Chapter 8
Nanowire-Enabled Energy Storage

Abstract A variety of energy storage systems are currently being explored and in
some cases commercialized to meet the needs for both small and large-scale energy
storage/usage. Among these systems, rechargeable batteries have been extensively
investigated in the research community in efforts to make breakthroughs beyond
existing commercial lithium ion systems and thereby provide enhancements to
capacity, power density and other metrics that would be beneficial to ubiquitous
consumer electronic devices through electric automobiles. In this chapter, the
advantages of NW structures for efficient energy storage will be illustrated and
discussed, including their high surface area, efficient charge transport and capability
to sustain large volume expansion/contraction during charge/discharge cycles. In
particular, we will introduce and discuss representative works focused on lithium
ion batteries, electrochemical capacitors, and sodium ion batteries. Finally, pro-
spects and challenges for implementing NWs for practical energy storage solutions
will be briefly discussed.

8.1 Introduction

A significant challenge of this century centers on energy, and in particular, how can
clean and renewable energy be efficiently produced as well as stored for efficient
reuse and/or distribution [1-5]. In the case of energy storage, the performance, for
example of batteries, depends intimately on the properties of anode and cathode
materials. Innovative nanomaterials chemistry lies at the heart of advances that have
already been made in improving rechargeable lithium—ion batteries (LIBs) [6, 7].
Further breakthroughs in materials can further fuel improvements of existing
storage systems and also hold the key to new generations of energy storage devices.
In this regard, nanostructured materials have attracted great interest in recent years
because of the unusual mechanical and electrical properties endowed by confining
the dimensions of such materials, and because the combination of bulk and high
surface area properties can further enhance overall behavior. For example, battery
electrode materials that in bulk form would degrade or fail due to large volume
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changes during charge/discharge cycles can become viable in nanoscale mor-
phologies, since the latter are capable of sustaining much greater strains before
failure.

In this context, NWs are becoming increasingly important for electrochemical
energy storage, and they represent unique candidates with several exciting advan-
tages [8, 9]. First, the direct attachment and electrical contact of each NW to the
metallic current collector provide efficient, 1D charge transport pathways, without
the need of adding binders and conducting additives. Second, the void space
between adjacent NWs and the high surface-to-volume ratios of NWs allow for fast
penetration of electrolyte solution into deep portion of NWs, as well as rapid
electrochemical reactions over the surface. Third, compared to flat electrode
structures, the small diameters and the large curvatures of NWs are beneficial for
accommodating more volume change, thus reducing mechanical failure of elec-
trodes and maintaining the electronic pathways during many discharge-recharge
cycles. In this chapter, we will introduce and discuss representative NW studies
focused on lithium ion batteries (LIBs), electrochemical capacitors (ECs), and
sodium ion batteries.

8.2 Lithium-Ion Batteries

Rechargeable LIBs are efficient, light-weight, and rechargeable power sources for a
large variety of applications ranging from portable electronics to the development
of electric automobiles, in which the electrodes are the central issue [10, 11].
A combination of a negative lithium intercalation material (anode) with another
lithium intercalation material (cathode) having a more positive redox potential gives
a Li—ion transfer cell [12]. An anode and a cathode are separated by an electrolyte,
which is an electronic insulator but a Li—ion conductor. Upon charging, lithium ions
are released by the cathode and intercalated at the anode. When the cell is dis-
charged, lithium ions are extracted by the cathode from the anode. An ideal elec-
trode should provide high gravimetric and volumetric capacity, high power density
and long cycle life, as well as being environmentally benign and low cost [13]. One
of the main challenges in the design of LIBs is to ensure that the electrodes maintain
their integrity over many discharge-recharge cycles. Although promising electrode
systems have been proposed, their lifespans are often limited by Li-alloying
agglomeration or the growth of passivation layers, which prevent the fully rever-
sible insertion of Li ions into the negative electrodes (anodes) [14]. 1D NWs,
especially the self-supporting NW arrays grown directly on a current-collecting
substrate offer several attractive features for LIB electrodes [15]. The open space
between neighboring NWs allows for easy diffusion of electrolyte into the inner
region of the electrode, resulting in reduced internal resistance and improved
high-power performance. Each NW has its own contact with the current collector
substrate, which can ensure that every NW participates in the electrochemical
reaction. In addition, using NW arrays also saves the tedious process of mixing
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active material with ancillary materials such as carbon black and polymer.
Moreover, NWs share the same advantages as other nanostructured electrodes, such
as nanoparticles, with high electrode-electrolyte contact area, fast Li—ion diffusion
rate, and good strain accommodation.

8.2.1 Anodes

8.2.1.1 Si

Si has the highest gravimetric capacity (4200 mAh/g, lithiated to Lis 4Si) among all
anode candidates other than Li metal [10]. The average discharge voltage of Si is
low (~0.4 V), providing a high voltage difference against the cathode [16].
Nonetheless, the insertion and extraction of lithium ions from Si leads to a large
volume change, up to ~400 % volume increase upon insertion, and this large
volume change results in mechanical failure of electrodes and discontinuous charge
transport during cycling (top, Fig. 8.1a). In addition, the large volume change also
affects the formation of dense and stable solid-electrolyte inter-phase (SEI) layer
over Si surface, which functions as an ionic conducting and electronic insulating
passivation layer to prevent further side chemical reactions from occurring [13].
Thus, the Si-based anode usually suffers from substantially reduced stability and a
large irreversible capacity decrease during charge/discharge cycles [17].
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Fig. 8.1 a Schematics of the morphological changes that occur in Si during electrochemical
cycling, where Si films and particles tend to fail during cycling, while NWs grown directly on the
current collector do not break-up into smaller particles. b Cyclic voltammograms for SiNWs from
2.0 to 0.01 V versus Li/Li*. The first seven cycles are shown. ¢ Voltage profiles for the first and
second galvanostatic cycles of the SINWs. The first charge achieved the theoretical capacity of
4200 mAh g~ ! for Lis 4Si. d The voltage profiles for the SINWs cycled at different power rates.
e Capacity versus cycle number for the SINWs at the C/20 rate showing the charge (squares) and
discharge capacity (circles). The charge data for Si nanocrystals (triangles) and the theoretical
capacity for lithiated graphite (dashed line) are shown as a comparison to show the improvement
when using SiNWs. Reproduced from [8]. Copyright 2008 Nature Publishing Group
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A number of research efforts have addressed these challenges of Si anodes for
LIBs by focusing on the rational design and fabrication of Si-based nanostructures
[18-20]. In 2008, the Cui group [8] reported the first SINW-based LIB anode, in
which SiNWs were grown by the nanocluster-catalyzed VLS method on stainless
steel substrates (Fig. 8.1a). LIB anodes made using these SiNW electrodes achieve
nearly the theoretical discharge capacity of Si during the first cycle, and maintained
a discharge capacity of ~3100 mAh/g, about 75 % of the maximum, with little
fading over 10 cycles (Fig. 8.1b—e). Structural characterization after the battery test
showed an increase of SINW diameter from 89 nm initially to 141 nm after lithi-
ation, and importantly, demonstrated that the SINWs remained connected with the
current collectors versus breaking up into smaller particles. These latter results
suggested that the nanoscale diameters provided superior mechanical properties and
allowed the SiNWs to sustain the strains associated with large volume changes
during charge/discharge cycles.

Similar to VLS-grown samples, SiNWs made by other approaches have been
investigated as LIB anode materials. For example, Schulz et al. [21] reported using
an electrospinning method with SigH;, as the Si precursor to synthesize Si nano-
fibers, while the LIB anodes made of these samples only achieve a reversible
capacity ~400 mAh/g after 30 cycles. On the other hand, SINWs fabricated by the
metal-assisted solution etching approach have exhibited characteristics similar to
nanocluster-catalyzed VLS NWs, and thus are good candidates for LIB anodes. An
added advantage of this latter etching-based approach to SiINWs is that it is possible
to precisely control the crystal orientation and doping based on the starting
Si-substrate [18, 22, 23]. The rougher surface of solution etched SiNWs also
increases the surface area, which could be beneficial for the insertion/extraction of
Li ions [18]. As a result, SINWs obtained from the solution etching approach have
demonstrated substantially improved capacity and cycling stability for the use of
LIB anodes [24, 25].

SiNWs with core-shell designs provide additional structural advantages in
optimizing the electrochemical performance for Si-based anodes. For example, a
thin carbon shell could facilitate electrical contact and charge conduction. Huang
et al. [26] reported synthesis of carbon-coated etched SiNW arrays by pyrolysis of a
carbon aerogel. Compared to the pristine SINWs, which exhibited capacity fading
after 10 cycles, the carbon-coated SiNWs showed a high initial discharge capacity
of 3344 mAh/g and retained a reversible capacity of 1326 mAh/g after 40 cycles.
The continuous structure of most of these SiNWs is still maintained after the
cycling test. Polymer has also been demonstrated for coating of SiNWSs for
improving the stability and capacity of the anodes [27]. In addition, a scalable
supercritical fluid-liquid-solid method was reported to grow SiNWSs [28], which
were further coated with carbon by pyrolysis of sucrose on the SINW surface. LIB
anodes made of these carbon-coated SiNWs have retained a reversible capacity of
1500 mAh/g after 30 cycles.
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In addition to Si/carbon core/shell designs, Cui and coworkers has demonstrated
the utilization of crystalline/amorphous core/shell SINWs for enhanced lithium ion
storage capacity [29]. The crystalline Si core and amorphous Si shell are sequen-
tially grown via the nanocluster-catalyzed VLS and shell deposition strategies
described in earlier chapters. As the amorphous Si shell reacts with Li* at a slightly
higher potential than the crystalline Si core, this design of crystalline/amorphous
core/shell SiNWs allows for selective lithiation of the amorphous Si shell. The
crystalline Si core is not affected during the lithiation step and serves as a con-
tinuous structure for both electrical conduction and mechanical support, thus
resulting in substantial improvement in power rate and cycling stability.
Specifically, crystalline/amorphous core/shell SINWs have demonstrated a rever-
sible capacity of 1000 mAh/g over 100 cycles. TEM images revealed that the
crystalline/amorphous core/shell SINWs become completely amorphous when the
anodes are discharged to 10 mV, while the crystalline Si core is maintained for
discharge potentials above 150 mV. This structural characterization confirms that
the enhanced stability is due to the existence of crystalline Si core after cycling.

This crystalline core/amorphous shell concept was further extended to the syn-
thesis of carbon/Si core/shell NWs, in which amorphous Si layer is deposited on the
surface of carbon nanofibers [30]. In this case, the carbon nanofiber core serves as
an electrical conductor and stable mechanical support [31]. In addition, the carbon
cores have much less volume change than that of Si, and thus the core structures are
maintained at a much lower low discharge potential of ~10 mV. A higher charge
capacity of 2000 mAh/g was reported for carbon/Si core/shell NWs. In addition,
other core/shell NW designs have been reported for amorphous Si on different core
materials, including metal silicides [32], nitrides [33], and carbon nanotubes [34].

The shape and volume changes of crystalline SINWs with different crystal ori-
entations have been studied by in situ electron microscopy [35, 36]. SEM images
showed that lithiation transforms the initially circular cross sections of NWs
with (100), (110}, and (111) axial orientations into expanded structures with cross
sections having cross, ellipse, and hexagonal shapes, respectively [37] (Fig. 8.2a).
These observations were explained in terms of a rapid lithium ion diffusion channel
along the (110) direction, which causes preferential volume expansion along this
direction. It was also found that the {111) and {100) NWs shrink in height after
partial lithiation, while (110) NWs increase in height. This length contraction was
attributed to a collapse of {111} planes early in the lithiation process. In another
work [38], the anisotropic swelling of SiNWs during lithiation in either a con-
ventional liquid cell or an all-solid electrochemical cell was characterized by TEM
(Fig. 8.2b). In this latter work, the authors directly observed that the large volu-
metric expansion {112) axis NWs occurs in a highly anisotropic fashion to yield
intermediate dumbbell-shaped cross sections. These results give new insight into
the Si volume change process and may help in designing better Si anodes.
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Fig. 8.2 a Anisotropic lateral expansion of crystalline SINWs with {100), {110) and {111) axial
orientations upon lithiation. Reproduced from [37]. Copyright 2011 American Chemical Society.
b Dumbbell shape of a {112) axis SINW following lithiation contrasts the round cross section of
the pristine SINW. ¢ 3D simulation (left) and TEM image (right) of a progressively lithiated NW
(i.e., the Li flux is prescribed at the front end), showing the development of the dumbbell-shaped
cross section along the longitudinal direction. Reproduced from [38]. Copyright 2011 American
Chemical Society

8.2.1.2 Metal Oxides

Metal oxides, especially in the form of nanomaterials, have been extensively inves-
tigated as potential anode materials for LIBs because these materials have diverse
chemical and physical properties and most of them possess relatively high theoretical
capacities between 500 and 1000 mAh/g compared to graphite (372 mAh/g) in
commercial LIBs [39-42], although still much lower than the theoretical capacity of
Si (4200 mAh/g) [10]. However, the use of metal oxides as LIB anodes still faces



8.2 Lithium—Ion Batteries 209

multiple challenges including: (i) similar to Si, most metal oxides exhibit substantial
expansion and contraction during charging/discharging processes [43, 44]; and
(i1) most abundant metal oxides are semiconductors with large band gaps and typi-
cally have poor electrical conductivity and ion transport kinetics as LIB electrodes
[41, 45]. To address these issues, researchers have been focused on the design of
electrode structures and the use of multi-functional hybrid materials [39—-42]. Based
on the overall mechanism, metal oxide-based LIB anodes can be divided into three
categories: (i) intercalation/deintercalation of Li ions into and from layered metal
oxides; (ii) alloying/dealloying to store/release Li ions; (iii) conversion between Li
and Li,O by reduction/oxidation of transition metal oxides [39—42]. Here we focus on
well-studied TiO,, SnO, and Co304 NWs as examples for these three categories.

(i) Several transition metal oxides with layered and open channel structures can
store Li ions via the intercalation/deintercalation mechanism [39-42]. These
materials can exhibit a range of theoretical capacities depending on the struc-
ture of the metal oxide and number of Li ions intercalated into layer or channel
sites during intercalation. This mechanism can be written as [39]:

MO, +yLi" +ye~ < Li,MO,

For example, TiO,, is a potential candidate for use as LIB anodes due to its low
cost and abundance in nature, and has various polymorphs such as anatase, rutile,
and TiO,(B) (bronze). In 2005, the Bruce group [46] reported the intercalation of Li
ions into TiO»(B) NWs. TiO,(B) NWs were synthesized by an ion-exchanging K*
for H" in K,Ti Oy to form a hydrated hydrogen titanate, which was transformed
into TiO, NWs by heating at 500 °C. The structure of TiO,(B) NWs is composed
of corrugated sheets of edge- and corner-sharing TiO, octahedra, with these sheets
being linked together by bridging oxygen atoms to form a 3D network, with sig-
nificant voids and continuous channels that are capable of rendering the material a
host structure for intercalation. The reversible charge-storage capacity of
205 mAh/g was obtained without structural degradation or loss of NW morphol-
ogy. In comparison, the capacity for bulk material is 240 mAh/g, with the com-
position Liy7;TiO,(B). The best result using other TiO,(B) nanostructures was
observed for needle-shaped TiO,(B) nanoparticles with a reversible capacity
of ~288 mAh/g after 50 cycles [47].

(i) Metal oxide anodes that undergo an alloying/dealloying mechanism typically
have higher capacities than intercalation/deintercalation, but necessarily as a
result of high capacity suffer from significant volume change during cycling
[22]. The basic mechanism can be written in two steps [39]:

M,O, +2yLi™ 4 2ye” = xM + yLi,O
M+zLi" +ze~ < Li;M
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Taking SnO, (theoretical capacity, 782 mAh/g) as an example, Park et al. [48]
reported the preparation and electrochemical performance of SnO, NWs to deter-
mine their potential use as an anode material. The SnO, NWs were synthesized by
thermal evaporation combined with a self-catalyzed growth procedure, where the
authors used a high surface area powder to increase production at lower tempera-
ture. The SnO, NWs produced in this manner showed higher initial Coulombic
efficiency and an improved capacity retention on cycling compared with those of
SnO, powder and SnO, NWs produced by Au-assisted VLS growth. Kim et al. [49]
reported the synthesis of SnO,~In,O3 core-shell NW heterostructures via a thermal
evaporation method. The electronic conductivity of the individual SnO,-In,0;
core-shell NWs was 2 orders of magnitude higher than that of pure SnO, NWs, due
to the formation of Sn-doped In,O3 during the nucleation and growth of the In,O3
shell nanostructures. Kim et al. [50] reported the synthesis of SnO, NWs using 1D
mesoporous SiO, sacrificial templates that were subsequently dissolved in NaOH.
These ultrasmall 6 nm diameter SnO, NWs with lengths >3 pum and surface area of
80 m?%/g exhibited a capacity of 800 mAh/g, while the capacity was reduced to
250 mAh/g at a 10C rate (4000 mA/g). Liu et al. [S1] reported the synthesis of
SnO, nanorod arrays on large-area flexible metallic substrates (Fe—Co—Ni alloy and
Ni foil) via a hydrothermal process. The electrochemical behavior was found to
depend crucially on the structural parameters of the array. An array consisting of
SnO, nanorods of average 60 nm in diameter and 670 nm in length delivered a
reversible Li-capacity as high as 580 mAh/g after 100 cycles (0.1C) and showed
less than 50 % reduction to 350 mAh/g at a higher rate of 5C rate. Structural
disintegration and agglomeration were not observed for the SnO, nanorod arrays
even after 50 cycles. In comparison, commercially available ca. 40 nm SnO, par-
ticles yield an initial capacity of 500 mAh/g, although this capacity dropped to
100 mAh/g after 50 cycles [52]. The best performance so far was observed for
3 nm SnO; nanoparticles, which exhibited an initial capacity of 740 mAh/g with
negligible capacity fading [53].

(iii) Li can be stored reversibly in transition metal oxides through a conversion
reaction mechanism, where the transition metal experiences reduction/
oxidation reactions [39-42] Anodes based on these materials also exhibits
relatively high capacities (500-1000 mAh/g).

M,O, +2yLi ™ 4 2ye” < xM + yLi,O

For instance, the theoretical capacity of Co30,4 is 890 mAh/g. In 2008, Li et al.
[15] utilized a mild template-free, ammonia-evaporation-induced method for
large-area growth of self-supported Co;0, NW arrays on different substrates,
including Si wafers, glass slides, and Cu or Ti foils. Ti foil is an excellent substrate
for this work, as it is resistive to the alkaline ammonia solution and oxidation, and it
does not alloy with metallic Li at low voltage and thus serves as a good current
collector. In addition, the NW arrays produced by their method had mesoporous
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structures, which provided extra freedom for volumetric changes during lithiation.
The NW arrays show a stable capacity of 700 mAh/g at 1C after 20 cycles, and can
maintain the capacity around 50 % at a higher charging rate of 50C, substantially
better than freestanding Co3;04 NWs not grown on Ti foils. Later, Wu et al. [54]
reported a two-step hydrothermal synthesis of a Co3;04/a-Fe,0O3 branched NW
heterostructures. The single-crystalline, primary Co3;04 NW trunk arrays directly
grown on Ti substrates allow for efficient electrical and ionic transport. The sec-
ondary a-Fe,O3 branches provide enhanced surface area and high theoretical Li*
storage capacity, and can also serve as volume spacers between neighboring Co304
NW arrays to maintain electrolyte penetration as well as reduce the aggregation
during Li* intercalation. These Co3;04/a-Fe,03; branched NW heterostructures
yielded improved electrochemical energy storage performance with reversible
capacity of ~980 mAh/g after 60 cycles. In comparison, the best performance
using other nanomaterials so far was observed in graphene-encapsulated Co3;0,4
nanoparticles, exhibiting a reversible capacity of 1100 mAh/g in the first 10 cycles,
and over 1000 mAh/g after 130 cycles [55].

8.2.2 Cathodes

Since the concept of a rechargeable lithium cell based on Li intercalation reactions
was initiated in the early 1970s, numerous lithium intercalation cathode electrodes
have been proposed to date [10]. Two categories of materials have been used for
LIB cathodes [43, 56-58]. The first category include lithium transition metal oxides
with layered anion close-packed lattice, where the transition metal ions occupy
alternate layers and Li ions can be intercalated into the remaining layers.
Commonly used materials include LiCoO,, LiNiO, and LiMn,Oy4. One intrinsic
advantage of this category of cathode is their higher energy density owning to their
compact lattice structures. The second category includes layered materials with
more open structures, such as V,Os and transition metal phosphates (e.g., the
olivine LiFePO,). These materials provide the advantages of better safety and lower
cost compared to the first category.

Currently, LiCoO,, LiNiO, and LiMn,0, are used as commercial LIB cathode
materials, among which LiCoO, being the most popular candidate owing to the
convenience and simplicity of preparation [10]. LiCoO, cathode materials are
typically cycled with excellent stability between the fully lithiated discharge state
LiCoO, (~3.0 V vs. Li/Li*) and a roughly half-delithiated state Li,CoO, (x = 0.5—
0.6, 4.2 V vs. Li/Li"), leading to a capacity of ~ 140 mAh/g, while its theoretical
capacity is 273 mAh/g [59]. In 2005, Jiao et al. [60] reported a hard template route
to synthesize LiCoO, NWs. Preliminary electrochemical tests using these LiCoO,
NW arrays as cathodes showed an initial discharge capacity of 80 mAh/g and a
capacity retention of 40 mAh/g after 50 cycles, much less than that of commercial
LiCoO, cathodes [59]. Later, Xiao et al. [61] demonstrated the synthesis of cobalt
precursor Co(CO3)y35Clg2(OH), ; NW aggregates by a hydrothermal method, and
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transformed these into Co;04 NWs at high temperature. Subsequent reaction with
LiOH yielded LiCoO, NWs. High-resolution TEM revealed that these LiCoO,
NWs were composed of nanoparticles, with most of the nanoparticles having
exposed (010) planes. The as-prepared LiCoO, NWs exhibited charge/discharge
capacity stabilized at 100 mAh/g after 100 cycles. In comparison, the most recent
report on flake-like LiCoO, nanoparticles synthesized using Co(OH), nanoflakes as
sacrificial templates via a simple coprecipitation method showed a reversible dis-
charge capacity up to 179 mAh/g [62].

The disadvantages of LiCoO, as cathode material include its high cost and
toxicity [43, 56-58]. As an alternative, LiMn,O,4 can be a lower cost, environ-
mentally friendly, and highly abundant material for LIB cathodes. The theoretical
charge storage capacity is 148 mAh/g [63], although it can be limited due to phase
changes during cycling [64, 65]. The Cui group [66] reported the hydrothermal
synthesis of single-crystalline 5-MnQO, nanorods and their chemical conversion into
free-standing single-crystalline LiMn,O,4 nanorods. The LiMn,0,4 nanorods had an
average diameter of 130 nm and length of 1.2 um. Galvanostatic battery testing
showed that LiMn,0,4 nanorods had a charge storage capacity of 100 mAh/g at a
high current density of 148 mA/g (1C) with high reversibility and 85 % capacity
retention after 100 cycles, while the capacity of commercially available powders
was only 50 mAh/g at the same current density. Structural studies showed that the
Li ions intercalated into the cubic phase of LiMn,04 with a small change of lattice
parameter, followed by the coexistence of two nearly identical cubic phases in the
potential range of 3.5-4.3 V. Similarly, they also reported ultrathin LiMn,O4 NWs
with cubic spinel structure synthesized by a solvothermal reaction. This approach
produced a-MnO, NWs which were converted in a second step to LiMn,O4 NWs
with diameters less than 10 nm and lengths of several micrometers [67]. These
small diameters NWs yielded 100 and 78 mAh/g at high charging rates of 60 and
150C, respectively [67]. Hosono et al. [68] synthesized single crystalline cubic
spinel LiMn,O, NWs using Nag44MnO, NWs as a self-template. These
self-templated NWs exhibited reversible capacities of 108, 102, and 88 mAh/g at
fast charge/discharge rates of ~50, 100, and 200C, respectively. More recently,
Wang et al. [69] reported an all NW based flexible LIB, using homologous Mn,0;
and LiMn,04 NWs for anodes and cathodes, respectively. As shown in Fig. 8.3, the
same precursors, MnOOH NWs, were transformed from hydrothermally grown
MnO, nanoflakes and directly attached on Ti foils via reaction with poly(vinyl
pyrrolidone). The Mn;03 anode and LiMn,0, cathode were subsequently formed
by thermal annealing and reaction with lithium salt, respectively. The LiMn,O4 NW
cathode showed a reversible capacity of 94.7 mAh/g at a charging rate of 1C and
high capacity retention of ~96 % after 100 cycles. Furthermore, the flexible
Mn,05//LiMn,0, full LIB exhibited an output voltage of >3 V, a thickness of
0.3 mm, high flexibility, and a specific capacity of 99 mAh/g based on the total
weight of the cathode material. It also exhibited good cycling stability with a
capacity of ~80 mAh/g after 40 charge/discharge cycles. Notably, a recent study
reported the synthesis of nanoparticles with a new composition Li4Mn,Os, prepared
by direct mechanochemical synthesis at room temperature [70] yielded a discharge



8.2 Lithium—Ion Batteries 213

MnOz NFs MnOOH NWs

Mn:z0s NWs anode

LiMn:0« NWs cathode

Li-ion full cell

Fig. 8.3 Schematic of the synthesis and fabrication of the Mn,0O5//LiMn,O, LIB full cell.
Reproduced from [69]. Copyright 2014 American Chemical Society

capacity of 355 mAh/g. This is the highest yet reported among known lithium
manganese oxide electrode materials. Such a high capacity is in principle unex-
pected, as the oxidation state of Mn in LiyMn,0Os is 3+. If one assumes that only the
Mn**/Mn** redox couple is active, then two Li ions could be extracted, resulting in
the formation of Li,Mn,05 with a theoretical capacity of 245 mAh/g. According to
the magnetic measurements, the authors proposed that the electrochemical activity
is due to the Mn>*/Mn**, O*7/0O~, as well as Mn**/Mn>" redox couples. Future
studies could help to illuminate better these interesting results.

For Li ion intercalation applications, V,0Os offers advantages of low cost, natural
abundance and straightforward synthesis [12]. Interestingly, different Li,V,05
phases form after intercalation of Li ions, each with different theoretical capacities.
The highest capacity w-Li,V,05 phase yields ~440 mAh/g for deep discharge,
although all of the intercalated Li ions cannot be extracted from the host structure,
indicating an irreversible transition [71]. In 2010, Mai et al. [72] reported the
synthesis of ultralong hierarchical V,05 NWs with diameters of 100-200 nm and
lengths up to several millimeters using electrospinning combined with annealing.
As shown in Fig. 8.4, the hierarchical NWs were constructed from attached V,05
nanorods of diameter ~50 nm and length of 100 nm. The initial and 50th dis-
charge capacities of the ultralong hierarchical V,05 NW cathodes were 390 and
201 mAh/g when the LIB was cycled between 1.75 and 4.0 V, much higher than
the self-aggregated short nanorods synthesized by a hydrothermal method. Chan
et al. [73] used in situ TEM to study the chemical, structural, and electrical
transformations of V,05 nanoribbons at the single nanostructure level. It was found
that transformation of V,05 into the LizV,05 phase depends not only on the width
but also the thickness of the nanoribbons. Transformation can take place within
10 s in thin nanoribbons, suggesting a Li* diffusion constant that is 3 orders of
magnitude faster than in bulk materials, resulting in a significant increase in battery
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Fig. 8.4 a, b Schematic (a) NH,VO,/PVA composite NW
illustration of formation of the (before annealing)
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power density. Recently, it was reported that NWs/nanorods assembled into a 3D
interconnected V,0s5 nano-network yielded improved electron/ion transport and
enhanced structure stability [74]. The inner porous structure was proposed to
promote ion diffusion and to buffer volume change during cycling. As a cathode,
the interconnected V,05 nano-network exhibited little capacity fading after 1000
charge/discharge cycles at high current densities of 1.0 and 2.0 A/g.

Lithium metal phosphates are presently at the center of much interest as cathodes
for LIBs, with a theoretical capacity of 170 mAh/g for the commonly investigated
LiFePO,. Lim et al. [75] used a hard template for the synthesis of LiFePO, NWs. In
this work, a 2D hexagonal Santa Barbara amorphous (SBA-15) silica template,
containing parallel cylindrical pores arranged with a hexagonal P6mm symmetry,
served to organize the wires into parallel bundles. After impregnation of the template
with a solution consisting of LiFePO, precursor, the silica template was removed
and the resultant LiFeO, NWs were subsequently annealed. Electrochemical cycling
demonstrates the discharge capacity at a rate of 15C shows 137 mAh/g, corre-
sponding to a capacity retention of 89 % compared with the capacity at a rate of
0.2C. This capacity value was less than that reported for hollow LiFePO4
nanoparticles, which was 153 mAh/g at 15C and had a 95 % capacity retention
compared to that at 0.2C.

8.3 Electrochemical Capacitors

LIBs are attractive energy storage devices in terms of their overall energy density
(Wh/kg), although the rate of discharge and charge, which is defined by the power
density (kW/kg), can be too slow for some applications [10, 11]. High power
density needs can in principle be met by ECs, also known as supercapacitors or
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ultracapacitors [76, 77]. ECs are power devices that can be fully charged or dis-
charged in seconds, and can yield high power densities of the order of 10 kW/kg for
short times [78]. There are two classes of ECs depending on the charge storage
mechanism [41, 77, 79-81]. The first class is electrical double layer capacitors
(EDLCs), which operate by adsorbing/desorbing charged ions from an electrolyte
onto high surface area electrodes forming a double layer structure. Carbon-based
materials with high surface area are typically used for EDLCs. A second group of
ECs, known as pseudo-capacitors or redox supercapacitors, use transition metal
oxides or conducting polymers as electrode materials, with the charge storage
depending on fast Faradaic redox reactions. Energy and power densities are two
crucial parameters for evaluating the EC performance. The maximum energy, E,
and power densities, P, of a EC can be obtained using the following equations [78]:

E=CV?)2
P=V?/4R

where C is the specific capacitance (SC) of the cell, V is the operating voltage, and
R is the series resistance. Therefore, a good EC should possess a high SC, wide
operating voltage, and minimum resistance. The advantages of nanomaterials in
ECs include: (i) the large surface to volume ratio, which provides more ion
adsorption or active sites for the formation of electrical double-layer and
charge-transfer reactions; (ii) short diffusion and transport length scales for elec-
trolyte ions within the nanostructures, which can facilitate transport of electrolyte
ions; and (iii) can effectively buffer stress from volume change in redox EC elec-
trodes during charge/discharge. In this section, we introduce several examples of
transition metal oxide [82-86] NWs as electrode materials for pseudo-capacitors.

Among all transition metal oxides, RuO, has ultrahigh theoretical SC
(~2000 F/g), excellent electrical conductivity, a wide potential window, long cycle
life, and high chemical stability; all of these features have made it one of the most
promising candidates for EC electrodes [87-89]. The highest SC value reported was
for anodically-deposited amorphous RuO, thin films on stainless steel substrates,
where a maximum SC of 1190 F/g in H,SO, electrolyte was reported [90]. In
comparison, RuO, nanorod arrays grown on LiNbO3(100) substrates were reported
by Ke et al. [91] to have a SC value of 569 F/g. The decreased SC for the crystalline
nanorods versus amorphous films can be attributed to slower transport and diffusion
of ions [80, 81]. The major drawbacks of RuO, are high cost and toxicity, which
prevent it from being used in the commercial ECs. Alternative transition metal
oxide materials include MnO,, NiO, Co304, and V,0Os, as well as hybrid mixtures
of two or more of these oxides [8§7-89]. However, these higher abundance and
lower toxicity metal oxides have lower conductivity and theoretical SC than RuO,
[87-89].

For example, Lu et al. [92] reported the synthesis of large-area manganese oxide
(MnO,) nanorod arrays on F-doped SnO, (FTO) coated substrates. The
free-standing MnO, nanorods of 70—100 nm in diameter and 1.5 pm in length were
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grown on FTO substrates via anodic electrodeposition in dimethyl sulfoxide
(DMSO) aqueous solution. While the theoretical SC is ~ 1100 F/g [93], electro-
chemical measurements showed that the MnO, nanorod electrodes exhibited SC as
high as 660.7 F/g at a scan rate of 10 mV/s and 485.2 F/g at a current density of
3 Al/g. Interestingly, during 1500 cycles at room temperature with a current density
of 3 A/g, the MnO, nanorod electrode SC increased more than 20 % of its initial
value over the first 700 cycles, and then retained almost constant SC. This work
represents arguably the best reported performance for MnO, EC electrodes.

The electrical conductivity of many transition metal oxides is lower than RuO,,
and this limits their SC and power characteristics (due to high charge-transfer
resistance). The design of hybrid materials containing different metal oxides, carbon
structures, and conductive polymers is a potential route to enhance the electrical
conductivity and charge-storage capability by introducing more defects and charge
carriers. In addition, coating an ultrathin layer of metal oxide on the surface of a
porous, high surface area material can shorten the electron transport distances and
thus lead to good electrochemical performance. Xia et al. [94] presented a general
two-step solution-based method for the fabrication of transition metal oxide
core/shell nanostructure arrays on various conductive substrates. Demonstrated
examples include Co304 on ZnO NW cores and NiO nanoflake shells with a
hierarchical and porous morphology (Fig. 8.5a, b). Supercapacitor electrodes based
on the Co3;04/NiO core/shell NW arrays on a 3D macroporous Ni foam exhibited a
high SC of 853 F/g and stable cycling performance up to 6000 cycles (Fig. 8.5c¢, d).
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Fig. 8.5 a, b Co304/NiO core/shell NW arrays showing the flake morphology of the NiO. ¢ SC at
different current densities. d Cycling performances at 2 A/g. Reproduced from [94]. Copyright
2012 American Chemical Society
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Fig. 8.6 a, b Schematic and TEM image of the highly graphitic carbon-tipped MMCM hybrid
NWs. ¢ Charge-discharge curves at 1-60 A g~'. d SC as a function of different current densities of
the MMCM hybrid NWs (red lines), the MCM hybrid NWs (blue lines) and the pristine MnO,
NWs (black lines). Reproduced from [97]. Copyright 2011 Royal Society of Chemistry

These results can be compared to the theoretical SC for NiO of 2573 F/g [95]. In
2013, Lou and coworkers [96] developed a cost-effective and simple strategy to
design and fabricate novel hierarchical NiCo,0,@MnO, core-shell heterostruc-
tured NW arrays on Ni foams for supercapacitor electrodes. These electrodes,
which had slim mesoporous NiCo,O4 NW cores and ultrathin MnO, nanoflake
shells, achieved a SC value of >1200 F/g.

In addition to those aforementioned hybrid structures, more complex heterostruc-
tures have also been demonstrated. For example, Jiang et al. [97] reported the design
and synthesis of a highly graphitic carbon-tipped MnO,/mesoporous carbon/MnO,
(MMCM) hybrid NW, using a multi-step hydrothermal method combined with
soft-template method for mesopore formation (Fig. 8.6a, b). The hybrid NW with
optimal carbon content, when applied as an electrode, exhibited superior capacitive
propertiesin 1 M Na,SO,4 aqueous solution, including high SC of 266 F/g (Fig. 8.6c¢),
rate capability (56.4 % capacity retention at 60 A/g, Fig. 8.6d), and cycling stability
without degradation after 1200 cycles. The energy densities achieved was as high as
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Fig. 8.7 Schematic of method to form supercapacitor material based on interpenetrating networks
of CNTs and V,05 NW. Reproduced from [99]. Copyright 2009 John Wiley and Sons

20.8 Wh/kg, at a power density of 30 kW/kg, indicating that the MnO, in this hybrid
nanomaterial was efficiently utilized with the assistance of the highly conductive
graphitic carbon-tipped mesoporous carbon shell.

In addition to hybrid materials containing multiple metal oxides, carbon-based
materials have also been extensively used to form hybrid structures with metal
oxide NWs for enhancing their electrical conductivity [98]. The Lu group [99]
demonstrated the synthesis of hierarchically porous nanocomposites of interpene-
trating CNTs and V,05 NW networks (Fig. 8.7), with the SC values of 440 and
200 F/g achieved at current densities of 0.25 and 10 A/g, respectively. In com-
parison, Boukhalfa et al. [100] used ALD method to deposit ultrathin V,05 on the
surfaces of CNTs that were assembled as a self-supporting paper. Flexible elec-
trodes fabricated using this method were able to deliver remarkable SCs of up to
1550 F/g per active mass of the V,0s and 600 F/g per mass of the composite
electrode at 1 A/g in 8 M LiCl. Conducting polymers can also applied as the main
electrical transport channels for nanocomposites with metal oxides. For instance,
Zang et al. [101] demonstrated a one-step in situ co-precipitation approach to
synthesize ultrafine MnO,/polypyrrole (PPy) nanorod composite powders at room
temperature. In this approach, pyrrole monomers worked as a reduction agent to
reduce Mn’" ions in KMnQO, solution to form Mn** jons in the form of S-MnO,
crystal. At the same time the pyrrole monomers were subjected to an oxidative
polymerization process to form conductive PPy. The SC of the f-MnO, NWs
reached as 294 F/g. In another example, Zhou et al. [102] developed a superca-
pacitor electrode composed of well-aligned CoO NW arrays grown on 3D nickel
foam with PPy uniformly immobilized onto or firmly anchored to each NW surface
to boost the pseudocapacitive performance. This CoO NW/PPy hybrid electrode
reached a SC of 2333 F/g, almost achieving the theoretical value of the hybrid,
2467 Flg.
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8.4 Sodium-Ion Batteries

Na-ion batteries (NIBs), as an alternative to LIBs, have attracted extensive inves-
tigations, owing to abundant supply and widespread terrestrial reserves of sodium
mineral salts [103]. Much progress on developing electrode materials for NIBs has
been achieved [103]. Similar to LIB, a NIB consists of two Na intercalation
materials as anode and cathode, and share the basic requirements for these elec-
trodes. For instance, single-crystalline layered V,Os NWs were synthesized by a
simple solvothermal method, and presented a large (001) interlayer spacing of
11.53 A, which can accommodate Na ion intercalation [104]. When applied as
cathode materials in NIBs, V,05 NWs exhibited a high capacity of 231.4 mAh/g at
a current density of 80 mA/g. This capacity corresponds well to the theoretical
capacity of 236 mAh/g to form Na,V,05 [105] on Na-ion intercalation. Su et al.
[106] demonstrated the synthesis of MnO, nanorods with exposed tunnel structures
by a hydrothermal method. The as-prepared MnO, nanorods had exposed {111}
crystal planes, which led to Na ion intercalation/deintercalation, were used as
cathode materials for NIBs, with a high initial Na ion storage capacity of
350 mAh/g, and a discharge capacity of 192 mAh/g maintained after 100 cycles,
still much lower than the theoretical capacity, 1232 mAh/g [107]. In another report
[108], the Nay,MnyO,3 NWs deliver a reversible capacity of 128 mAh/g at 0.1C
with an initial capacity retention capability of 77 % after 1000 cycles at 0.5C.

Recently, Kim et al. [109] reported the electrochemical activity of anatase TiO,
nanorods as anode materials in NIB. The anatase TiO, nanorods were synthesized
by a hydrothermal method, and their surfaces were coated with carbon to improve
the electric conductivity. In cell tests, anodes of bare and carbon-coated anatase
TiO, nanorods exhibit stable cycling performance and attained a capacity of about
172 and 193 mAh/g on the first charge, respectively, in the voltage range of 3-0 V.
The carbon-coated anatase TiO, delivered good capacity at high rates, 104 mAh/g
at a 10C rate, 82 mAh/g at a 30C rate and 53 mAh/g at a 100C rate, while the
theoretical capacity is 1348 mAh/g. In addition, Yuan et al. [110] realized a strategy
for fabrication of flexible and porous CuO nanorod arrays by simply engraving
commercial copper foils in situ, and the foils were then used directly as the anodes
for a NIB. The efficacy of this concept was demonstrated by the high initial capacity
of over 640 mAh/g, which is close to the theoretical capacity of 674 mAh/g, for a
high charging rate of ~8C at room temperature.

8.5 Future Directions and Challenges

It is important to appreciate the advantages and disadvantages of nanomaterials for
electrochemical energy storage, as well as how to control their synthesis and
properties [111]. Although NW structures have enabled the potential to provide
higher energy density than current energy storage systems, this research field is still
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in the developmental stage and will require efforts to understand potentially novel
electrochemical behavior in order to achieve practical applications. Specifically,
there are challenges facing the development and utilization of NW materials in
energy storage, and systematic and detailed studies are still required to promote the
progress of this field. For example, further fundamental studies directed toward
electrochemical reaction processes and mechanisms in different electrolyte systems
(e.g. aprotic, aqueous, hybrid and solid electrolytes) are required to better under-
stand the overall energy storage process. Such studies also will guide the devel-
opment of novel NW cathode and anode materials, as well as electrolytes and
separators.

The research field of NW materials for energy storage has a very bright future,
due to the existence of a wide and distinct variety of compounds with various NW
structures that have been studied, and will continue to be investigated with foci on
discovering new and novel materials, as well as optimizing the performance of the
already established ones. As a result, the materials chemistry and electrochemistry
of these NW materials will be further enhanced and enriched in the future.
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