional lithium ion batteries. The cycle between Li2S8
and Li2S4 is realized by controlling cutoff voltages. The application of dissolved
Li2Sx species as the starting positive electrolyte in a Li–S cell was first demon-
strated by Rauh et al. in 1979 [132], and the idea of a Li–PS flow battery was
proposed by Manthiram et al. in 2013 [133]. It has been recently recognized that
LiNO3 can form a stable passivation layer on the surface of the lithium negative
electrode, which effectively prevents the reaction between the dissolved Li2Sx and
lithium metal [134, 135]. Therefore, with LiNO3 additive in the electrolyte,
ion-selective membranes are not needed in a Li-PS flow cell. Based on this strategy,
Yang et al. recently demonstrated the chemistry of Li–PS in a coin-cell configu-
ration. In a constant capacity cycling experiment using 5 M Li2S8, the static Li-PS
cell displayed superior cyclability at *200 mAh/g S for more than 1500
cycles [136]. Recently, Fan et al. demonstrated the applicability of semi-solid
carbon suspension as the high-surface area (42 m2/cm3) current collectors in a Li–
PS flow cell [102]. In this proof-of-concept device, potentiostatic cycling experi-
ment where the cell was charged at 2.5 V and discharged at 2.1 V to maintain all
polysulfide species solubilized in the solution, the discharge capacity of the cell is
181 mAh/g S with a coulombic efficiency close to 100 %. Moreover, the perco-
lating conductor network with extremely large surface area enabled deep cycling of
polysulfide into the precipitation regime of Li2S [102], which might be due to the
mitigated insulating effect of Li2S on the lower surface area carbon current col-
lector. Therefore, much higher discharge capacity (393 mAh/g S) was achieved by
extending the discharge voltage to 1.6 V so that the precipitation regime of Li2S can
be utilized. The coulombic efficiency remained above 99.5 % at the discharge rate
of C/22 over 10 cycles.
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5 Conclusions and Outlook

Stationary energy storage systems, in particular electrochemical energy storage
systems, will play a pivotal role in the widespread integration of renewable,
non-dispatchable energy sources (e.g., solar photovoltaic (PV), wind) and in the
improvement of energy efficiency of the electric power sector. Redox flow batteries
are particularly attractive for these applications due to their favorable combination
of performance, cost, and safety. However, present generation technologies are not
cost-competitive, which drives research and development efforts towards new redox
chemistries, electrolyte formulations, and cell designs. Recent analysis by Darling
et al. has indicated that both aqueous and non-aqueous RFBs have pathways to
meeting long-term objectives for cost-effective energy storage [137]. As mentioned
before, reductions in battery costs ($/kWh) can be achieved via lowering materials
cost ($/kg) and increasing materials energy density (kWh/kg). Electroactive organic
molecules, both as solo active materials or as components of metal-centered
complexes, may offer a pathway forward through both metrics. In principle, organic
materials can be synthesized via cost-effective routes and are less dependent on the
production and reserves of key elements (e.g., vanadium in VRB). Moreover, the
electrochemical and physical properties of electroactive materials can be tailored
via modification of the redox moieties and the surrounding molecular structure.
This may lead to the development of high capacity and highly soluble redox
materials required for energy dense cell operation. To realize this promise, further
efforts are needed in the identification and optimization of novel redox active
materials, likely leveraging high throughput computations, and in validation of
these materials within redox flow cells at high currents and extended cycling.
Reductions in battery costs may also be achieved through advances in cell design
and engineering. High performance electroreactors, often inspired by more mature
electrochemical technologies (e.g., fuel cells), can reduce reactor size requirements
and associated costs. Further, new reactor designs are required to efficiently employ
non-aqueous chemistries with low ionic conductivity and high voltage, and mixed
conductor suspensions that offer higher cell energy densities but frustrate traditional
configurations. Together with an evolving regulatory environment, these R&D
activities are expected to lead to the commercial success of RFB technologies in the
near future and to the deployment of a range of new flowable storage concepts.
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