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Introduction

Zhiqun Lin and Jun Wang

Increasing worldwide demand on energy and the limited amounts of nonrenewable
fossil fuels have stimulated intense research and development efforts on renewable
energy, in the areas of solar cells, energy storage, fuel cells, and water splitting, to
name a few. However, widespread applications of renewable energy have not been
very successful mainly due to the high cost of materials and underdeveloped
processing and fabrication techniques. When compared to their bulk counterparts,
nanomaterials possess well-defined nanostructures and exceptional physical and
chemical properties. They exhibit great potential for developing low-cost, high
performance renewable energy sources. For example, rational engineering on the
nanostructure of photoanodes in dye-sensitized solar cells (DSSCs) has led to
largely enhanced device performance; quantum dots that show multiple exciton
generation (MEG) capability may offer great promise in the fabrication of solar
cells with power conversion efficiency exceeding the Shockley–Queisser limit;
development of advanced synthetic methods for pyrite nanoparticles has led to
solution-based fabrication of low-cost, environmental friendly thin film solar cells;
investigation on the Indium tin oxide (ITO)-free transparent conductive films will
help realize the commercialization of flexible electronic devices; design and fab-
rication of nanostructured electrodes have provided the opportunity for developing
high performance, low-cost fuel cells, efficient water splitting, high density
hydrogen storage, high performance batteries, and supercapacitors; and the
development of nanoscale phase change materials (PCMs) has contributed to the
preparation of more efficient heat transfer fluids. Despite tremendous efforts on
incorporating nanomaterials into a variety of renewable energy sources, the high
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fabrication cost, small synthesis scales, and underdeveloped processing methods
associated with nanomaterials prevent them from progressing to commercial scale
applications. How to go about affecting this transition from lab bench to industrial
scales will be the primary research focus of future work in this field. Clearly, it is
necessary to have a comprehensive collection of review chapters covering the
current state-of-art research progresses, ongoing challenges, and possible future
directions in which to apply nanomaterials for renewable energy applications.

In this book, researchers actively working on renewable energy contribute their
views on how nanomaterials would be beneficial for the development of high
performance yet low-cost renewable energy sources. With comprehensive cover-
age of fundamental knowledge, in-depth background information, status of current
research and development, and an outlook for future directions, this book aims to
provide general information for undergraduate and graduate students interested in
nanomaterials and their applications in renewable energy, and serves as a hand-
book and reference for advanced readers such as materials scientists and
researchers working on renewable energy or related fields.

An overview of each chapter included in this book is given in the following
paragraphs under different categories, which we expect to provide readers with a
brief idea about the content of this book and help them navigate to areas of
interest.

1 Dye-Sensitized Solar Cells

Solar cells, also known as photovoltaic devices (PVs), directly convert incident
solar photons to electricity, and are one of the most studied solar energy systems
because they employ clean and abundant resources and show great potential to
satisfy future global energy demands. The current PV market is dominated by
single crystal silicon-based solar cells that deliver power conversion efficiencies of
15 % or higher. However, these first-generation solar cells still suffer from several
inherent deficiencies, such as high fabrication cost, heavy weight, and inevitable
use of toxic chemicals. DSSCs, a new generation of high performance and low-
cost solar cells, have attracted tremendous attention in the past decades owing to
several advantages such as low fabrication cost, low toxicity, and high power
conversion efficiency. A typical DSSC consists of several key components,
including an electrically conductive support (e.g., transparent conductive film), a
nanostructured semiconductor film (e.g., TiO2), a sensitizer (e.g., ruthenium dye
N719), an electrolyte (e.g., iodide/triiodide couple), and a counter electrode (e.g.,
Pt-coated electrode). In order to develop DSSCs with sufficiently high perfor-
mance for commercial scale fabrication, optimization on the above-mentioned
components should be carried out to achieve higher light absorption, better charge
collection and transport, minimal recombination, and long-term device stability.
Among all semiconductors studied for DSSCs, TiO2 has been regarded as the most
promising material for photoanodes in DSSCs due to its appropriate electronic
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band structure, photostability, chemical inertness, and well-established synthesis
methods. Modification of TiO2 has been extensively investigated in recent years.
The aim is to improve charge collection and charge transport in DSSCs, including
the development of TiO2 nanostructures with high surface area and unique mor-
phologies and the preparation of doped TiO2 nanostructures with improved optical
and electronic properties.

In the chapter by Lin et al., various synthetic methods for the preparation of
nanostructured TiO2 are presented, including sol–gel, hydrothermal/solvothermal,
electrochemical anodization, and electrospinning/electrospray methods. These
methods produce a wide range of TiO2 nanostructures that meet the requirements
of many different applications. In the second section of this chapter, an overview
of how the modification of TiO2 influences its chemical/physical properties in
different optoelectronic devices is presented.

In the chapter by Ma et al., nitrogen-doped TiO2 nanostructures and their effect
on the performance of DSSCs are described. Various doping methods, nano-
structures, the resulting physiochemical properties of N-doped TiO2, and the effect
of N-doped TiO2 photoanode on the performance of DSSCs devices are discussed
in detail. In the last section of this chapter, an analysis of the electron kinetic
behaviors (i.e., charge transport, electron lifetime, and charge recombination) in
DSSCs based on N-doped TiO2 photoanodes is presented.

In another chapter contributed by Ma et al., recent progress on the development
of Pt-free counter electrodes for DSSCs is comprehensively reviewed. Platinum-
based counter electrodes are commonly used in current DSSCs. However, its high
cost has motivated the search for low-cost, high performance alternatives,
including carbon materials, conductive polymers, transition metal compounds, and
composite catalysts. The advantages and disadvantages of each Pt-free counter
electrode alternative are subsequently reviewed.

An analog to DSSCs, quantum dot-sensitized solar cells (QDSSCs) in which
quantum dots play the role of ‘‘dye’’ in DSSCs have been extensively explored in
recent years primarily due to the exceptional optoelectronic properties of quantum
dots (e.g., size-dependent optical properties and MEG characteristics) and the
well-established synthetic methods for the preparation of high quality quantum
dots with tuneable morphologies and compositions. In a chapter by Mora-Seró
et al., recent advances in the development of QDSSCs are presented with a focus
on highlighting the differences between quantum dot- and dye-sensitized solar
cells (QDSSCs vs. DSSCs) in several aspects, including the preparation of sen-
sitizers, nanostructured electrodes, hole transporting materials, counter electrodes,
and recombination and surface states. Through such comparisons, further
improvements on QDSSCs can be envisioned. One example is the recent break-
through in photovoltaics with organometallic halide perovskites which came about
through the intensive study on QDSSCs. This is presented in detail in the last
section of this chapter.
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2 Pyrite Solar Cells

Pyrite (iron disulfide (FeS2), also known as fool’s gold) has long been proposed as a
green solar cell material owing to its optimum band gap (i.e., 0.95 eV), high optical
absorption coefficient (i.e., greater than 105 cm-1, two orders of magnitude greater
than the absorption coefficient of silicon), and abundance on earth, making it pos-
sible to fabricate highly efficient thin film solar cells with largely decreased con-
sumption of raw materials. However, unanswered questions about the effects of
defects and techniques to grow pure crystalline material still remain. In the chapter
by Ren et al., the crystal structure and fundamental properties of pyrite are first
introduced to offer an overview as to why it is a promising material for photovoltaics,
followed by the detailed review on various synthetic methods for the preparation of
nanostructured pyrite with a focus on the most recently developed solution phase
synthesis of pyrite nanoparticles. In the last section of this chapter, the applications
of nanostructured pyrite for photovoltaics and photodetectors are presented.

3 Polymer-Based Solar Cells

Many organic semiconductors exhibit the electronic properties of their inorganic
counterparts while carrying the advantages of plastic processing and low fabri-
cation cost through well-established polymeric materials processing techniques,
thereby yielding a variety of organic-based electronic devices such as organic
photovoltaic devices (OPVs), organic light emitting diodes (OLEDs), organic thin
film transistors, etc. Organic photovoltaic devices have been regarded as promising
technologies for the conversion of solar energy to electricity due to their light
weight, flexibility, and cost-effective processibility. Additional advantages of
OPVs also include short energy payback time compared to existing photovoltaic
devices, non-toxic, and abundance on earth. In a chapter contributed by Fang-
Chung Chen et al., the fundamentals of OPVs are presented in detail, followed by a
comprehensive review on the recent progress on conjugated polymer-based OPVs.
Effects of thermal annealing, solvent annealing, and interface engineering on the
performance of OPVs are also discussed. In the last section of this chapter,
common optical methods used to improve light absorption in OPVs are summa-
rized, followed by an overview of the development of low-band gap conjugated
polymers for more efficient light harvesting.

Indium tin oxide is the most commonly used transparent conductive materials
for a wide range of electronic devices such as OPVs. However, ITO usage is
diminished due to high material cost and poor flexibility. Clearly, the development
of a low-cost replacement for ITO is crucial for the commercial feasibility of
OPVs and other organic-based electronic devices. In this regard, a variety of
nanomaterials have been investigated that have shown great potential as an ITO
replacement by providing comparable or better electronic and optical properties. In
the chapter by Krebs et al., the development of ITO-free polymer solar cells is
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reviewed, which should help to realize commercially feasible OPV devices. In the
first section of this chapter, various nanomaterials showing the possibility to
substitute ITO are discussed, including metal nanogrids, metal nanowires, carbon
nanotubes, and graphene; followed by a discussion on the very recent progress in
the scale-up experiments on ITO-free OPVs modules.

Solution-based processing methods have been recognized as the most appro-
priate techniques for the fabrication of polymer-based electronic devices such as
OPVs and OLEDs. However, technical challenges, including large-area processing
technologies, coating quality, and long-term stability toward scalable and low-cost
polymer electronics, still remain. In a chapter by Guo et al., recent advances in
low-cost fabrication of OPVs and OLEDs are reviewed. Various scalable pro-
cessing methods are presented by focusing on the coating quality and the resulting
device performance in polymer-based electronics. This can ultimately lead to
conclusions on how appropriate coating techniques can be selected based on the
thickness requirement of each functional layer in polymer electronics. In the last
section of this chapter, ITO-free electrodes based on polymer materials are
introduced by evaluating their mechanical and optical properties, and a hybrid
ITO-free transparent conductive film based on metal mesh and conjugated poly-
mers is also introduced for the fabrication of large-area devices.

4 Hydrogen Energy and Fuel Cells

Hydrogen represents a clean and high gravimetric energy density fuel that could
potentially replace fossil fuels in many applications. However, the widespread
adoption of hydrogen fuels is stymied by a lack of efficient hydrogen generation and
high density hydrogen storage methods. Current technology for hydrogen genera-
tion is based on the stream methane reforming and water–gas shift reaction which
still relies on fossil fuels. Obviously, it is important to develop efficient, low-cost,
and scalable techniques to generate hydrogen in a sustainable manner. In this
context, photoelectrochemical water splitting has been considered as one of the
most promising approaches as presented thoroughly in the chapter by Li et al. The
most recent achievement in this area is comprehensively reviewed in this chapter,
and the key factor for efficient photoelectrochemical water splitting has been
identified to be the development of low-cost and efficient nanostructured photo-
electrodes. In another chapter by Prieto et al. on the development of hydrogen
storage materials, nanostructured magnesium and doped magnesium are described.
This includes the size and shape controllable synthesis of these nanostructures, the
kinetics of efficient hydrogen storage based on experimental observation and
modeling, and the theoretical models that could guide experimental efforts.

Fuel cells that convert the chemical energy stored in fuels into electricity through
electrochemical reactions with oxygen or other oxidizing agents have been
receiving considerable attention in the past few decades. However, the widespread
commercialization of fuel cells is still challenging due in part to the low catalytic
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performance and high cost of Pt-based electrocatalysts. In addition, efficient
hydrogen storage is also critical for the commercialization of hydrogen-powered
fuel cells. In the chapter by Wei Chen et al., the development of one-dimensional
(1D) palladium (Pd)-based nanomaterials as efficient electrocatalysts for fuel cells is
presented. Among all Pt-free catalysts, Pd has been found to be a promising sub-
stitute owing to its excellent catalytic properties and lower material cost compared
to Pt. Moreover, Pd-based materials exhibit high hydrogen storage capability which
is desirable for hydrogen-powered fuel cells. This chapter reviews the most recent
progress in the synthesis of 1D Pd-based nanomaterials for fuel cell applications.
Areas addressed include controllable synthesis of Pd-based nanostructures through
various synthetic routes, their high catalytic performance for electro-oxidation of
small organic molecules and oxygen reduction reaction (ORR), and the high
capacities for hydrogen storage exhibited in 1D Pd-based nanomaterials.

In another chapter on fuel cells contributed by Kumar and Pillai, the development
of low-cost nanomaterials for high performance polymer electrolyte fuel cells is
reviewed. Proton exchange membrane fuel cells (PEMFCs) utilize a polymer
electrolyte membrane to transport protons from the anode to the cathode and restrict
electrons from directly going to cathode from anode. They have garnered great
interest due to their easy start-up and flexible design. A typical PEMFC consists of
several critical components: Pt electrocatalysts, catalyst support (e.g., carbon), gas
diffusion layer or backing layer, bipolar plate, and polymer electrolyte membrane.
The successful operation of PEMFCs relies on the formation of effective triple phase
boundary (reactant gases, electrocatalysts, and polymer electrolyte membrane) to
facilitate efficient electrochemical reactions at both anode and cathode. However,
the commercialization of PEMFCs is facing obstacles due to the high materials cost
associated with Pt electrocatalysts and the poor performance of existing polymer
electrolyte membranes. This chapter provides the most recent progress on the
development of nanomaterials for PEMFCs in both fundamental and technological
aspects with special emphasis on carbon-based nanostructures such as carbon
nanotubes, graphene, nanostructured Pt electrocatalysts, and bio-inspired catalysts
development, followed by a sound conclusion and perspective on the future activ-
ities in developing low-cost, high performance PEMFCs.

5 Batteries

Electrochemical energy storage (EES) technologies, including flow redox batter-
ies, super capacitors, and rechargeable batteries (Pb–acid, Ni–Cd, Na–S, and Li–
ion batteries, etc.), have demonstrated significant advantages including high effi-
ciency, low-cost, and flexibility. Li–ion batteries in particular are currently con-
sidered as one of the most promising technologies due to their long lifetime and
high energy density. However, for widespread EES applications, there is an
increasing concern about the costs and the limitations of natural lithium reserves.
As a result, efforts have been made to explore low-cost and reliable EES
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technologies, among which Na–ion batteries are seen as a promising alternative
due to the abundance of natural sodium resources and its similar electrochemical
properties when compared with lithium. However, the realization of the Na–ion
intercalation/deintercalation mechanism remains challenging as Na ions are 40 %
larger in radius than Li ions. Thus, suitable host materials with high storage
capacity, rapid ion uptaking rate, and long cycling life need to be developed for
Na–ion batteries. In the chapter by Liu et al., the very recent progress on the
development of promising electrode materials for Na–ion batteries is reviewed and
discussed. The aim is to provide an overview of existing problems and future
research directions in this area.

There is an ever-increasing demand for flexible portable electronic devices such
as roll up displays, wearable devices, and implanted medical devices. This requires
the development of flexible batteries or supercapacitors as their power sources.
Typical batteries and supercapacitors are composed of several major components
including electrodes (i.e., positive electrode and negative electrode), separator, and
electrolyte. The two electrodes are spaced apart by a separator and all these
components are soaked in solution or gel electrolyte. In order to fabricate flexible
batteries and supercapacitors, electrodes with desired flexibility should be devel-
oped. In a chapter by Xue et al., the chemical routes to graphene-based flexible
electrodes are discussed for applications in EES. Graphene is of interest due to its
superior electronic properties and low-cost fabrication by chemical reduction. In
this chapter, utilization of graphene for flexible electrodes is presented in detail by
analyzing the structure–property relationships. This includes the use of graphene
as dominant constituent of electrodes, the use of graphene as a conductive matrix
in flexible electrodes, and the use of graphene as a functional additive to improve
the performance of cellulose and carbon nanofiber papers. Evidenced by experi-
mental examples, the development of graphene-based flexible electrodes offers
new opportunities to further reduce the fabrication cost. A perspective on the
future development of graphene-based flexible electrodes is presented at the end of
this chapter.

6 Thermal Energy

Thermal energy storage and transfer have been two of the hottest research topics in
renewable energy owing to the large abundance of thermal energy from the sun or
the earth (geothermal). PCMs have garnered considerable attention for use in
thermal energy storage and transfer due to their high heat storage capability during
phase transitions. They offer the potential to reduce energy consumption, and in
turn lower the related environmental impact. In the chapter by Yang et al., the
development of nanoscale PCMs for applications in high performance heat transfer
fluids is reviewed with special attention on the material synthesis and property
characterizations of phase changeable fluids.
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Design, Fabrication, and Modification
of Cost-Effective Nanostructured TiO2

for Solar Energy Applications

Meidan Ye, Miaoqiang Lv, Chang Chen, James Iocozzia,
Changjian Lin and Zhiqun Lin

Abstract One of the greatest challenges for human society and civilization is the
development of powerful technologies to harness renewable solar energy to satisfy
the ever-growing energy demands. Semiconductor nanomaterials have important
applications in the field of solar energy conversion. Among these, TiO2 represents
one of the most promising functional semiconductors and is extensively utilized in
photoelectrochemical applications, including photocatalysis (e.g., H2 generation
from water splitting) and photovoltaics (e.g., dye-sensitized solar cells, DSSCs).
As such, many efforts have focused on developing and exploiting cost-effective
nanostructured TiO2 materials for efficient solar energy applications.

1 Introduction

With worldwide economic development and population growth, global energy
demands have increased dramatically. Today, such demands largely depend on
nonrenewable oil and fossil fuels. The continuous rise in the price of oil and gas
has motivated people to pay closer attention to issues concerning our energy
supply and demand [1]. In the twentieth century alone, the world population
quadrupled and energy demand went up 16 times. The exponential energy demand
is exhausting fossil fuel supplies at an alarming rate. The mean global energy
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consumption rate was 4.1 9 1020 J, or 13 terawatts (TW) in 2000. By year 2050,
the number will have doubled to 28 TW and tripled to 46 TW by the end of the
century based on current estimates of population growth and energy consumption
[2]. Currently, this huge energy demand is supplied by oil (35 %), coal (23 %) and
natural gas (21 %), which in total yields a ratio of around 79 % from fossil fuels.
While biomass provides only 8 % of the energy supply, nuclear energy only
6.5 %, and hydropower a mere 2 % share [1]. Excessive extraction is leading to
gradually decreasing reserves of conventional, nonrenewable, energy resources,
such as oil, coal, and natural gas. Moreover, the increasing energy production
concurrently impacts the environment through the production of greenhouse gases
(i.e., carbon dioxide, methane, nitrous oxide, and other gases) from fossil fuels,
which contribute to climate change and even global warming concerns [3].
Therefore, in order to deal with the increasing energy demand and provide a long-
term solution to the energy crisis in the future it is essential to develop environ-
mentally and economically clean alternative energy resources in order to achieve a
globally sustainable society.

Renewable energy resources, including hydroelectricity from tides and ocean
currents (2.5 TW), geothermal energy (12 TW), wind power (24 TW), and solar
energy striking the earth (170,000 TW) are considered highly promising options
[3]. Among these, solar energy is clean, endlessly abundant, and has the largest
potential to satisfy the future global demand for renewable energy sources (under
ideal conditions, radiation power on a horizontal surface is 1000 Wm-2) [2].
However, to date, the energy converted from sunlight remains far less than that of
the total energy demand. For instance, the total average annual installed energy
capacity in 2009 was about 7 gigawatts (GW), which only contributed to 0.2 % of
global electricity usage [4]. Thus, the efficient, direct conversion of solar energy
into electricity and fuels should, and must, be one of the most important scientific
and technological pursuits of this century [5].

1.1 Applications for Solar Cells

First of all, to become a major contributor to future renewable energy, solar energy
must be cost-effective and priced competitively relative to conventional energy
resources, nuclear power, and other renewable energy resources [6]. Currently, the
direct conversion of incident solar photons to electricity is achieved through pho-
tovoltaic (PV) devices (or solar cells) [7, 8]. Single crystal silicon-based PV devices
are the first-generation solar cells, which are commercially available for installa-
tion, deliver power with a 15 % efficiency and make up about 90 % of the current
PV market. However, first-generation solar cells still suffer from several inherent
deficiencies as a result of the complicated and energy intensive fabrication process,
inevitable use of toxic chemicals, heavy cell weight, and the high cost of manu-
facturing and installation [9]. A retail price of about $2 per peak watt (Wp) with a
corresponding production price of about $0.5/Wp could make PV cost-competitive
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with electricity produced from coal. But the production cost of these first-genera-
tion solar cells is presently around $3.5/Wp, which is highly dependent on the price
of the silicon material [10].

Second-generation solar cells, including amorphous (or nano-, micro-, poly-)
silicon, CuInGaSe2 (CIGS), and CdTe, are based on thin film technologies. These
thin film solar cells possess some advantages, such as relatively simple manu-
facturing processes which reduce the production cost to about $1/Wp, multiple
choices of applied materials, and the possibility of flexible substrates. However,
second-generation solar cells face several shortcomings as well such as the toxicity
(e.g., Cd) and low abundance (e.g., In and Se) of the component materials.
Moreover, it is necessary to further increase their efficiency for practical utilization
[11]. Both the first- and second-generation solar cells are based on single junction
devices which must obey the Shockley-Queisser limit with a maximum thermo-
dynamic efficiency of 31–33 % when the optimum band gaps fall between about
1.1 and 1.4 eV [12].

Significantly, the third-generation solar cells, including tandem cells, hot carrier
cells, dye-sensitized solar cells, and organic solar cells can overcome this ther-
modynamic efficiency limit. The most important thing is that these third-generation
solar cells are promising to convert solar energy into electricity at a highly com-
petitive price, that is, less than $0.5/Wp [2, 10].

Among these third-generation solar cells, DSSCs offer many attractive features
that facilitate market entry. They afford low production cost (i.e., inexpensive to
manufacture, possibility of roll-to-roll processing and low embodied energy), low-
toxicity, earth-abundant materials (except Pt and Ru), good performance in diverse
light conditions (i.e., high angle of incidence, low intensity and partial shadowing),
lightweight, flexible, and design feasibility (i.e., transparent, bifacial and selected
colors) [2, 13]. Since the first DSSC was reported with efficiency of 7.1 % in 1991
[14], much attention has been devoted to this promising electrochemical device.
After two decades of concentrated efforts, DSSCs have developed into a powerful
photovoltaic technology with a recorded efficiency as high as 12.3 % [15].

Typically, a DSSC is made of five components: a conductive mechanical
support (e.g., transparent conductive glass or Ti foil), a semiconductor film (e.g.,
TiO2), a sensitizer (e.g., ruthenium dye N719), an electrolyte (e.g., iodide/triiodide
couple), and a counter electrode (e.g., Pt-coated electrode). The operating prin-
ciples of DSSCs are further described in Fig. 1a [16]. In DSSCs, electricity is
created at the semiconductor film on which a monolayer of visible light absorbing
dye is chemisorbed. Photo-excitation of the absorbed dye molecules generates
excited electrons which are further injected into the conduction band of the
semiconductor and quickly migrated to the external circuit through the conductive
substrate. The original state of the dye is subsequently restored by electron
donation from the electrolyte, usually an organic solvent containing a redox sys-
tem, such as the iodide/triiodide (I-/I3

-) couple. The regeneration of the sensitizer
by I- prevents the recapture of the conduction band electron by the oxidized dye
while I- is regenerated in turn by the reduction of I3

- at the counter electrode. The
counter electrode returns charge from the external circuit back to the cycling
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circuit in the cell [17]. The voltage generated under illumination depends on the
difference between the Fermi level of the electron in the semiconductor materials
and the redox potential of the electrolyte (Fig. 1b) [18, 19].

Notably, the core of the system is the nanoporous semiconductor, composed
primarily of TiO2 materials, which not only supplies numerous adsorption sites for
dye sensitizer but also functions as an electron acceptor and electronic conductor
[16]. TiO2 possesses several unique chemical and physical properties which make it
the most popular candidate for semiconductors in DSSCs. First, the conduction
band edge of TiO2 lies slightly below the excited state energy level of many
sensitized dyes, which is a necessary condition for efficient electron injection.
Second, TiO2 also has a large dielectric constant (e = 80 for anatase) for effective
electrostatic shielding of the injected electrons from the oxidized dye molecules
adsorbed on the TiO2 surface, thus avoiding their recombination before regenera-
tion of the dyes by the redox electrolyte. The relatively high refractive index of
TiO2 (n = 2.5 for anatase) also provides efficient diffusive light scattering inside
the nanoporous film, thus significantly increasing the light harvesting potential. In
addition, TiO2 is stable over a wide range of environments, such as high temper-
ature and high acidity. Lastly, TiO2 is inexpensive, abundant, and nontoxic [2, 20].
In order to improve upon the aforementioned useful properties, over the past several
decades extensive research interests and efforts have focused on the design, fab-
rication, and modification of versatile TiO2 photoanodes.

1.2 Applications in Photoelectrochemical Water Splitting

In addition, another ideal way for direct conversion of solar energy into practical
energy sources is through the generating of hydrogen from solar photoelectro-
chemical splitting of water using semiconductors as photoelectrodes [21].

Fig. 1 a The physical image and b the simple operating principle of DSSCs based on TiO2

nanomaterials. (Reprinted with permission from Ref. a [17], b [9]. Copyright � Wiley-VCH and
Nature Publishing Group)
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Hydrogen is a well-known, potentially highly efficient and environmentally clean
fuel since the chemical energy stored in the H–H bond can be easily released when
the molecule reacts with oxygen to yield only water as a by-product (i.e., com-
bustion). Moreover, hydrogen is a light gas (0.08988 g/L) with a higher energy
density compared to any other fuel such as gasoline. For example, one gram of
hydrogen can provide about 140 kJ of energy, which is almost four times that
of methane (33 kJ/g) [22]. Therefore, large-scale and cost-effective generation of
hydrogen, preferably using renewable and carbon-free resources, is highly
attractive. Currently, hydrogen is produced from a variety of primary sources such
as natural gas, heavy oil, methanol, biomass, wastes, coal, solar, wind, and nuclear
power. Among these sources, hydrogen production from photocatalytic water
splitting in the presence of semiconductor photocatalysts using solar irradiation
represents one of the most promising approaches and has garnered attention
because of its direct use of sunlight. In so doing, the process avoids the ineffi-
ciencies due to thermal transformation or electrolysis with the conversion of solar
energy to electricity [23]. Since the pioneering work by Fujishima and Honda in
1972 on a photoelectrochemical cell (PEC) using a TiO2 photoelectrode, water
splitting under sunlight has made remarkable progress in the past 40 years [24, 25].

Water splitting is a thermodynamically uphill or endothermic process with a
significantly positive change in Gibbs free energy (DGo = +237.2 kJ/mol, 1.23 eV
per electron), and a minimum potential of 1.23 eV is needed for the reaction to
proceed. Taking the recombination of excited electron-hole pairs and losses from
devices such as contacts and electrode resistances into consideration, the optimal
energy required for water splitting is around 2 eV [22]. In a PEC, the key com-
ponents are the electrodes (i.e., cathode and anode) on which redox chemical
reactions involving electron transfer take place. Typically, a PEC cell is composed
of a semiconductor photoanode and a Pt counter electrode in an electrolyte solution.
As shown in Fig. 2a, incident light irradiation with the photon energy matching or
greater than the forbidden band gap energy (Eg) of the semiconductor generates
electron-hole pairs and the photo-excited electrons are then promoted from the
valence band (VB) to the unoccupied conduction band (CB), which then migrate to
the cathode and react with protons to generate hydrogen (2H+ + 2e- ? H2).
Concurrently, the holes accumulate on the surface of the photoanode and split water
molecules to produce oxygen (H2O + 2h+ ? 2H+ + 1/2O2) [26].

To effectively split water for hydrogen generation, the match of the band gap
and the potential of the conduction and valence bands are important, that is, the Eg

of the semiconductor should be larger than 1.23 eV (k\ 1000 nm) to realize
water splitting. However, when using visible light, Eg should be less than 3.0 eV
(k[ 400 nm) [27]. In addition, the semiconductor photoanode with a conduction
band edge more negative than the H2 evolution potential and a valence band edge
more positive than the O2 evolution potential is also required. Other requirements
include stability under light irradiation and in aqueous solution, excellent
absorption in the solar spectrum region, high-quality structure for effective charge
transport, and low production cost [28]. Unfortunately, no such material has been
found that can satisfy all the requirements simultaneously.
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Numerous semiconductor materials, for instance (TiO2, Fe2O3, SrTiO3, ZrO2,
WO3, CdS, ZnO, NaTaO3, BaTi4O9, BiVO4, CeO2) have been explored for water
splitting into H2 and O2 under ultraviolet (UV) or visible light irradiation [23, 28, 29].
Among the various candidates for the photoanode, TiO2 is considered to be one of
the most promising semiconductor materials as it can fulfill the task of photocatalytic
water splitting in a clean, environmentally friendly and low-cost way, owing to its
favorable band gap energy (3.2 eV in anatase), high photochemical stability, non-
toxic property, and relatively inexpensive cost [25]. There are however several
drawbacks to TiO2. The conversion efficiency of this technology is still low and thus
it is currently only in the research stage. Also, the band gap of anatase TiO2 is around
3.2 eV, implying that only ultraviolet (UV) light can be used for water splitting.
Lastly, the PEC cell concurrently undergoes a rapid recombination of photogener-
ated electron-hole pairs [30]. Consequently, many research efforts are made to
reduce these drawbacks in the TiO2-based PEC cell.

1.3 Applications in Photocatalytic Degradation of Pollutants

Lastly, solar light may have the potential to solve the environmental contamination
problem. Wastewater pollutants have become a worldwide environmental threat as
a result of burgeoning industry and population [31]. To date, many techniques
have been developed for the decontamination of many artificial or anthropogenic
organic pollutants, especially those with high toxicity but very low concentration.
A better alternative should be able to chemically transform the organic pollutants
into environmentally benign compounds in an efficient manner [31].

Recently, numerous studies have been performed on the application of photo-
catalysis in the degradation of organic pollutants from wastewaters due to its
ability to completely mineralize the toxic organic chemicals into nontoxic inor-
ganic minerals [29]. Photocatalysis is triggered by semiconductor catalysts which

Fig. 2 a Overview principle of TiO2-based photocatalytic water splitting for hydrogen
generation. b Simplified principle of TiO2-based photocatalysis of organic pollutants. (Reprinted
with permission from Ref. [29]. Copyright � Simplex Academic Publishers)
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function as sensitizers for light-induced redox-reactions and have the unique
electronic structure of a filled valence band, and an empty conduction band. On
irradiation (Fig. 2b), electrons in the valence band of semiconductors are excited
to their conduction band, thus leaving holes behind. The resulting electron-hole
pairs can recombine or react separately with other molecules. The holes may
migrate to the surface and react either with electron donors in the solution or with
hydroxide ions to produce powerful oxidizing species like hydroxyl or superoxide
radicals. Meanwhile, the conduction band electrons can reduce an electron
acceptor [32]. Consequently, semiconductor materials can act as either an electron
donor or as an electron acceptor for molecules in the surrounding medium,
depending on the charge transfer to the adsorbed species [32].

Semiconductor nanomaterials are promising options for inexpensive and
environmentally friendly decontamination systems in which the correlated
chemical reagents, energy source, and catalysts are abundant, inexpensive, non-
toxic, and produce no secondary pollution byproducts [33]. Compared to other
semiconductors (e.g., ZnO, Fe2O3, CdS, and ZnS), TiO2 is the most widely used
semiconductor catalyst in photocatalysis due to its chemical and biological
inertness, photostability, relative ease of manufacture and utilization, reaction
catalysis efficiency, low cost, and nontoxicity. It does however have the disad-
vantage of solely ultraviolet (UV) activation and not visible [32].

2 Fabrication of Cost-Effective Nanostructured
TiO2 Materials

As mentioned above, TiO2 is one of the most promising photovoltaic materials
because of its appropriate electronic band structure, photostability, chemical
inertness, and commercial availability [34]. TiO2 exists in nature in three different
polymorphs, namely, rutile, anatase, and brookite. In addition, other synthetic
phases, for example, TiO2(B), TiO2(H), and TiO2(R) as well as several high-
pressure polymorphs have also been reported. Each phase shows different physical
and chemical properties for different functionalities [34].

Of these phases, rutile and anatase are the most practically important crystal
structures for energy applications (Table 1). In general, both anatase and rutile-
type TiO2 have a tetragonal crystal structure. The difference is that anatase TiO2

follows a bipyramidal habit, while rutile TiO2 obeys a prismatic habit [33]. These
two tetragonal structures can be constructed by the chains of TiO6 octahedra,
where each Ti4+ ion is close to six O2- ions. Anatase and rutile crystal structures
are different in the distortion of each octahedron along with the assembly pattern
of the octahedron chains. Specifically, the octahedron in rutile exhibits a slight
orthorhombic distortion, while the octahedron in anatase is largely distorted,
leading to lower symmetry compared to that of orthorhombic. Also, anatase has
larger Ti–Ti distances but shorter Ti–O distances than those in rutile. Finally, the
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rutile structure is assembled by joining each octahedron with ten neighboring
octahedrons in the form of two sharing edge oxygen pairs and eight sharing corner
oxygen atoms. While for the anatase structure, each octahedron couples to eight
neighbors with four sharing an edge and four sharing a corner. Thus, these dif-
ferences in lattice structures result in different electronic properties between rutile
and anatase TiO2 [35]. Generally, anatase is considered to be more photoactive
than rutile, largely due to the differences in the extent and nature of the surface
hydroxyl groups present in the low temperature structure and the Fermi levels,
where anatase (Eg = 3.2 eV) is about 0.2 eV higher than that of rutile
(Eg = 3.02 eV). However, rutile TiO2 still has some advantages over anatase such
as higher chemical stability, higher refractive index, and cheaper production costs.
Furthermore, rutile films have recently been used in DSSCs and have shown
comparable performance to anatase DSSCs [36].

It is well accepted that the performance of devices is highly dependent on the
chemical and physical properties of their as-prepared material components. Thus,
today the demand for efficient, high performance devices has stimulated increasing
attention in advanced functional materials [3]. Conventional micrometer-sized
bulk materials suffer from inherent limitations in performance and fail to satisfy
the increasing requirements of new devices. Consequently, nanostructured mate-
rials are becoming ever more important in many fields and hence have attracted
great interest in recent years [34].

In brief, nanostructured materials exhibit quantum confinement effects when the
electronic particles of these materials are confined by potential barriers to very
small regions of space. The confinement can be in one dimension (i.e., quantum
wells), in two dimensions (i.e., quantum wires, tubes or rods), or in three
dimensions (i.e., quantum dots (QDs)). A variety of nanometer size-dependent
properties have been found in the materials used in electrochemical energy

Table 1 Physical and structural properties of anatase and rutile TiO2. (Reprinted with permis-
sion from Ref. [33]. Copyright � Elsevier)

Property Anatase Rutile

Molecular weight (g/mol) 79.88 79.88
Melting point (�C) 1,825 1,825
Boiling point (�C) 2,500–3,000 2,500–3,000
Light absorption (nm) \387.5 \413.3
Band-gap energy (eV) *3.2 *3.0
Mohr’s hardness 5.5 6.5–7.0
Dielectric constant 31 114
Density (g/cm3) 3.79 4.13
Crystal structure Tetragonal Tetragonal
Space group I41/amd P42/mnm
Lattice constant (Å) a = 3.78 a = 4.59

c = 9.52 c = 2.96
Ti-0 bond length (Å) 1.94 (4) 1.95 (4)

1.97 (2) 1.98 (2)
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conversion and storage devices. For example, the increasing surface-to-volume
ratio and special surface area facilitate sufficient reaction or interaction between
the nanostructured material and surrounding electrolyte [37]. Energy conversion
and transport in nanostructured materials are also different from those in bulk
materials due to the quantum size effects on energy carriers such as photons,
electrons, and molecules [38]. For example, efficient light harvesting to create
charge carriers in materials happens at the scale of several hundreds of nanome-
ters, near the wavelength of light.

However, the mean free path of the excited charge carriers is shorter than the
wavelength of light, requiring the small length scales afforded by nanostructures.
Considering the need for both efficient photon absorption and effective collection of
excited charge carriers in devices, it is necessary to design structures on a scale
commensurate with both the wavelength of light and charge migration lengths
simultaneously. One such option is one-dimensional (1D) nanostructures (e.g.,
nanotubes or nanowires), which have one dimension larger than the wavelength of
light, and another dimension shorter than the mean free path of charge carriers [39].
Accordingly, current efforts in nanoscience and nanotechnology for energy appli-
cations are concentrating on utilizing these nanoscale effects to produce efficient
energy technologies such as solar cells, fuel cells, and batteries. Researchers are
eager to exploit cost-effective process to prepare high-performance nanostructures
for a more sustainable energy economy [6, 40-44].

Many properties of nanostructured TiO2 films, such as surface area, shape, grain
size, and grain boundary density, will significantly impact the performances of
energy conversion devices [45-47]. The methodology used to fabricate the
nanostructured films is an essential factor to tailor the properties of TiO2 nano-
structures [48]. To date, significant progress has been achieved in the preparation
of TiO2 nanomaterials. A variety of film preparation techniques have been
developed and employed for the formation of diversiform nanostructured TiO2,
including nanoparticles [49], nanorods [50], nanowires [51], nanotubes [52],
nanosheets [53], and mesoporous structures [54]. In most cases, nanostructured
TiO2 materials can be prepared either by dry or wet processes. In the past decades,
a number of methods, such as sol–gel [55], hydrothermal/solvothermal processes
[56], electrochemical anodization [57], electrospinning [58], electrospray [59],
electrodeposition [60], directional chemical oxidation [61], ultrasound and
microwave irradiation [62], laser pyrolysis [63], and chemical/physical vapor
deposition [64], have been developed to control the size, morphology, and uni-
formity of TiO2 nanostructures simultaneously. The following sections further
elaborate on some of the above-mentioned preparation methods for preparing cost-
effective, high-performance TiO2 nanostructures for energy applications, such as
DSSCs, hydrogen generation, and photocatalysis.
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2.1 Preparation Methods

2.1.1 Sol–Gel Method

The sol–gel method is a powerful technique in the development of nanostructured
semiconductor films with diverse morphologies. Sol–gel method is typically a two-
step process of synthesis and deposition, and can easily tailor the material prop-
erties during synthesis under optimized conditions [65, 66]. In a typical sol–gel
process, a colloidal suspension or sol is first obtained from the hydrolysis and
polymerization reactions of the precursors, which are usually inorganic metal salts
or metal organic compounds such as metal alkoxides. The phase conversion from
the liquid sol into the solid gel phase is realized by complete polymerization and
evaporation of the solvent. Finally, thin films of the resulting solid gel can be
achieved via a variety of deposition techniques such as spin-coating, dip-coating,
spray pyrolysis, doctor blade, electrophoretic, and template assisted deposition
onto a conducting glass substrate (e.g., fluorine-doped tin oxide, FTO or indium-
tin oxide, ITO glasses) or other preferred surface [67–69]. The film is then
annealed at 200–450 �C in air for 1–2 h, which is essential to reduce grain
boundaries and enhance crystallinity, thus improving electrical conductivity.

Nanostructured TiO2 materials are usually prepared from the hydrolysis of a
titanium precursor, which is normally performed via an acid-catalyzed hydrolysis
step of titanium (IV) alkoxide (e.g., titanium isopropoxide, TTIP) or halide pre-
cursor (e.g., TiCl4) followed by condensation. Properties of the resulting TiO2

nanomaterials, including the crystallinity, morphology, structure size, surface area,
porosity, degree of dispersion, and crystal phase, heavily depend on the reaction
conditions, including the temperature, reaction time, solvent, solution pH, type of
precursor, drying conditions, and post-treatment [20, 35, 70]. Among various
methods, the sol–gel method is one of the most widely used methods for TiO2

nanostructure preparation, due to its relatively low cost, flexibility of substrate, and
diversity of nanostructures such as nanoparticles, nanorods, nanoporous films, and
nanowires [1].

Template-assisted sol–gel processes are a well-established strategy for the
design of various functional TiO2 nanostructures. This method utilizes the mor-
phological properties of known and characterized templates in order to assemble
materials with a particular morphology by reactive deposition or dissolution
methods. By controlling the morphology of the template material, it is possible to
prepare numerous new materials with a regular and controllable morphology (e.g.,
mesoporous structure) on the nano and micro scale [71, 72]. The template-assisted
method can be generally divided into three sequential steps as shown in Fig. 3a:
(1) assembly of a template (e.g., composed of polymer latex spheres), (2) infil-
tration and deposition of TiO2 nanoparticles or titanium precursor, and (3)
selective removal of the used template to yield an inverse porous structure [73].
The used templates can be soft templates (surfactants or block polymers) or hard
templates (porous silica, polystyrene spheres, or porous carbon) [74].
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In the past decade, mesoporous TiO2 materials have attracted considerable
interest for many applications due to their continuous particle framework, which
contain nanoparticles distributed throughout structures of adjustable pore size and
high specific surface area. Mesoporous TiO2 materials with tailored pore size, high
specific surface area, and well-defined crystalline structure in particular have
potential applications in solar cells, photocatalysis, and water splitting [75, 76]. In
photocatalytic applications, a tunable pore size can facilitate the diffusion rate of
reactants toward adsorption sites, while a high surface area can maximize the
interface between the reactant and the catalyst surfaces [77]. For DSSCs, meso-
porous TiO2 can enhance light harvesting within the electrodes without sacrificing
the accessible surface for dye loading [78].

Generally, the sol–gel process using organic surfactants as assisting templates
represents the most widely used route for the synthesis of mesoporous TiO2 and
involves a complicated mechanism called evaporation-induced self-assembly
(EISA) [79]. The EISA process produces an ideal grid-like morphology consisting
of a continuous, ordered network of anatase TiO2 with a high surface area by
condensation of a titanium precursor around self-organized organic templates in a
gel phase, followed by removal of the templates via heat treatment. This simple
process uses a wide range of surfactants as structure directing agents to prepare
ordered mesoporous TiO2. The structure directing agent in this method is an
amphiphilic macromolecule (block copolymer) which microphase-separates into

Fig. 3 a Schematics of the sol-gel fabrication procedure of a TiO2 inverse opal via a template-
assisted method. SEM images of SU8 templates (b) and TiO2 inverse opal (c). (Reprinted with
permission from Ref. a [92], b, c [72]. Copyright � Wiley-VCH and American Chemical
Society)
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ordered domains on the 5–50 nm length scale. This is driven by the incompati-
bility of its covalently linked macro-molecular blocks. The inorganic material is
typically selectively incorporated into one of the polymer domains in the form of a
nanoparticle sol. The structure-direction controlled by macro-molecular self-
assembly undergoes a high-temperature calcination step, resulting in an inorganic
material that resembles the polymer microphase morphology [80].

Commonly the used organic templates are amphiphilic poly(alkylene oxide)
block copolymers, composed of two different polymers covalently connected at one
end, such as triblock copolymers, HO(CH2CH2O)20(CH2CH(CH3)O)70

(CH2CH2O)20H (designated EO20PO70EO20, called Pluronic P-123) [81] and
HO(CH2CH2O)106(CH2CH–(CH3)O)70(CH2CH2O)106H (designated EO106PO70

EO106, called Pluronic F-127) [79, 82]. Recently diblock polymers have also been
used as structure-directing agents. Some examples include polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP) [83, 84], polystyrene-block-poly(2-vinylpyri-
dine) (PS-b-P2VP) [85], polystyrene-block-poly(ethylene oxide) (PS-b-PEO) [86,
87], poly(vinyl chloride)-g-poly(oxyethylene methacrylate) (PVC-g-POEM) [67],
and poly(isoprene-block-ethylene oxide) (PI-b-PEO) [88]. Moreover, other
organics including poly(dimethylglutarimide) (PMGI), hydroxyl styrene-based
cross-linkable polymers [89], cetyltrimethylammonium bromide (CTAB) micelles
[90], cellulose [65], sodium alginate [91] and polyethylene glycol (PEG) [40] are
also employed to direct the formation of mesoporous TiO2 for solar energy
applications. Using such sol-gel process, electrodes can be prepared directly on Si
or FTO substrates. Furthermore, the process is highly scalable because it can be
performed at low temperatures without any expensive or complicated equipment.

Among the various new microstructured electrodes designed recently, three-
dimensional (3D) photonic crystal electrodes (Fig. 3c) made from colloidal crystal
templates or inverse opals (Fig. 3b) have been well investigated due to their
unique advantages [92, 93]. Photonic crystal (PC) materials exhibit periodicities in
their refractive index on the order of the wavelength of light, and thus provide
many interesting possibilities for ‘‘photon management’’ [94, 95]. Bragg diffrac-
tion in a periodic lattice, localization of heavy photons near the edges of a photonic
band gap, multiple scattering at disordered regions in the photonic crystal, and the
formation of multiple resonant modes are some of the phenomena that are
exhibited by photonic crystals and can greatly enhance the effective light path
within the active layer [68, 96]. 3D photonic colloidal crystals are of particular
interest for enhancing light harvesting in DSSCs because these TiO2 crystals can
be both porous and significantly enhance light-matter interactions on the long
wavelength side of the stop band. More importantly, the 3D ordered porous
electrode with relatively large porosity is beneficial in applications that include
polymeric electrolytes with high viscosities and relatively large molecular weight.
Furthermore, 3D connected TiO2 networks can provide an organized electron path,
which may facilitate charge transport and thus enhance the collection efficiency of
back-contact electrodes [72, 92]. In this regard, several hard templates, such as
polystyrene (PS) [97, 98], poly(methyl methacrylate) (PMMA) [73], and SU8
photoresist [72] can be used to build the 3D backbone.
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Interestingly, some designs are created using two kinds of templates. For
example, a double layer couples a high surface area mesoporous anatase underlayer
prepared using PI-b-PEO block polymer as template, with an optically and elec-
trically active 3D periodic TiO2 PC overlayer reversed from a PS template. Such a
design is expected to allow effective dye sensitization, electrolyte infiltration, and
charge collection from both the mesoporous and the PC layers, which acts as the
photoanode in DSSCs [68]. Additionally, mesoscale colloidal PS particles and
lithographically patterned SU8 macropores can be used as the dual templates, with
the colloidal particles assembled within the macropores. The as-prepared template
produces hierarchical TiO2 electrodes for DSSCs with sufficient surface area from
mesoscale pores and effective light scattering from micropores [99].

Alongside the effective organic templates, several inorganic materials including
porous anodic alumina (PAA) [100], ZnO [101], Cd(OH)2 [102] and SiO2 [103]
have been successfully employed as templates to construct TiO2 architectures,
such as ordered nanowires/nanotubes, mesoporous hollow spheres, and hierar-
chical nanoplates. One of the most commonly used templates, a PAA membrane
with high density and high aspect ratio pores, is prepared by anodic oxidation of an
aluminum sheet in a solution of sulfuric, oxalic, or phosphoric acids. It is fre-
quently used as a template in nanowire or nanotube array synthesis through the
sol–gel process described in Sect. 2.2.2 [104]. The PAA allows nanowires or
nanotubes to grow on transparent conducting indium tin oxide (ITO) substrates
without bending or breaking. This technique is capable of achieving a surface
roughness factor equal to a typical nanoparticle layer [100]. In particular, a number
of hybrid templated processes have been developed to construct attractive TiO2

nanostructures. For example, 3D interconnected nanoporous TiO2 nanotube arrays
on fluorine-doped tin oxide (FTO) glass were prepared using a sol-gel process
assisted by PVC-g-P4VP block copolymer and a ZnO nanorod template [105]. An
organic–inorganic hybrid template (Fig. 4), Al2O3-POEM, is specially designed to
fabricate a crack-free, organized mesoporous TiO2 photoanode with high surface
area, good interconnectivity, and uniform pores, yielding a high energy conversion
efficiency of 7.3 % in DSSCs [78]. Other synthesis methods have also been
assisted by templates, including hydrothermal [106, 107], atomic layer deposition
(ALD) [108–110], microwave, and sonochemical methods [77].

2.1.2 Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal methods have also been used to prepare a variety
of TiO2 nanomaterials [111–113]. In such processes (Fig. 5), the synthesis reaction
generally occurs in aqueous/organic solutions containing required material pre-
cursors within temperature controlled steel pressure vessels called autoclaves. The
reaction temperature can be raised above the boiling point of the water/organic
solvent, reaching the pressure of vapor saturation. The temperature and the amount
of solution added to the autoclave largely affect the internal pressure produced.
The solvothermal method is almost identical to hydrothermal method except that
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the solvents used for solvothermal synthesis are nonaqueous, while water is the
primary hydrothermal solvent [114, 115]. Accordingly, the temperature in solvo-
thermal process can be increased much higher than that in hydrothermal method
because a variety of organic solvents with high boiling points can be adopted.
Normally, the solvothermal method possesses better control over the size, struc-
ture, size distribution, and degree of crystallinity of TiO2 nanomaterials compared
to hydrothermal method [35].

In comparison with other methods, hydrothermal/solvothermal synthesis is a
facile route to prepare a highly crystalline oxide under moderate reaction condi-
tions, including low temperature (in general less than 250 �C) and relatively short

Fig. 4 Schematic of the preparation of the TiO2 electrodes using hybrid templates. (Reprinted
with permission from Ref. [78]). Copyright � Wiley-VCH

Fig. 5 Simplified schematic of hydrothermal and solvothermal synthesis and some typical
structures prepared by both process: a nanosheets, b nanorods, c hollow microspheres and
d flower-like microspheres. (Reprinted with permission from Ref. a [114], b [122], c [8] d [125].
Copyright � American Chemical Society and Wiley-VCH)
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reaction time. It provides a convenient and effective reaction environment for the
formation of nanocrystalline TiO2 with high purity, good dispersion, and well-
controlled crystallinity [116]. By employing this method, the calcination process,
which is essential to the TiO2 transformation from amorphous phase to crystalline
phase, can be eliminated. Similarly, by tuning the hydrothermal conditions (such
as temperature, pH, reactant concentration, molar ratio, and additives), crystalline
products with different compositions, sizes, and morphologies can be achieved
[117]. Many high-performance TiO2 nanostructures, including novel nanocrystals
[114], nanosheets (Fig. 5a) [22], 1D morphologies (e.g., nanotubes, nanowires,
nanorods (Fig. 5b)) [118–122], mesoporous structures (Fig. 5c) [116, 123], and
especially 3D hierarchical architectures (Fig. 5d) [29, 115, 124, 125] have been
extensively developed via cost-effective hydrothermal/solvothermal methods and
widely applied in DSSCs, H2 generation and photocatalysis.

Recently, anatase TiO2 single-crystalline nanosheets (NSs) with a high percentage
of reactive (001) facets have attracted much attention as a dominant source of active
sites for various applications such as photovoltaic cells, photodegradation of organic
molecules, and photocatalytic water splitting [112, 126, 127]. Both theoretical and
experimental studies indicate that the anatase TiO2 (001) facets in particular are more
reactive than (101) facets, which could be mainly attributed to different coordination
numbers of Ti in (001) and (101) facets. In the (001) facets, each Ti atom coordinates
with five oxygen atoms (i.e., with 100 % five-coordinate Ti (Ti5c) atoms). While in
the (101) facet, each Ti atom is coordinated with either five or six oxygen atoms with a
50 % probability for either case. Thus, the (001) facets display an enhanced number of
oxygen vacancies in comparison with the (101) facets owing to the low coordination
number of Ti with oxygen [128, 129]. However, anatase TiO2 crystals are usually
dominated by (101) facets, which are thermodynamically stable due to their lower
surface energy than that of (001) facets (i.e., surface energy: c(001) = 0.90
J/m2 [ c(100) = 0.53 J/m2 [ c(101) = 0.44 J/m2). Consequently (101) facets
account for more than 94 % of the total exposed surface according to the Wolff
construction [4].

An important breakthrough in the preparation of anatase TiO2 sheets with
exposed (001) facets was achieved by Yang et al. in 2008. The synthesis of anatase
TiO2 single crystals with 47 % exposed (001) facets was realized by using hydro-
fluoric acid (HF) as a shape controlling agent to stabilize the (001) facets (Fig. 6a–c)
[130]. Thereafter, numerous studies have been conducted toward the preparation
and application of different shaped anatase TiO2 micro- or nanocrystals with
exposed (001) facets [131–133]. For example, Zheng et al. demonstrated a simple
solvothermal synthesis, where tetrabutyltitanate, Ti(OBu)4, was mixed with abso-
lute ethanol and 40 % hydrofluoric acid solution, to produce TiO2 microspheres
assembled of anatase TiO2 nanosheets with 83 % dominant (001) facets (Fig. 6d).
These TiO2 microspheres exhibited excellent photocatalytic activity for the deg-
radation of methyl orange (MO) as shown in Fig. 6e [134]. Yang et al. demonstrated
controllable hydrothermal synthesis of ultra-thin TiO2 NSs with a thickness of only
1.6–2.7 nm and up to 82 % (001) facet coverage. It is found that the concentration of
HF used as a capping agent significantly affected the thickness and side length of the
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resulting TiO2 nanosheets. Due to the high percentage of reactive (001) facets, the
synthesized NSs loaded with 1 wt% Pt from photochemical reduction of water in
the presence of methanol as a scavenger showed a H2 evolution rate of
7381 lmol h-1 g-1 under UV-vis light [22]. Xiang et al. reported that the flower-
like TiO2 microsphere films with about 30 % exposed (001) facets were directly
synthesized on the Ti foil in a dilute aqueous HF solution by a simple one-pot
hydrothermal process and exhibited tunable photocatalytic selectivity toward
decomposition of azo dyes by modifying the surface of TiO2 microspheres as well as
by varying the degree of etching of (001) facets [133]. Zhang et al. synthesized
anatase TiO2 microspheres with exposed mirror-like plane (001) crystalline facets
via a facile low-temperature hydrothermal method. The improved light harvesting
efficiency, attributed to the superior light scattering ability of the TiO2 microsphere
film, gave such microsphere photoanodes better overall light conversion efficiency
of 7.91 % in DSSCs, which is 1.2 times the overall efficiency (6.73 %) obtained
from the P25 photoanode [135].

Most of the hydrothermal syntheses reported so far have been carried out in the
acidic environment with the addition of concentrated hydrofluoric acid, which is

Fig. 6 SEM images of anatase single crystals (a) and TiO2 microspheres composed of
nanosheets with (001) facets (d), inset is the magnified surface of a microsphere. b The size
distribution of anatase single crystals in (a). c The degree of truncation (B/A, A and B denote
lengths of the side of the bipyramid and the side of the square {001} ‘truncation’ facets,
respectively) of anatase single crystals in (a). e The corresponding photodegradation of methyl
orange (MO) of (d). (Reprinted with permission from Ref. a–c [130], d, e [134]. Copyright �
Nature Publishing Group and Wiley-VCH)
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highly toxic and corrosive in both liquid and vapor forms [136]. In response to the
safety and health concerns, a number of studies have investigated the preparation
of anatase TiO2 single crystals with clean and exposed (001) facets via hydro-
fluoric acid-free processes [137–139]. Recently, Yu et al. reported the synthesis of
a layered TiO2 structure composed of several nanosheets with exposed (001)
facets, by a simple hydrothermal method in the presence of (NH4)2TiF6, H3BO3,
and 2-propanol, followed by calcination treatment (Fig. 7a). The resulting layered
TiO2 with (001) facet nanosheets (Fig. 7b) exhibited excellent photocatalytic
activity for the degradation of rhodamine B (RhB) (Fig. 7c) [140]. Fang et al.
synthesized submicrometer-sized yolk@shell hierarchical spheres composed of a
permeable shell self-assembled by ultrathin anatase TiO2 NSs with nearly 90 %
exposed (001) facets and a mesoporous inner sphere with a high specific surface
area. This process used the solvothermal method in the presence of diethylene-
triamine (DETA), isopropyl alcohol (IPA) and titanium (IV) isopropoxide (TTIP),
also followed by calcination treatment. Compared to the conventional (001) fac-
eted TiO2 NSs (4.01 %) and standard Degussa P25 (4.46 %), such anatase TiO2

Fig. 7 a Schematic illustration of the formation mechanism for layered TiO2. b SEM images of
layered TiO2 produced via the (a) process. c Photodegradation curves of RhB (20 mgL-1) under
UV-light irradiation over the TiO2 samples prepared in different concentrations of 2-propanol
(PrOH): a: 0, b: 1.5, c: 2.8, d: 4.0, and e: 8.0 M. (Reprinted with permission from Ref. [140].
Copyright � Wiley-VCH)

Design, Fabrication, and Modification 25



yolk@shell hierarchical sphere photoanodes (6.01 %) showed higher overall light
conversion efficiency (g) for DSSC applications mainly due to their large surface
area (up to 245.1 m2 g-1) and their promotion of light scattering in the visible
region using submicrometer scale features [113]. Han et al. presented the fabrica-
tion of truncated tetragonal bipyramidal TiO2 nanoparticles with 60 % exposed
(001) facets via a fluorine-free hydrothermal route, using potassium titanate
nanowires as a precursor and urea as surface regulator [141]. Notably, Miao et al.
prepared anatase TiO2 microspheres with[90 % exposed (001) facets using TiF4 as
capping and stabilizing agent without introducing any additional hydrofluoric acid.
Due to the high exposure of reactive (001) facets, the anatase TiO2 microspheres
gave an efficient photocatalyst in degrading methyl orange (MO) and producing
hydrogen from water under UV light irradiation [142]. Similarly, Yang et al. fab-
ricated hierarchical TiO2 spheres made of thin nanosheets with over 90 % exposed
(001) facets via a diethylene glycol-solvothermal route, which were used as
photoanodes for DSSCs, and gave an energy conversion efficiency of 7.51 % [112].

Along with hydrothermal/solvothermal methods, other strategies have been
investigated for the green preparation of highly reactive TiO2 nanomaterials with
exposed (001) facets [143]. Amona et al. found that faceted decahedral single-
crystalline anatase particles with reactive (001) facets could be fabricated by a gas-
phase process using TiCl4 as a titanium source and that such a structure possessed
comparable photocatalytic activity to that of P25 for reactions performed under
various conditions [144]. Jung et al. presented the preparation of TiO2 NTs with
exposed (001) facets by electrochemical anodization of Ti foil using surfactant-
assisted processes with poly(vinyl pyrrolidone) (PVP) and acetic acid. The DSSC
assembled using a TiO2 nanotube photoanode with 77 % exposed (001) facets
demonstrated an overall conversion efficiency of 3.28 % [145]. Xie et al. devel-
oped a solid-state precursor strategy for preparing a hollow anatase TiO2 box-like
structure enclosed by six single-crystalline TiO2 plates with highly exposed
reactive (001) facets by sintering a cubic TiOF2 solid precursor at 500–600 �C.
The formation of these particular nanostructures is attributed to the hard self-
template restriction and the adsorption of F- ions from the TiOF2. Due to the high
percentage of reactive (001) facets, such novel TiO2 boxes exhibited good per-
formance in photocatalytic H2 evolution (7.55 mmol g-1 h-1) [146].

Furthermore, in addition to exposed (001) facets, TiO2 nanocrystals with other
important active facets have also been studied recently. For example, single crys-
talline anatase TiO2 rods with dominant reactive (010) facets (also with 100 % five-
coordinate Ti (Ti5c) atoms) were directly synthesized by hydrothermally treating
Cs0.68Ti1.83O4/H0.68Ti1.83O4 particles. The nano-sized rods showed a 7.73 % con-
version efficiency in DSSCs. This was comparable to the 7.67 % benchmark for
P25 TiO2 nanocrystals [147]. The preparation of tetragonal faceted-nanorods of
single-crystalline anatase TiO2 with predominately exposed higher energy (100)
facets was performed by hydrothermal transformation of sodium titanate in alkaline
solution [138]. Significantly, anatase TiO2 nanocuboids wholly exposed with high-
energy (001) and (100) facets were successfully synthesized by an environmentally
benign synthetic strategy using low-cost acid-delaminated vermiculite (DVMT)
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and tetramethylammonium hydroxide (Me4NOH) as synergistic morphology-con-
trolling reagents [148]. In contrast to anatase TiO2 with low-index facets like (101),
(001), and (100), recently Li et al. reported the fabrication of an anatase TiO2

nanosheet array assembled by (116) facet-oriented nanocrystallites. The (116)
facets were made parallel to the surface of a FTO substrate via a two-step process,
which exhibited 50 % higher photocatalytic activity than (001) facet-oriented
nanosheet arrays in the degradation of methyl blue (MB) under UV light irradiation
[149].

2.1.3 Electrochemical Anodization Method

Anodic oxidation represents a facile and well-established method to form nano-
structures in a self-organiting way [104]. The controlled oxidation of titanium metal
under electrochemical anodization provides another method of TiO2 nanomaterial
production [52]. In general, the anodization process is conducted in a two-electrode
electrochemical cell at a constant potential in aqueous or organic electrolyte with Ti
foil as an anode and platinum foil as a cathode (Fig. 8a) [150]. Under optimized
anodized conditions, highly ordered nanoporous or nanotubular architectures with
high aspect ratios could be successfully achieved [151]. Anodization is particularly
useful in the synthesis of TiO2 nanotubes from titanium foil. Anodization has been
extensively studied after pioneering work in 2001 by Gong et al. in which they
reported the formation of nanotubes up to 0.5 mm in length by electrochemical
anodization of titanium foil in HF aqueous electrolyte [152].

Among the various forms of semiconductor nanostructures, one-dimensional
(1D) highly ordered architectures, such as nanowires, nanorods, nanofibers,
nanotubes with high surface area-to-volume ratios possess useful and unique
properties compared to their bulk counterparts [39]. The highly ordered nature of

Fig. 8 a Schematic diagram of anodization experiments. b Anodization leads to the formation of
a compact oxide on Ti (in most neutral and acidic electrolytes). If dilute fluoride electrolytes are
used, highly ordered nanoporous or nanotubular anodic oxide layers can be formed. In the case of
nanoporous oxide, the layer consists of vertically aligned nanosized channels in an oxide matrix
while in the case of nanotubular morphology the layer is composed of an ordered array of oxide
nanotubes. (Reprinted with permission from Ref. [150]. Copyright � Wiley-VCH)
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these 1D nanostructures gives them excellent electron percolation pathways for
directional charge transfer between interfaces. For example, the mobility of
electrons in 1D nanostructures is typically several orders of magnitude higher than
in semiconductor nanoparticle films [153]. In comparison with other 1D mor-
phologies, nanotubes provide a larger interfacial area due to their external and
internal surfaces, which is beneficial for surface area-dependent applications [154].
Studies on TiO2 have shown that vertically oriented nanotube arrays are
remarkably efficient when applied in sensors, water splitting, DSSCs, and photo-
catalysis [155–160].

In the past decade, self-organized oxide nanotube arrays have attracted exten-
sive scientific and technological interest. Thus, TiO2 nanotube arrays have been
synthesized by a variety of methods, including template deposition (e.g., AAO
templates, ZnO nanorod templates, or organic templates) [161], electrochemical
anodization [162], and hydrothermal techniques [163]. Among these, an inex-
pensive and straightforward approach that leads to well-behaved nanotubes is the
anodization method, which enables precise control over the resulting tube diam-
eter, tube length, and overall morphology by adjusting various parameters such as
the pH, concentration and composition of electrolyte, applied potential, growth
time, and temperature of the anodization process [164–167]. Interestingly, the
addition of fluoride ions tends to control the overall development of nanotube
architecture (Fig. 8b). There are several excellent reviews detailing the growth
mechanism in anodic oxidation [168–171].

Normally, the anodization process can be divided roughly into three stages: (1)
electrochemical oxidization of the titanium surface which results in the formation
of an initial TiO2 barrier layer, corresponding to the first current drop; (2) chemical
etching of TiO2 by F- to form TiF6

2-, resulting in nanotube formation that leads to
a current increase; and (3) the growth of nanotubes, which results in a slow current
decrease [172]. Briefly, the nanotube growth is determined by the equilibrium
between anodic oxidation and chemical dissolution. The anodic oxidation rate is
mainly controlled by the anodic potential, while the chemical dissolution rate is
controlled by the electrolyte acidity and F- concentration [173]. As previously
mentioned, since the discovery by Gong and co-workers in 2001, TiO2 nanotube
fabrication has been intensively investigated over the past decade. Consequently, a
variety of nanotubular architectures have also been explored. In particular, by
varying the voltage during the growth, new self-organized TiO2 morphologies
could be obtained: bamboo-type nanotubes [174], branched nanotubes [175],
periodic nanotubes [176], ridged nanotubes [177], double-walled nanotubes [178],
and multilayer nanotubes [179]. In the following sections, some representative
fabrication processes developed recently for high-performance photovoltaic
applications are discussed in greater detail.

TiO2 nanotubes prepared via anodization of Ti foil are attached to the Ti
substrate with closed bottom. In most cases, the use of Ti foil leads to TiO2

nanotube arrays supported on Ti substrate. However, in many applications,
detached TiO2 nanotube layers are required. TiO2 nanotube arrays grown in situ on
opaque titanium foil are difficult to apply to high-efficiency DSSCs because the
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incoming light using back illumination mode is partially reflected by the counter
electrode and partially absorbed by the counter electrode and iodine in the elec-
trolyte before striking TiO2 nanotubes, leading to a loss of *25 % of the incident
solar energy [180]. Furthermore, sintering of the TiO2 for transformation from
amorphous phase to crystalline phase (i.e. anatase or rutile) can introduce the
formation of a barrier layer between the nanotubes and the underlying Ti substrate.
This enables recombination of electrons and holes when the nanotube layers are
used for photoelectrochemical water splitting [181]. Fortunately, several strategies
have been explored to solve this deadlock. One straightforward alternative solution
is to deposit titanium as a thin film on a transparent substrate (e.g., FTO glass)
before anodizing. The deposition process is usually performed by physical
methods, for example, radio-frequency (RF) or direct-current (DC) magnetron
sputtering [182–187]. Through anodization of sputtered titanium into nanotube
layers on transparent substrate (Fig. 9a, b), a power conversion efficiency of 6.9 %
for the resulting DSSCs was obtained (Fig. 9c, d) [188]. The length of the
nanotubes is limited by the difficulty of growing a high quality, thick Ti film on the
conductive glass via sputter deposition [189]. Therefore, a large-area free-standing

Fig. 9 SEM images of a 20-lm-long TiO2 nanotube array from anodization of the Ti film
sputter-deposited on FTO-coated glass: a cross-sectional view and b top view. The current-
voltage characteristics (c) and the incident photon-to-current conversion efficiency (IPCE) spectra
of DSSCs fabricated using transparent nanotube array films of various lengths. (Reprinted with
permission from Ref. [188]. Copyright � American Chemical Society)
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TiO2 nanotube film with tunable tube lengths was developed by a two-step
anodization process and then transferred onto FTO glass via a layer of TiO2

nanoparticle paste [190–195]. This process, however, results in closed-bottom
tube-ends. This is problematic because the interface between the TiO2 nanotube
arrays and the TiO2 nanoparticle layer might cause near-UV light absorption and
front surface light reflection and block the diffusion of the redox reagents into the
underlying TiO2 nanoparticles coating on the collecting FTO substrate. Thus, a
number of methods have been developed to fabricate free-standing TiO2 nanotube
arrays, including critical point drying, dissolution of the Ti substrate in water-free
CH3OH/Br2 solution, solvent evaporation, ultrasonic agitation, chemically assisted
delamination and potential shock [196–201]. For example, Li et al. removed the
caps of the closed-bottom TiO2 nanotubes by immersing the as-prepared free-
standing TiO2 nanotube film in an oxalic acid solution. As compared to the closed-
end TiO2 nanotube-based DSSC, the opened-end TiO2 nanotube-based device
exhibited an increase in one-sun efficiency from 5.3 to 9.1 %, yielding a 70 %
enhancement [202].

A novel version of DSSCs was introduced to overcome the light illumination
problem of TiO2 nanotube-based electrodes, namely, three-dimensional dye-sen-
sitized solar cells (3D DSSCs). In this system titanium wires or meshes are utilized
instead of titanium foils or sheets to fabricate TiO2 anodized nanotubes [203–208].
Misra et al. used a TiO2 nanotube-based wire as a working electrode (Fig. 10a–c)
and a platinum wire as a counter electrode in a DSSC. This DSSC achieved a
conversion efficiency of 2.78 % under AM 1.5 simulated solar light (Fig. 10d).
The prototype device is capable of achieving long distance transport of photo-
generated electrons and multi-directional light harvesting from surrounding to
generate electricity [205]. Wang et al. developed a new type of 3D DSSCs with
double deck cylindrical Ti meshes as the substrates. Here, one of the Ti meshes
was anodized to in situ synthesize the self-organized TiO2 nanotube layer to serve
as the photoanode. Another Ti mesh was platinized through electrodeposition as
the counter electrode. This all-Ti 3D DSSC exhibited the highest conversion
efficiency of 5.5 % under standard AM 1.5 sunlight [204].

In addition, vertically ordered TiO2 nanotube arrays also face the serious
problem of insufficient surface area due to the large diameter of nanotubes and
considerable free space between nanotubes. This leads to poor dye adsorption
capacity when applied in DSSCs [209]. In light of this limitation, many strategies
have been explored [46, 103, 210–212]. For example, a common combination of
TiO2 nanotubes and nanoparticles was realized by treating the as-anodized nano-
tubes with a TiCl4 solution which hydrolyzed to yield nanoparticles. This can
increase the nanotube surface area and bridge any cracks resulting from annealing,
and thus improve the conversion efficiency of nanotube-based DSSCs [213, 214].
Recently, novel hierarchical-structured TiO2 nanotube arrays have been prepared
by combining the two-step electrochemical anodization with a hydrothermal pro-
cess. The resulting DSSCs exhibited good performance and applicability [212].
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2.1.4 Electrospinning and Electrospray Methods

Electrospinning is a simple and versatile nanofabrication technique for preparing
several continuous 1D nanofibers, including polymers, ceramics, composites and
metals, with controllable diameters ranging from a few nanometers to several
micrometers [215, 216]. Electrospinning works using the principle of asymmetric
bending of a charged liquid jet accelerated by a longitudinal electric field (Fig. 11)
[217]. A diversity of soluble and fusible polymers (e.g., polyvinylpyrrolidone (PVP),
polyacrylonitrile (PAN), polyurethane (PU) and polyvinyl acetate (PVAc)) can be
electrospun to form nanofibers from their precursor solutions [218, 219]. If the
polymeric solution contains the inorganic precursors (e.g., TiO2, SnO2 and ZnO),
organic/inorganic composite nanofibers are obtained. These are subsequently cal-
cinated at high temperature to thermally decompose organic components, and pro-
duce inorganic nanofibers with minimal morphological change [135, 220]. The
diameter, alignment, and morphology of these nanofibers can be tailored by con-
trolling the liquid injection rate, intensity of the electric field, and shape of the
collector surface, respectively. The diameter of nanofibers also depends on the
intrinsic properties of the polymeric solution such as the viscosity and surface charge.

Fig. 10 SEM images of TiO2 nanotube arrays grown around a Ti wire: Top view (a), inset is
cross-sectional view, magnified top view (b) and magnified cross-sectional view (c). The current–
voltage characteristics (d) of DSSCs using TiO2 nanotube arrays with different lengths.
(Reprinted with permission from Ref. [205]. Copyright � American Chemical Society)
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After the first report of electrospun TiO2 nanofibers in 2003 [221], many studies
have been performed for applications in photovoltaic devices and photocatalysis
since the electrospun nanofibers can be fabricated with controllable size, density,
and orientation [222, 223]. More importantly, electrospinning is simple, control-
lable, inexpensive, and scalable for industrial production [224]. For instance, Yang
et al. prepared a bi-layer TiO2 nanofiber photoanode via combining both small and
large-diameter TiO2 nanofibers in the nozzleless electrospinning by changing the
applied voltage, electrode separation distance, and electrospinning time. It is
expected that the smaller-diameter nanofiber layer with a high surface-to-volume
ratio can load enough dye molecules and directly transport electrons within the 1D
channels. While the larger-diameter nanofiber layer can serve as a light scattering
layer, further adsorbing more dye molecules, and even providing higher porosity to
facilitate electrolyte diffusion. With the bi-layer photoanode, the efficiency (g) of
DSSCs can be improved from 7.14 % for the single-layer to 8.40 % for the
bi-layer TiO2 nanofiber photoanode [225]. As shown in Fig. 12a, multi-scale
porous TiO2 nanofibers were fabricated from HF etching of TiO2/SiO2 composite
nanofibers, which were electrospun from a hybrid solution of dissolved SiO2

colloidal solution, TTIP and PVP, followed by calcination. Such fiber-based
DSSCs showed an g of 8.5% (Fig. 12b), which is greater than those of conven-
tional photoelectrodes made of TiO2 nanoparticles (6.0 %) [226].

Other useful structures, including nanorods [227], rice-like shapes [228], and
hollow fibers [229], have been derived from electrospinning methods. TiO2

nanorod-based photoelectrodes (Fig. 12c) were prepared by sintering TiO2 com-
posite nanofibers that were electrospun from a solution mixture of TiO2 sol-gel and

Fig. 11 Schematic diagram
of electrospinning method.
(Reprinted with permission
from Ref. a [218]. Copyright
� Institute of Physics
Publishing)
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PVAc in dimethyl formamide (DMF). The efficiency of such nanorod-based
DSSCs was optimized to achieve 9.52 % under masked illumination of simulated
solar light, AM 1.5 Global (Fig. 12d) [230]. Rice grain-shaped TiO2 films were
produced by 500 �C calcination of the nanofibers prepared from electrospinning
[231]. The photovoltaic and photocatalytic performance of the rice grain-shaped
structures are superior to commercially available P25 [232]. Furthermore, it has
also been demonstrated that the rice grain-like structures are also superior to the
nanofibers in scattering light with a 15.7 % enhancement in efficiency compared to
9.63 % for nanofibers [228]. Attractive hierarchical structures can also be obtained
from a combination of electrospinning and other powerful methods, such as
hydrothermal processes [214]. Hierarchically structured TiO2 nanofibers prepared
from electrospinning followed by a stepwise calcination treatment exhibited a
unique morphology in which microscale core fibers were interconnected and
numerous nanorods were deposited onto the fibers (Fig. 12e). This nanorod-
in-nanofiber morphology possessed high porosity at the mesopore and macropore
levels, facilitating the infiltration of plastic crystal electrolytes in DSSCs and
yielding an optimized g up to 7.93 % (Fig. 12f) [233]. In addition, a hierarchically
heterostructured TiO2 nanocomposite composed of rutile nanosheets standing
perpendicular on anatase nanofibers, can be successfully prepared through a
combination of electrospinning and solvothermal processes [26].

Recently, the electrostatic spray (e-spray) technique has attracted a lot of
attention because it is a simple, versatile, and cost-effective technology that can be
applied in a variety of fields for the fabrication of semiconductive ceramics,

Fig. 12 SEM images of TiO2 multi-scale porous nanofibers (a), electrospun nanorods (c) and
hierarchically structured nanofibers (e). The current–voltage characteristics (b, d, f) of DSSCs
based on (a, c, e), respectively. (Reprinted with permission from Ref. a, b [226], c, d [230], e,
f [233]. Copyright � American Chemical Society)
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polymer coatings, protein films, and micro-patterns [234, 235]. In the electrospray
process, a jet of liquid is sprayed toward a collector under a strong electric field
(Fig. 13a). During e-spray deposition, known as induction or conduction charging,
the droplets can be charged and atomized by mechanical forces in the presence of
electric field between the solution and the depositing substrates. The electric field
provides an electric charge on the liquid surface and the charge is carried out by
the droplets detaching from the jet. The deposition efficiency of the charged
droplets is usually higher than that of the uncharged droplets, which can improve
the adhesion between the materials and substrates (Fig. 13b) [59]. In brief, three
parameters typically determine the structures created by the electrospray method:
(1) solution conditions such as the solvents and precursors, (2) processing con-
ditions such as applied voltages, distance between the tip of the needle and col-
lector and flow rates, and (3) ambient conditions such as temperature and humidity
[235, 236]. As a deposition technique, e-spray has many advantages, such as large
treatment areas, compatibility with various substrate geometries, and high depo-
sition rate. Moreover, electrospray devices can perform at room temperature under
atmospheric pressure, making it an energy efficient and low-cost technology [237].

Fig. 13 a Schematic diagram of electrostatic spray and b formation of hierarchically structured
TiO2 nanospheres by electrostatic spray. (Reprinted with permission from Ref. a, b [59].
Copyright � American Chemical Society)
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Accordingly, e-spray could be a promising method for the preparation of
photoanodes for the industrial-scale manufacture of DSSCs. Based on reported
works, several significant TiO2 nanostructures including hierarchically structured
mesoporous spheres, hollow hemispherical aggregates, and nanoflakes have been
developed using electrospray methods [211, 236, 238]. Of these structures, mes-
oporous spheres are the most advantageous on account of their large surface areas
for abundant dye loading, high porosity for efficient electrolyte diffusion, and
microscale framework for effective light scattering [59]. In comparison with other
methods (e.g., hydrothermal/solvothermal process) for the preparation of meso-
porous TiO2 spheres, e-spray is advantageous because this technique can directly
realize the formation of aggregated spheres by purely physical force, regardless of
chemical composition and surface chemistry (Fig. 13b) [235]. Moreover, it has
inherent flexibility in controlling the diameter and diameter distribution of the
spheres by simply tuning the electrospray parameters, such as the feeding rate and
the applied voltage [238, 239]. In addition, e-spray facilitates the adjustment of
stacking density and porosity of the spheres on substrates through the proper
selection of polymer additives [239]. For example, Hwang et al. have performed
an extensive study on the fabrication of hierarchically structured mesoporous TiO2

spheres by e-spray method (Fig. 14a, d), and further applied such photoanodes in
solar cells, achieving efficiency as high as 10.57 % for DSSCs (Fig. 14b, c) [59],
5.57 % for flexible DSSCs (Fig. 14e, f) [240], and 7.59 % for solid-state DSSCs
[241], respectively.

Fig. 14 SEM images of hierarchically structured TiO2 microspheres (a, d). The current–voltage
characteristics and IPCE spectra of DSSCs (b, c), and flexible DSSCs (e, f) based on the TiO2

microspheres. (Reprinted with permission from Ref. a–c [59], d–f [240]. Copyright � American
Chemical Society)
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2.1.5 Other Methods

Vapor deposition describes any process in which materials in a vapor state are
condensed to form a solid phase material, usually conducted within a vacuum
chamber. If no chemical reaction occurs, this process is called physical vapor
deposition (PVD); otherwise it is called chemical vapor deposition (CVD) [20, 35].
In PVD, materials are evaporated followed by condensation to form a solid
material. The primary PVD methods include thermal deposition, ion plating, ion
implantation, sputtering, laser vaporization, and laser surface alloying [20, 35].
PVD is considered an effective method to fabricate uniform, high-quality semi-
conductors, especially composite and doped semiconductors. Moreover, PVD
enables the formation of uniform nanostructured thin films, in which the size and
shape can be precisely controlled [242]. Two versatile PVD methods, oblique angle
deposition (OAD) and glancing angle deposition (GLAD), are based on the geo-
metric shadowing effect, and are widely applied to prepare well-aligned nanorod
arrays [243]. In OAD, the incident vapor flux is directed onto a substrate at a
nonzero angle h with respect to the substrate normal. When the vapor incident angle
h is large (i.e., h[ 70), a well-defined nanorod array tilted toward the direction of
the vapor flux can be obtained [244]. The GLAD method is similar to OAD in that it
uses a large incident vapor angle, but the substrate is rotated azimuthally at a
constant speed during the deposition. The result is vertically aligned nanorod arrays
[245]. By changing the deposition parameters in these PVD methods, one can easily
fabricate specific nanostructured porous array films such as cylinders, helices,
spheres, and zigzags all with controllable surface areas [242, 243, 246, 247].

In addition, femtosecond and nanosecond pulsed laser deposition (PLD) at
different wavelengths is also widely used to construct nanoparticle-assembled TiO2

films. This technique is useful for controlling the dimensions and the crystalline
phase of nanoparticles by varying the laser parameters and the deposition condi-
tions. It is also suitable for depositing TiO2 films at a high deposition rate and low
cost [248–250]. Recently, a novel forest-like architecture consisting of hierarchical
assemblies of tree-like nanocrystalline particles of anatase TiO2, were grown on
FTO substrates via pulsed laser deposition (PLD) at room temperature by ablation
of a Ti target in a background O2 atmosphere. The resulting architecture was
proposed to be beneficial to reduce the electron recombination and also control
mass transport in the mesopores, and thus achieved a 4.9 % conversion efficiency in
a DSSC [251].

However, in CVD processes, thermal energy heats the gases in the coating
chamber to induce the deposition reaction. Typical CVD approaches include
electrostatic spray hydrolysis, diffusion flame pyrolysis, thermal plasma pyrolysis,
ultrasonic spray pyrolysis, laser-induced pyrolysis, and atmospheric pressure and
ultronsic-assisted hydrolysis [20, 35, 252, 253]. Several TiO2 nanostructures
prepared though CVD have been reported. For example, TiO2 nanoparticles with
sizes below 10 nm were prepared by pyrolysis of TTIP via CVD in a mixed
helium/oxygen atmosphere [254]. TiO2 nanorods were grown on a Si substrate
using TTIP as the precursor by metal organic CVD (MOCVD) [64].
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2.2 Modifications of TiO2

As a promising semiconductor material, TiO2 has attracted significant attention
over the past several decades. However, the practical photovoltaic and photoca-
talysis applications of TiO2 are limited by its wide band gap and the serious
recombination of photogenerated electrons and holes [33, 34]. Because of its large
band gap (3.2 eV for anatase, 3.0 eV for rutile), pure TiO2 only absorbs ultraviolet
light shorter than 387.5 nm for the anatase and 413.3 nm for the rutile [33].
Unfortunately, UV light constitutes less than 5 % of the solar energy that reaches
the surface of the earth. This reduces the effective use of sunlight since visible light
(k = 400–700 nm) accounts for about 50 % of solar energy. Thus, it is necessary
to develop titania-based photocatalysts which are active under visible light (i.e.,
broad spectrum). Furthermore, recombination of photogenerated charge carriers is
another major limitation in TiO2 semiconductor materials since it reduces the
overall quantum efficiency of devices. In photocatalysis applications, recombina-
tion occurs when the excited electron reverts to the valence band without reacting
with adsorbed species and the energy, non-radioactively or radioactively, dissi-
pates as either light or heat [34]. However, in DSSC applications, photoexcited
electron recombination in the electron transport process, including electron
injection from the excited dye to the TiO2 conduction band and electron transport
from the conduction band to the conductive substrate, is regarded as one of the
major obstacles to achieving high solar-to-electricity conversion efficiencies [255].
Recombination may occur either on the surface or in the bulk and is generally
made worse by the presence of impurities, defects, and all other factors which
introduce bulk or surface imperfections into the crystal.

To solve these problems, extensive efforts have been devoted to creating TiO2-
based visible-light-active photocatalytic materials and modifying nanostructured
TiO2 photoanodes to alleviate electron recombination [33, 256]. Currently,
research interests focus mainly on modifying TiO2 materials via (1) doping with
cations (e.g., Fe [257–259], Cr [260], Eu [261], La [262], V [263], Mg [255], In
[264]) or anions (e.g., S [265], C [266], F [267], B [268] and N [269]); (2)
sensitization with organic dyes (e.g. N3, N719) [270], conducting polymers (e.g.,
poly(3-hexylthiophene) (P3HT) [271], nafion (perfluorinated polymer with sulfo-
nate groups) [272, 273], polyaniline (PANI) [274], and carbon nitride polymer
[275]), organic–inorganic hybrid dyes (e.g. copper(II) phthalocyanine) [276], or
other semiconductors that absorb visible light (e.g. CdS [277–279], Cu2O [280],
Ag2O [281], CdSe [282], PbZr0.52Ti0.48O3(PZT) [283], Bi2O3 [284], BiOI [285],
Bi2WO6 [286], CdTe [287], PbS [288], CuInS2 [289], SnS [290], SnS2 [291]); (3)
decoration with noble metals (e.g. Au [292–294], Ag [65, 295–297], Pd [298–300],
Pt [301–303]); (4) combination with other semiconductors (e.g., SiO2 [304, 305],
Al2O3 [100, 306], MgO [307], Fe2O3 [308], SrTiO3 [309], Nb2O5 [310], SnO2

[311], WO3 [312], ZnO [313], and ZrO2 [314]); and (5) synthesis of reduced TiO2

(TiO2-x, containing Ti3+ or O vacancies) [235, 315–318].
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Among these methods, ion doping has been widely adopted to adjust the position
of either the conduction band (CB) or valence band (VB) of TiO2. This could have
the desired effect of making the electrons excitable under visible light irradiation to
produce photoelectron-hole pairs. The mechanism of the visible absorption is
produced from interaction between the 2p orbitals of the dopant and the 2p orbitals
of the oxygen in the newly formed valence band or the creation of dopant isolated
states above the valence band maximum [319–321]. Nonmetal ion doping is usually
considered more promising than metal ion doping because metal ion doping can
introduce undesirable defects which can serve as the recombination centers for
photoelectron–hole pairs, and thus reduce the pollutant degradation efficiency
[322]. Nitrogen is the most promising dopant and can be easily introduced into the
TiO2 structures, due to its comparable atomic size with oxygen, small ionization
energy and high stability [323]. Since Sato et al. found that the addition of NH4OH
to TiO2 sol, followed by calcination of the precipitated powder, could generate a
material which showed a visible light response, many strategies have been devel-
oped to produce N-doped TiO2 materials [324, 325]. In the past decades, doping of
nitrogen into TiO2 structures has been realized via both wet and dry preparation
methods. Physical techniques (i.e., sputtering and ion implantation) based on the
direct treatment of TiO2 with energetic nitrogen ions have also been developed
[321, 326]. Meanwhile, gas phase reaction methods (i.e., atomic layer deposition
and pulsed laser deposition) have been successfully used to prepare N-doped TiO2

materials [269, 327]. The sol–gel method has proven to be the most versatile
technique for the synthesis of N-TiO2 nanoparticles because of its low cost, rela-
tively simple equipment, and easy control of the resulting nanostructures [328]. In
brief, the simultaneous growth of TiO2 and N doping can be realized by hydrolysis
of titanium precursors (i.e., titanium tetrachloride, titanium tetra-isopropoxide,
tetrabutylorthotitanate) in the presence of nitrogen sources (i.e., aliphatic amines,
nitrates, ammonium salts, ammonia, and urea) [328–330].

Recent studies have also revealed that doping TiO2 with other elements, such as S,
F, C, and B shifts the optical absorption edge to longer wavelengths [267, 331–333].
For example, F-doped flower-like TiO2 nanostructures (Fig. 15a) have been syn-
thesized in the presence of HF by a mild hydrothermal process and exhibited high
photoelectrochemical activity for water-splitting and the photodegradation of
organic pollutants (Fig. 15b) [334]. Mesoporous C-doped TiO2 materials were
prepared by a hydrothermal synthetic approach using sucrose as a carbon-doping
source, followed by a post-thermal treatment. The resulting C-doped TiO2 photo-
catalyst showed reduced recombination of electron–hole pairs due to the reduction of
surface defects and promoted visible-light photocatalytic activity (Fig. 15c, d)
[335]. In order to further improve the photocatalytic activity, co-doping TiO2 with
double non-metal elements (i.e., N–S [336], N–B [329, 337], F–N [338], C–N [339])
has attracted more attention. For example, F–N co-doped TiO2 nanoparticles with
dominant (001) facets were prepared by calcination a TiOF2 precursor in NH3 gas
flow. The resulting nanoparticles showed drastically enhanced absorption and
excellent water oxidation performance under visible light irradiation [338].
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It has been shown that nonmetal-doped TiO2 shows a redshift of the onset and a
higher absorption in the visible light spectrum. Metal doped TiO2 would possess
lower energy levels so that electrons and holes can be excited by low energy
photons, which also increases the absorption of visible light [340]. For example,
Mo–TiO2 core-shell nanoparticles were prepared by the arc-discharge method and
showed enhanced photocatalytic activity under visible light, due to the Mo-doping
in (001) TiO2 from diffusion at the shell–core interface [341], while many studies
have revealed that single doping will increase recombination sites inside the TiO2,
which will therefore increase the charge recombination [260]. Conversely, it has
also been demonstrated that co-doping TiO2 with both nonmetal anions and metal
cations can reduce the recombination sites because of the neutralization of positive
and negative charges inside TiO2. This can effectively improve the charge transport
efficiency and thus enhance the photocatalytic activity [342]. For example, the
Mo–C co-doped TiO2 powders prepared by thermal oxidation of a mixture of TiC
and MoO3 in the air have the potential of visible light harvesting (Fig. 15e) and
effective photoexcited charge separation, and can thus exhibit higher photocatalytic
activity when compared with anatase TiO2 (Fig. 15f) [343].

The fabrication of semiconductor heterostructures is one of many effective
methods developed in recent years to photoexcite and separate the electro-hole
pairs. Compared to a single semiconductor, heterogeneous semiconductors are
ideal for light-harvesting devices such as photovoltaic and photoelectrochemical

Fig. 15 SEM image of F-doped TiO2 flowers (a). UV-visible absorption spectra of C-doped
(c) and Mo, C-codoped TiO2 (e), respectively. b The variation of 4-nitrophenol concentration by
photoelectrocatalytic reaction with flower-like TiO2 (a) and P-25. The visible light photocatalytic
activities (d) of C-doped TiO2 (b) treated at different temperatures in the degradation of gaseous
toluene. Photodegradation of MB (f) by photochemical reaction with Mo, C–codoped TiO2 (e).
(Reprinted with permission from Ref. a, b [334], c, d [335], e, f [343]. Copyright � American
Chemical Society)
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cells, because heterogeneous semiconductor electrodes are able to absorb a larger
fraction of the solar spectrum and thus generate more photoinduced electron-hole
pairs [344, 345]. Moreover, the coupling of two different semiconductors with
proper conduction band potentials facilitates the transfer of electrons from an
excited small band gap semiconductor into neighboring semiconductors. This
facilitates charge separation and improves device performance.

Many metal oxides (such as Bi2O3 [346], Al2O3 [347], Cu2O [348], Fe2O3

[349], MoO3 [312], SnO2 [350], SiO2 [351], WO3 [245], ZnO [352], and ZrO2

[353]) and metal sulfides (such as Bi2S3 [346], Cu2S [354], CdS [355], PbS [356],
and Ag2S [357]) have been reported to couple with TiO2 to form heterostructured
photocatalysts with enhanced photocatalytic performance. TiO2 surface modifi-
cation with an insulating layer, such as SrCO3 [358], Al2O3 [359], La2O3 [302] and
MgO [361], or a higher conduction band edge semiconductor layer, such as SnO2

[362], In2O3 [314], Nb2O5 [226], and ZnO [363], was proven effective in reducing
the recombination and increasing the DSSCs conversion efficiency. Bi4Ti3O12/
TiO2 heterostructures composed of Bi4Ti3O12 nanosheets on the surface of TiO2

submicron fibers were prepared via a facile two-step synthesis route combining an
electrospinning method and hydrothermal process. These heterostructures showed
a higher degradation rate of rhodamine B (RhB) than the pure TiO2 submicron
fibers under visible light. This is largely due to the extended absorption in the
visible light spectrum resulting from the Bi4Ti3O12 nanosheets, and the effective
separation of photoexcited charges driven by the photoinduced potential difference
generated at the Bi4Ti3O12/TiO2 interface [364]. TiO2 nanotube arrays sensitized
with ZnFe2O4 nanocrystals (Fig. 16a) were successfully fabricated by a two-step
process of anodization and vacuum-assisted impregnation followed by annealing.
It has been shown that the ZnFe2O4 sensitization enhanced the photoinduced
charge separation (Fig. 16b, c) and extended the range of the photoresponse of
TiO2 nanotube arrays from the UV to the visible region [365]. TiO2-multiwalled
carbon nanotube (MWCNT) nanocomposites (Fig. 16d) synthesized by hydro-
thermal processes possess a 50 % enhancement in the conversion efficiency
(4.9–7.37 %) of DSSCs compared to hydrothermally synthesized TiO2 without
MWCNTs and Degussa P25. Efficient charge transfer in the nanocomposites is a
possible reason for the enhancement (Fig. 16e, f) [366].

As the most recently discovered carbonaceous material, graphene has attracted
extensive attention as a useful material for solar energy applications. With a
unique sp2 hybrid carbon network, a large theoretical specific surface area
(2,630 m2g-1), a high thermal conductivity (5,000 Wm-1K-1), a large intrinsic
electron mobility (200, 000 cm2V-1s-1), and good mechanical stability, it has
applications in sensors, catalysts, and energy conversion [223]. Graphene can
serve as a strong electron collector and carrier in a TiO2/graphene composite
system because their energy levels and physical properties are compatible [367].
Graphene-TiO2 composites are also highly desirable for their promising energy
and environmental remediation applications.
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Several synthetic strategies have been designed to fabricate graphene-TiO2

photocatalysts. In the first method, well-defined TiO2 structures are deposited on
the surface of graphene oxide (GO) under vigorous stirring or ultrasonic agitation
[368–370]. The site-specific oxygenated groups on GO favor a uniform distribu-
tion of TiO2 across the surface. Graphene-TiO2 photocatalysts are obtained after
the reduction of GO in the composite [371, 372]. Yang et al. packed TiO2 and
graphene nanosheets into a 2D unit (TiO2/graphene) that is structurally similar to a
thylakoid in the chloroplast of photosynthetic plants. In this 2D unit, TiO2 per-
forms as a photo-electric conversion center to absorb light and excite the electrons,
while graphene is like the cytochrome b6f complex capturing electrons and
transporting them out of the circuit. Such a novel structure was formed by stacking
TiO2 nanosheets and GO nanosheets using a layer-by-layer (LBL) assembly
technique in the presence of charged poly(diallyldimethylammonium chloride)
(PDDA) which supplied the counter-ions. GO was reduced to graphene by
hydrazine and annealed under argon flow at 400 �C and the PDDA was then
removed by calcining at 450 �C in air. The graphene-TiO2 stacking film can
produce an anodic current 20 times larger than pure TiO2 stacking films. Inter-
estingly, the current further increased with thicker films [373]. Another significant
example, graphene-wrapped anatase TiO2 nanoparticles (Fig. 17a) with a signifi-
cant reduction in the band gap (2.80 eV, Fig. 17b) were prepared by wrapping

Fig. 16 SEM images of ZnFe2O4/TiO2 nanotubes (a) and TiO2 MWCNT nanocomposite (d).
b Variation of the photocurrent density versus bias potential (versus SCE) and c Photoconversion
efficiency as a function of the applied potential (versus SCE) based on (a). IPCE curves (e) and
current–voltage characteristics (f) of DSSCs based on TiO2 MWCNT nanocomposite (c).
(Reprinted with permission from Ref. a–c [365], d–f [366]. Copyright � American Chemical
Society)
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amorphous TiO2 NPs with GO, followed by continuous GO reduction and TiO2

crystallization via hydrothermal treatment. The graphene-TiO2 nanoparticles
possess excellent photocatalytic properties under visible light for the degradation
of MB (Fig. 17c) [374].

In the second method, graphene-TiO2 photocatalysts are fabricated by an in situ
growth of TiO2 on graphene sheets [375, 376]. By introducing cetyltrimethylam-
monium bromide (CTAB)-functionalized DMF-soluble graphene into the poly-
meric solution for electrospinning, graphene was successfully integrated into the
TiO2 rice-shaped nanostructures (Fig. 17d). The obtained composites displayed
enhanced photovoltaic and photocatalytic properties compared to pure TiO2 nan-
orices when used in DSSCs (Fig. 17e, f) and in the photocatalytic degradation of
methyl orange (MO) [377]. In addition, a series of graphene-TiO2 composites with
different graphene contents can be controllably synthesized by a sol–gel method
[378]. Graphene-TiO2 composites demonstrated a higher photocatalytic activity
compared to P25 with respect to hydrogen generation from water splitting. The
highest photocatalytic activity was observed for the sample with 5 % graphene,
suggesting that an excess of graphene will decrease the activity by introducing
electron–hole recombination centers into the composite [378].

In the third method, TiO2 structures are grown in situ onto GO followed by the
reduction of GO in a subsequent reaction step using UV light or microwave
irradiation [379, 380]. For example, novel hollow spheres consisting of Ti0.91O2

nanosheets and graphene nanosheets (Fig. 18a) were successfully fabricated by a

Fig. 17 a SEM image, b UV-visible spectra (the inset is the band gap (Eg) of samples estimated
from the absorption edge), and c photodegradation of MB under visible light (1: P25, 2: bare
anatase TiO2 NPs, 3: graphene-TiO2 NPs (two-step hydrothermal), 4: graphene-TiO2 NPs).
d TEM image of TiO2-graphene composite, e current–voltage characteristic, and f Nyquist plots
of DSSCs using TiO2-graphene composite (the inset is the corresponding Bode plots in
electrochemical impedance spectra (EIS) test). (Reprinted with permission from Ref. a–c [374],
d–f [377]. Copyright � American Chemical Society and Wiley-VCH)
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layer-by-layer assembly technique with polymer PMMA beads as sacrificial
templates. Subsequently, microwave irradiation was used to simultaneously
remove the template and reduce graphene oxide into graphene. The sufficiently
compact stacking of ultrathin Ti0.91O2 nanosheets with graphene nanosheets
facilitated the photogenerated electron to quickly transfer from the Ti0.91O2

nanosheets to graphene and enhance the lifetime of the charge carriers and
improve photocatalytic activity (Fig. 18b, c) [380].

In the fourth method, the in situ growth of TiO2 structures and reduction of GO are
simultaneously accomplished through a simple one-pot growth method [381, 382].
This strategy is a particularly convenient procedure for the fabrication of graphene-
TiO2 photocatalysts. The reducing environment can be achieved by using either a
reducing solvent or by directly adding a reducing agent [383, 384]. For example,
exposed (001) facet TiO2-graphene composite photocatalysts were successfully
produced via a direct one-step hydrothermal method in an ethanol–water solvent.
The resulting composite exhibited an extended visible light absorption range due to
the formation of a chemical Ti–O–C bond and enhanced charge separation by virtue
of the formation of nano-sized Schottky interfaces at the contacts between TiO2 and
graphene. This leads to significant improvement in photodegredation of MB (or MO)
dye when compared to P25 films under both UV and visible light irradiation [367].

Fig. 18 TEM images of (G-Ti0.91O2)5 hollow spheres (a) and rutile TiO2/graphene quantum dot
composites (d). b PL emission spectra of (Ti0.91O2)5 hollow spheres and (G-Ti0.91O2)5 hollow
spheres (a). c Photocatalytic CH4 and CO evolution rates for (Ti0.91O2)5 hollow spheres
(G-Ti0.91O2)5 hollow spheres (a) and P25. e Upconverted PL spectra of the graphene quantum
dots (b) at different excitation wavelengths and f photocatalytic degradation of MB under visible
light irradiation using different catalysts. (Reprinted with permission from Ref. a–c [380],
d–f [388]. Copyright � Wiley-VCH and American Chemical Society)
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Recently, graphene quantum dots (GQDs) have become an active area of
research. Compared to graphene with 2D nanosheets and 1D nanoribbon structures,
0D GQDs possess strong quantum confinement and edge effects when their sizes
approach 10 nm or less. At this scale, new physical properties become apparent
[385–387]. Zhuo et al. presented the synthesis of GQDs with excellent PL properties
using a direct and simple ultrasonic reaction process. The composite photocatalysts
(rutile TiO2/GQD and anatase TiO2/GQD systems) were prepared by mixing GQDs
with TiO2 nanoparticles (Fig. 18d) in order to harvest the visible spectrum of
sunlight using the upconversion photoluminescence (PL) properties of GQDs
(Fig. 18e). It was observed that the photocatalytic activity of the rutile TiO2/GQD
composite was superior to that of the anatase TiO2/GQD composite under visible
light (k[ 420 nm) irradiation in the degradation of MB (Fig. 18f) [388].

3 Conclusion

The challenge of effectively converting solar energy into useful energy will require
more advanced materials. As one of the most promising functional materials for
efficient, high performance, and cost-effective solar energy applications, TiO2

nanostructures of various morphologies will continue to be an area of active
research. It has been shown that every structure possesses its own advantages, such
as large surface area for nanoparticle systems, effective charge separation, and
transport for vertically ordered nanotubes or nanorods, a high percentage of reactive
(001) facets for nanosheets, and efficient light scattering for 3D hierarchical
structures, to name a few. Correspondingly, the different morphologies are derived
from different characteristic synthesis methods. The sol–gel method, for example, is
a simple and low-cost process to prepare nanoparticles. The hydrothermal method
can be used to fabricate several structures (e.g., nanosheet, nanorod and hierarchical
architecture), whereas the facile electrochemical anodization can lead to oriented
nanotube arrays. Clearly, numerous strategies have been exploited to modify pure
TiO2, which suffers from the shortcomings of a narrow light absorption range
(restricted to UV) and rapid charge recombination. With more efforts geared toward
the fabrication of high-quality TiO2-based nanomaterials and economically feasible
synthesis procedures, there is little doubt that the future of solar energy technology
and its practical applications will remain bright.

References

1. Liu J, Cao GZ, Yang ZG, Wang DH, Dubois D, Zhou XD, Graff GL, Pederson LR, Zhang
JG (2008) ChemSusChem 1:676–697

2. Hagfeldt A, Boschloo G, Sun LC, Kloo L, Pettersson H (2010) Chem Rev 110:6595–6663
3. Kamat PV (2007) J Phys Chem C 111:2834–2860

44 M. Ye et al.



4. Nozik A, Miller J (2010) Chem Rev 110:6443–6445
5. Liu C, Burghaus U, Besenbacher F, Wang ZL (2010) ACS Nano 4:5517–5526
6. Serrano E, Rus G, García-Martínez J (2009) Renew Sustain Energy Rev 13:2373–2384
7. Beard MC, Ellingson RJ (2008) Laser Photonics Rev 2:377–399
8. Bisquert J, Cahen D, Hodes G, Ruhle S, Zaban A (2004) J Phys Chem B 108:8106–8118
9. Gratzel M (2001) Nature 414:338–344

10. Green MA (2001) Prog Photovoltaics Res Appl 9:123–135
11. El Chaar L, El Zein N (2011) Renew Sustain Energy Rev 15:2165–2175
12. Lewis NS (2007) Science 315:798–801
13. Gratzel M (2006) Prog Photovoltaics Res Appl 14:429–442
14. Oregan B, Gratzel M (1991) Nature 353:737–740
15. Yella A, Lee H-W, Tsao HN, Yi C, Chandiran AK, Nazeeruddin MK, Diau EW-G, Yeh C-Y,

Zakeeruddin SM, Grätzel M (2011) Science 334:629–634
16. Grätzel M (2003) J Photochem Photobiol C 4:145–153
17. Toivola M, Halme J, Miettunen K, Aitola K, Lund PD (2009) Int J Energy Res 33:1145–1160
18. Halme J, Vahermaa P, Miettunen K, Lund P (2010) Adv Mater 22:E210–E234
19. O’Regan BC, Durrant JR (2009) Acc Chem Res 42:1799–1808
20. Chen XB (2009) Chin J Catal 30:839–851
21. Galinska A, Walendziewski J (2005) Energy Fuels 19:1143–1147
22. Yang XH, Li Z, Liu G, Xing J, Sun C, Yang HG, Li C (2010) CrystEngComm

13:1378–1383
23. Chen XB, Shen SH, Guo LJ, Mao SS (2010) Chem Rev 110:6503–6570
24. Fujishima A, Honda K (1972) Nature 238:37
25. Ni M, Leung MKH, Leung DYC, Sumathy K (2007) Renew Sustain Energy Rev

11:401–425
26. Zhang QJ, Sun CH, Yan J, Hu XJ, Zhou SY, Chen P (2010) Solid State Sci 12:1274–1277
27. Lee JS (2005) Catal Surv Asia 9:217–227
28. Walter MG, Warren EL, McKone JR, Boettcher SW, Mi Q, Santori EA, Lewis NS (2010)

Chem Rev 110:6446
29. Ye M, Vennerberga D, Lin C, Lin Z (2012) J Nanosci Lett 2:1
30. Youngblood WJ, Lee SHA, Maeda K, Mallouk TE (2009) Acc Chem Res 42:1966–1973
31. Kaur A, Gupta U (2009) J Mater Chem 19:8279–8289
32. Akpan UG, Hameed BH (2009) J Hazard Mater 170:520–529
33. Pelaez M, Nolan NT, Pillai SC, Seery MK, Falaras P, Kontos AG, Dunlop PSM, Hamilton

JWJ, Byrne JA, O’shea K (2012) Appl Catal B 125:331–349
34. Hu X, Li G, Yu JC (2009) Langmuir 26:3031–3039
35. Chen X, Mao SS (2007) Chem Rev 107:2891–2959
36. Lv M, Zheng D, Ye M, Sun L, Xiao J, Guo W, Lin C (2012) Nanoscale 4:5872–5879
37. Chou TP, Zhang QF, Russo B, Fryxell GE, Cao GZ (2007) J Phys Chem C 111:6296–6302
38. Mor GK, Varghese OK, Paulose M, Shankar K, Grimes CA (2006) Sol Energy Mater Sol

Cells 90:2011–2075
39. Shankar K, Basham JI, Allam NK, Varghese OK, Mor GK, Feng XJ, Paulose M, Seabold

JA, Choi KS, Grimes CA (2009) J Phys Chem C 113:6327–6359
40. Fei H, Yang Y, Rogow DL, Fan X, Oliver SRJ (2010) ACS Appl Mater Interfaces

2:974–979
41. Nozik AJ (2010) Nano Lett 10:2735–2741
42. Arico AS, Bruce P, Scrosati B, Tarascon JM, Van Schalkwijk W (2005) Nat Mater

4:366–377
43. Guo YG, Hu JS, Wan LJ (2008) Adv Mater 20:2878–2887
44. Xin X, He M, Han W, Jung J, Lin Z (2011) Angew Chem Int Ed 50:11739–11742
45. Choi SK, Kim S, Lim SK, Park H (2010) J Phys Chem C 114:16475–16480
46. Xin X, Wang J, Han W, Ye M, Lin Z (2012) Nanoscale 4:964–969
47. Xin X, Scheiner M, Ye M, Lin Z (2011) Langmuir 27:14594–14598
48. Hartmann P, Lee DK, Smarsly BM, Janek J (2010) ACS Nano 4:3147–3154

Design, Fabrication, and Modification 45



49. Alivov Y, Fan ZY (2009) J Phys Chem C 113:12954–12957
50. Li Y, Fang XS, Koshizaki N, Sasaki T, Li L, Gao SY, Shimizu Y, Bando Y, Golberg D

(2009) Adv Funct Mater 19:2467–2473
51. Kumar A, Madaria AR, Zhou CW (2010) J Phys Chem C 114:7787–7792
52. Albu SP, Roy P, Virtanen S, Schmuki P (2010) Isr J Chem 50:453–467
53. Yu JG, Fan JJ, Lv KL (2010) Nanoscale 2:2144–2149
54. Bleta R, Alphonse P, Lorenzato L (2010) J Phys Chem C 114:2039–2048
55. Isley SL, Penn RL (2008) J Phys Chem C 112:4469–4474
56. Liu JJ, Qin W, Zuo SL, Yu YC, Hao ZP (2009) J Hazard Mater 163:273–278
57. Wang J, Lin ZQ (2009) J Phys Chem C 113:4026–4030
58. Zhang W, Zhu R, Ke L, Liu XZ, Liu B, Ramakrishna S (2010) Small 6:2176–2182
59. Hwang D, Lee H, Jang SY, Jo SM, Kim D, Seo Y, Kim DY (2011) ACS Appl Mater

Interfaces 3:2719–2725
60. Wu MS, Tsai CH, Wei TC (2011) Chem Commun 47:2871–2873
61. Bala H, Jiang L, Fu WY, Yuan GY, Wang XD, Liu ZR (2010) Appl Phys Lett 97:153108
62. Suprabha T, Roy HG, Thomas J, Kumar KP, Mathew S (2009) Nanoscale Res Lett

4:144–152
63. Melhem H, Simon P, Beouch L, Goubard F, Boucharef M, Di Bin C, Leconte Y, Ratier B,

Herlin-Boime N, Bouclon J (2011) Adv Energy Mater 1:908–916
64. Pradhan SK, Reucroft PJ (2003) J Cryst Growth 250:588–594
65. Yu DH, Yu X, Wang C, Liu XC, Xing Y (2012) ACS Appl Mater Interfaces 4:2781–2787
66. Koo B, Park J, Kim Y, Choi SH, Sung YE, Hyeon T (2006) J Phys Chem B

110:24318–24323
67. Ahn SH, Chi WS, Park JT, Koh JK, Roh DK, Kim JH (2012) Adv Mater 24:519–522
68. Guldin S, Huttner S, Kolle M, Welland ME, Muller-Buschbaum P, Friend RH, Steiner U,

Tétreault N (2010) Nano Lett 10:2303–2309
69. Halaoui LI, Abrams NM, Mallouk TE (2005) J Phys Chem B 109:6334–6342
70. Ismagilov ZR, Tsikoza LT, Shikina NV, Zarytova VF, Zinoviev VV, Zagrebelnyi SN

(2009) Russ Chem Rev 78:873–885
71. Han S, Choi SH, Kim SS, Cho M, Jang B, Kim DY, Yoon J, Hyeon T (2005) Small

1:812–816
72. Jin WM, Shin JH, Cho CY, Kang JH, Park JH, Moon JH (2010) ACS Appl Mater Interfaces

2:2970–2973
73. Hatton B, Mishchenko L, Davis S, Sandhage KH, Aizenberg J (2010) PNAS

107:10354–10359
74. Shopsowitz KE, Stahl A, Hamad WY, MacLachlan MJ (2012) Angew Chem Int Ed

51:6886–6890
75. Ahn SH, Park JT, Koh JK, Roh DK, Kim JH (2011) Chem Commun 47:5882–5884
76. Agarwala S, Kevin M, Wong A, Peh C, Thavasi V, Ho G (2010) ACS Appl Mater Interfaces

2:1844–1850
77. Ismail AA, Bahnemann DW (2011) J Mater Chem 21:11686–11707
78. Park JT, Chi WS, Roh DK, Ahn SH, Kim JH (2012) Adv Funct Mater 23:26–33
79. Kim YJ, Lee YH, Lee MH, Kim HJ, Pan JH, Lim GI, Choi YS, Kim K, Park NG, Lee C

(2008) Langmuir 24:13225–13230
80. Yang SC, Yang DJ, Kim J, Hong JM, Kim HG, Kim ID, Lee H (2008) Adv Mater

20:1059–1064
81. Mandlmeier B, Szeifert JM, Fattakhova-Rohlfing D, Amenitsch H, Bein T (2011) J Am

Chem Soc 133:17274–17282
82. Xiong Z, Dou H, Pan J, Ma J, Xu C, Zhao X (2010) CrystEngComm 12:3455–3457
83. Sjöström T, McNamara LE, Yang L, Dalby M, Su B (2012) ACS Appl Mater Interfaces

4:6354–6361
84. Jang YH, Xin X, Byun M, Jang YJ, Lin Z, Kim DH (2011) Nano Lett 12:479–485
85. Hayward RC, Chmelka BF, Kramer EJ (2005) Adv Mater 17:2591–2595

46 M. Ye et al.



86. Zhao D, Feng D, Luo W, Zhang J, Xu M, Zhang R, Wu H, Lv Y, Asiri AM, Rahman M
(2013) J Mater Chem A 1:1591–1599

87. Cha MA, Shin C, Kannaiyan D, Jang YH, Kochuveedu ST, Kim DH (2009) J Mater Chem
19:7245–7250

88. Guldin S, Docampo P, Stefik M, Kamita G, Wiesner U, Snaith HJ, Steiner U (2012) Small
3:432–440

89. Chen Y, Kim HC, McVittie J, Ting C, Nishi Y (2010) Nanotechnology 21:185303
90. Ahmed S, Du Pasquier A, Birnie DP III, Asefa T (2011) ACS Appl Mater Interfaces

3:3002–3010
91. Dutta S, Patra AK, De S, Bhaumik A, Saha B (2012) ACS Appl Mater Interfaces

4:1560–1564
92. Kwak ES, Lee W, Park NG, Kim J, Lee H (2009) Adv Funct Mater 19:1093–1099
93. Mihi A, Zhang C, Braun PV (2011) Angew Chem Int Ed 123:5830–5833
94. Campbell M, Sharp D, Harrison M, Denning R, Turberfield A (2000) Nature 404:53–56
95. Nishimura S, Abrams N, Lewis BA, Halaoui LI, Mallouk TE, Benkstein KD, van de

Lagemaat J, Frank AJ (2003) J Am Chem Soc 125:6306–6310
96. Lee SHA, Abrams NM, Hoertz PG, Barber GD, Halaoui LI, Mallouk TE (2008) J Phys

Chem B 112:14415–14421
97. Shin JH, Moon JH (2011) Langmuir 27:6311–6315
98. Chang SY, Chen SF, Huang YC (2011) J Phys Chem C 115:1600–1607
99. Cho CY, Moon JH (2011) Adv Mater 23:2971–2975

100. Berrigan JD, McLachlan TM, Deneault JR, Cai Y, Kang TS, Durstock MF, Sandhage K
(2013) J Mater Chem A 1:128–134

101. Xu C, Shin PH, Cao L, Wu J, Gao D (2009) Chem Mater 22:143–148
102. Shao W, Gu F, Gai L, Li C (2011) Chem Commun 47:5046–5048
103. Joo JB, Zhang Q, Lee I, Dahl M, Zaera F, Yin Y (2012) Adv Funct Mater 22:166–174
104. Thompson GE (1997) Thin Solid Films 297:192–201
105. Koh JH, Koh JK, Seo JA, Shin JS, Kim JH (2011) Nanotechnology 22:365401
106. Wang H (2012) CrystEngComm 14:6215–6220
107. Bian Z, Zhu J, Cao F, Huo Y, Lu Y, Li H (2010) Chem Commun 46:8451–8453
108. Tétreault N, Arsenault E, Heiniger LP, Soheilnia N, Brillet J, Moehl T, Zakeeruddin S, Ozin

GA, Grätzel M (2011) Nano Lett 11:4579–4584
109. Liu L, Karuturi SK, Su LT, Tok AIY (2010) Energy Environ Sci 4:209–215
110. Tan LK, Liu X, Gao H (2011) J Mater Chem 21:11084–11087
111. Li L, Liu C (2009) J Phys Chem C 114:1444–1450
112. Yang W, Li J, Wang Y, Zhu F, Shi W, Wan F, Xu D (2011) Chem Commun 47:1809–1811
113. Yang H, Fang W, Yang X, Zhu H, Li Z, Zhao H, Yao X (2012) J Mater Chem

22:22082–22089
114. Wu B, Guo C, Zheng N, Xie Z, Stucky GD (2008) J Am Chem Soc 130:17563–17567
115. Yu J, Xiang Q, Ran J, Mann S (2010) CrystEngComm 12:872–879
116. Wang J, Bian Z, Zhu J, Li H (2013) J Mater Chem A 1:1296–1302
117. Jun Y, Casula MF, Sim JH, Kim SY, Cheon J, Alivisatos AP (2003) J Am Chem Soc

125:15981–15985
118. Wu D, Gao Z, Xu F, Chang J, Jiang K (2012) CrystEngComm 15:516–523
119. Nian JN, Teng HS (2006) J Phys Chem B 110:4193–4198
120. Horvath E, Kukovecz A, Konya Z, Kiricsi I (2007) Chem Mater 19:927–931
121. Guo WX, Xu C, Wang X, Wang SH, Pan CF, Lin CJ, Wang ZL (2012) J Am Chem Soc

134:4437–4441
122. Liu B, Aydil ES (2009) J Am Chem Soc 131:3985–3990
123. Chen D, Huang F, Cheng YB, Caruso RA (2009) Adv Mater 21:2206–2210
124. Liu M, Piao L, Lu W, Ju S, Zhao L, Zhou C, Li H, Wang W (2010) Nanoscale 2:1115–1117
125. Ye M, Liu HY, Lin C, Lin Z (2012) Small 9:312–321
126. Zhang D, Li G, Yang X, Jimmy CY (2009) Chem Commun 4381–4383

Design, Fabrication, and Modification 47



127. Zheng Z, Huang B, Qin X, Zhang X, Dai Y, Jiang M, Wang P, Whangbo MH (2009) Chem
Eur J 15:12576–12579

128. Diebold U (2003) Surf Sci Rep 48:53–229
129. Gong XQ, Selloni A (2005) J Phys Chem B 109:19560–19562
130. Yang HG, Sun CH, Qiao SZ, Zou J, Liu G, Smith SC, Cheng HM, Lu GQ (2008) Nature

453:638–641
131. Gu L, Wang J, Cheng H, Du Y, Han X (2012) Chem Commun 48:6978–6980
132. He Z, Cai Q, Hong F, Jiang Z, Chen J, Song S (2012) Ind Eng Chem Res 51:5662–5668
133. Xiang Q, Yu J, Jaroniec M (2011) Chem Commun 47:4532–4534
134. Zheng Z, Huang B, Qin X, Zhang X, Dai Y, Jiang M, Wang P, Whangbo MH (2009) Chem

Eur J 15:12576–12579
135. Zhang H, Han Y, Liu X, Liu P, Yu H, Zhang S, Yao X, Zhao H (2010) Chem Commun

46:8395–8397
136. Liu M, Piao L, Zhao L, Ju S, Yan Z, He T, Zhou C, Wang W (2010) Chem Commun

46:1664–1666
137. Li J, Cao K, Li Q, Xu D (2012) CrystEngComm 14:83–85
138. Li J, Xu D (2010) Chem Commun 46:2301–2303
139. Ma XY, Chen ZG, Hartono SB, Jiang HB, Zou J, Qiao SZ, Yang HG (2010) Chem Commun

46:6608–6610
140. Yu H, Tian B, Zhang J (2011) Chem Eur J 17:5499–5502
141. Kumar EN, Jose R, Archana P, Vijila C, Yusoff M, Ramakrishna S (2012) Energy Environ

Sci 5:5401–5407
142. Liu B, Miao J (2012) RSC Adv 3:1222–1226
143. Dai Y, Cobley CM, Zeng J, Sun Y, Xia Y (2009) Nano Lett 9:2455–2459
144. Amano F, Prieto-Mahaney OO, Terada Y, Yasumoto T, Shibayama T, Ohtani B (2009)

Chem Mater 21:2601–2603
145. Jung MH, Chu MJ, Kang MG (2012) Chem Commun 48:5016–5018
146. Xie S, Han X, Kuang Q, Fu J, Zhang L, Xie Z, Zheng L (2011) Chem Commun

47:6722–6724
147. Pan J, Wu X, Wang L, Liu G, Lu GQM, Cheng HM (2011) Chem Commun 47:8361–8363
148. Wang L, Zang L, Zhao J, Wang C (2012) Chem Commun 48:11736–11738
149. Li F, Xu J, Chen L, Ni B, Li X, Fu Z, Lu Y (2013) J Mater Chem A 1:225–228
150. Berger S, Hahn R, Roy P, Schmuki P (2010) Phys Status Solidi B 247:2424–2435
151. Peng XS, Wang JP, Thomas DF, Chen AC (2005) Nanotechnology 16:2389–2395
152. Gong D, Grimes CA, Varghese OK, Hu WC, Singh RS, Chen Z, Dickey EC (2001) J Mater

Res 16:3331–3334
153. Wu XJ, Zhu F, Mu C, Liang YQ, Xu LF, Chen QW, Chen RZ, Xu DS (2010) Coord Chem

Rev 254:1135–1150
154. Peter LM, Jennings JR, Ghicov A, Schmuki P, Walker AB (2008) J Am Chem Soc

130:13364–13372
155. Xiao P, Zhang YH, Garcia BB, Sepehri S, Liu DW, Cao GZ (2009) J Nanosci Nanotechnol

9:2426–2436
156. Allam NK, El-Sayed MA (2010) J Phys Chem C 114:12024–12029
157. Lai Y, Sun L, Chen Y, Zhuang H, Lin C (2006) J Electrochem Soc 153:D123–D127
158. Gong JJ, Lai YK, Lin CJ (2010) Electrochim Acta 55:4776–4782
159. Gong JJ, Lin CJ, Ye MD, Lai YK (2011) Chem Commun 47:2598–2600
160. Guo WX, Xue XY, Wang SH, Lin CJ, Wang ZL (2012) Nano Lett 12:2520–2523
161. Rattanavoravipa T, Sagawa T, Yoshikawa S (2008) Sol Energy Mater Sol Cells

92:1445–1449
162. Wender H, Feil AF, Diaz LB, Ribeiro CS, Machado GJ, Migowski P, Weibel DE, Dupont J,

Teixeira SR (2011) ACS Appl Mater Interfaces 3:1359–1365
163. Tan YF, Yang L, Chen JZ, Qiu Z (2010) Langmuir 26:10111–10114
164. Alivov Y, Pandikunta M, Nikishin S, Fan ZY (2009) Nanotechnology 20:225602
165. Bao NZ, Yoriya S, Grimes CA (2011) J Mater Chem 21:13909–13912

48 M. Ye et al.



166. Wang J, Zhao L, Lin VSY, Lin ZQ (2009) J Mater Chem 19:3682–3687
167. Wang J, Lin Z (2012) Chem Asian J 7:2754–2762
168. Su ZX, Zhou WZ (2011) J Mater Chem 21:8955–8970
169. Roy P, Kim D, Lee K, Spiecker E, Schmuki P (2010) Nanoscale 2:45–59
170. Roy P, Berger S, Schmuki P (2011) Angew Chem Int Ed 50:2904–2939
171. Nah YC, Paramasivam I, Schmuki P (2010) ChemPhysChem 11:2698–2713
172. Schmuki P, Macak JM, Tsuchiya H, Taveira L, Aldabergerova S (2005) Angew Chem Int

Ed 44:7463–7465
173. Grimes CA, Allam NK, Shankar K (2008) J Mater Chem 18:2341–2348
174. Schmuki P, Kim D, Ghicov A, Albu SP (2008) J Am Chem Soc 130:16454
175. Fei GT, Jin Z, Hu XY, Xu SH, De Zhang L (2009) Chem Lett 38:288–289
176. Lin J, Liu K, Chen XF (2011) Small 7:1784–1789
177. Xu XJ, Tang CC, Zeng HB, Zhai TY, Zhang SQ, Zhao HJ, Bando Y, Golberg D (2011)

ACS Appl Mater Interfaces 3:1352–1358
178. Schmuki P, Albu SP, Ghicov A, Aldabergenova S, Drechsel P, LeClere D, Thompson GE,

Macak JM (2008) Adv Mater 20:4135
179. Li SQ, Zhang GM, Guo DZ, Yu LG, Zhang W (2009) J Phys Chem C 113:12759–12765
180. Stergiopoulos T, Ghicov A, Likodimos V, Tsoukleris DS, Kunze J, Schmuki P, Falaras P

(2008) Nanotechnology 19:235602
181. Sun Y, Yan KP, Wang GX, Guo W, Ma TL (2011) J Phys Chem C 115:12844–12849
182. Biswas S, Shahjahan M, Hossain MF, Takahashi T (2010) Electrochem Commun

12:668–671
183. Chen CH, Chen KC, He JL (2010) Curr Appl Phys 10:S176–S179
184. Stergiopoulos T, Valota A, Likodimos V, Speliotis T, Niarchos D, Skeldon P, Thompson

GE, Falaras P (2009) Nanotechnology 20:365601
185. Tang YX, Tao J, Tao HJ, Wu T, Wang L, Zhang YY, Li ZL, Tian XL (2008) Acta Phys

Chim Sin 24:1120–1126
186. Leenheer AJ, Miedaner A, Curtis CJ, van Hest M, Ginley DS (2007) J Mater Res

22:681–687
187. Mor GK, Varghese OK, Paulose M, Grimes CA (2005) Adv Funct Mater 15:1291–1296
188. Varghese OK, Paulose M, Grimes CA (2009) Nat Nanotechnol 4:592–597
189. Sadek AZ, Zheng HD, Latham K, Wlodarski W, Kalantar-Zadeh K (2009) Langmuir

25:509–514
190. Wang DA, Yu B, Wang CW, Zhou F, Liu WM (2009) Adv Mater 21:1964–1967
191. Zhang G, Huang H, Zhang Y, Chan HLW, Zhou L (2007) Electrochem Commun

9:2854–2858
192. S. H. Kang, H. S. Kim, J. Y. Kim and Y. E. Sung, Nanotechnology, 2009, 20
193. Lei BX, Liao JY, Zhang R, Wang J, Su CY, Kuang DB (2010) J Phys Chem C

114:15228–15233
194. Lin J, Chen JF, Chen XF (2010) Electrochem Commun 12:1062–1065
195. Wang J, Lin ZQ (2008) Chem Mater 20:1257–1261
196. Ali G, Yoo SH, Kum JM, Kim YN, Cho SO (2011) Nanotechnology 22:245602
197. Wang J, Lin ZQ (2010) Chem Mater 22:579–584
198. Wang DA, Liu LF (2010) Chem Mater 22:6656–6664
199. Pang Q, Leng LM, Zhao LJ, Zhou LY, Liang CJ, Lan YW (2011) Mater Chem Phys

125:612–616
200. Wang DA, Liu LF, Zhang FX, Tao K, Pippel E, Domen K (2011) Nano Lett 11:3649–3655
201. Wang J, Lin ZQ (2008) Chem Mater 20:1257–1261
202. Lin CJ, Yu WY, Chien SH (2010) J Mater Chem 20:1073–1077
203. Wang YH, Yang HX, Liu Y, Wang H, Shen H, Yan J, Xu HM (2010) Prog Photovoltaics

18:285–290
204. Wang YH, Yang HX, Lu L (2010) J Appl Phys 108:064510
205. Liu ZY, Misra M (2010) ACS Nano 4:2196–2200
206. Zou DC, Wang D, Chu ZZ, Lv ZB, Fan X (2010) Coord Chem Rev 254:1169–1178

Design, Fabrication, and Modification 49



207. Liu Y, Wang H, Li M, Hong RJ, Ye QH, Zheng JM, Shen H (2009) Appl Phys Lett
95:233505

208. Liu Y, Li M, Wang H, Zheng JM, Xu HM, Ye QH, Shen H (2010) J Phys D Appl Phys
43:205103

209. Mor GK, Shankar K, Paulose M, Varghese OK, Grimes CA (2006) Nano Lett 6:215–218
210. Hu A, Li H, Jia Z, Xia Z (2011) J Solid State Chem 184:2936–2940
211. Hu A, Xiao L, Dai G, Xia Z (2012) J Solid State Chem 190:130–134
212. Ye MD, Xin XK, Lin CJ, Lin ZQ (2011) Nano Lett 11:3214–3220
213. Chen CC, Chung HW, Chen CH, Lu HP, Lan CM, Chen SF, Luo L, Hung CS, Diau EWG

(2008) J Phys Chem C 112:19151–19157
214. Shang M, Wang W, Yin W, Ren J, Sun S, Zhang L (2010) Chem Eur J 16:11412–11419
215. Ding B, Kim H, Kim C, Khil M, Park S (2003) Nanotechnology 14:532
216. Li D, Wang Y, Xia Y (2003) Nano Lett 3:1167–1171
217. Reneker DH, Chun I (1999) Nanotechnology 7:216
218. Song MY, Ihn KJ, Jo SM, Kim DY (1861) Nanotechnology 2004:15
219. Huang ZM, Zhang YZ, Kotaki M, Ramakrishna S (2003) Compos Sci Technol

63:2223–2253
220. Choi SW, Park JY, Kim SS (2009) Nanotechnology 20:465603
221. Li D, Xia Y (2003) Nano Lett 3:555–560
222. Nair AS, Zhu P, Jagadeesh Babu V, Yang S, Krishnamoorthy T, Murugan R, Peng S,

Ramakrishna S (2012) Langmuir 28:6202–6206
223. Wu MC, Sápi A, Avila A, Szabó M, Hiltunen J, Huuhtanen M, Tóth G, Kukovecz Á, Kónya

Z, Keiski R (2011) Nano Research 4:360–369
224. Kumar A, Jose R, Fujihara K, Wang J, Ramakrishna S (2007) Chem Mater 19:6536–6542
225. Yang L, Leung WWF (2011) Adv Mater 23:4559–4562
226. Hwang SH, Kim C, Song H, Son S, Jang J (2012) ACS Appl Mater Interfaces 4:5287–5292
227. Jose R, Kumar A, Thavasi V, Ramakrishna S (2008) Nanotechnology 19:424004
228. Zhu P, Nair AS, Yang S, Peng S, Ramakrishna S (2011) J Mater Chem 21:12210–12212
229. Zhan S, Chen D, Jiao X, Tao C (2006) J Phys Chem B 110:11199–11204
230. Lee BH, Song MY, Jang SY, Jo SM, Kwak SY, Kim DY (2009) J Phys Chem C

113:21453–21457
231. Nair AS, Shengyuan Y, Peining Z, Ramakrishna S (2010) Chem Commun 46:7421–7423
232. Shengyuan Y, Peining Z, Nair AS, Ramakrishna S (2011) J Mater Chem 21:6541–6548
233. Hwang D, Jo SM, Kim DY, Armel V, MacFarlane DR, Jang SY (2011) ACS Appl Mater

Interfaces 3:1521–1527
234. Ishida M, Park SW, Hwang D, Koo YB, Sessler JL, Kim DY, Kim D (2011) J Phys Chem C

115:19343–19354
235. Chen X, Liu L, Peter YY, Mao SS (2011) Science 331:746–750
236. An HL, Ahn HJ (2012) Mater Lett 81:41–44
237. Fujihara K, Kumar A, Jose R, Ramakrishna S, Uchida S (2007) Nanotechnology 18:365709
238. Liu B, Nakata K, Sakai M, Saito H, Ochiai T, Murakami T, Takagi K, Fujishima A (2012)

Catal Sci Technol 2:1933–1939
239. Hwang D, Lee H, Seo Y, Kim D, Jo SM, Kim DY (2013) J Mater Chem A 1:1359–1367
240. Lee H, Hwang D, Jo SM, Kim D, Seo Y, Kim DY (2012) ACS Appl Mater Interfaces

4:3308–3315
241. Jang SY, Hwang D, Kim DY, Kim D (2013) J Mater Chem A 1:1228–1238
242. Yang HY, Lee MF, Huang CH, Lo YS, Chen YJ, Wong MS (2009) Thin Solid Films

518:1590–1594
243. Wolcott A, Smith WA, Kuykendall TR, Zhao Y, Zhang JZ (2008) Small 5:104–111
244. Larsen GK, Fitzmorris R, Zhang JZ, Zhao Y (2011) J Phys Chem C 115:16892–16903
245. Smith W, Wolcott A, Fitzmorris RC, Zhang JZ, Zhao Y (2011) J Mater Chem

21:10792–10800
246. Wang S, Xia G, He H, Yi K, Shao J, Fan Z (2007) J Alloy Compd 431:287–291

50 M. Ye et al.



247. Pihosh Y, Turkevych I, Ye J, Goto M, Kasahara A, Kondo M, Tosa M (2009) J Electrochem
Soc 156:K160–K165

248. Gamez F, Plaza-Reyes A, Hurtado P, Guillen F, Anta JA, Martinez-Haya B, Perez S, Sanz
M, Castillejo M, Izquierdo JG, Banares L (2010) J Phys Chem C 114:17409–17415

249. Sanz M, Walczak M, de Nalda R, Oujja M, Marco JF, Rodriguez J, Izquierdo JG, Banares
L, Castillejo M (2009) Appl Surf Sci 255:5206–5210

250. Sanz M, Walczak M, Oujja M, Cuesta A, Castillejo M (2009) Thin Solid Films
517:6546–6552

251. Yang XF, Zhuang JL, Li XY, Chen DH, Ouyang GF, Mao ZQ, Han YX, He ZH, Liang CL,
Wu MM, Yu JC (2009) ACS Nano 3:1212–1218

252. Quinonez C, Vallejo W, Gordillo G (2010) Appl Surf Sci 256:4065–4071
253. Shan AY, Ghazi TIM, Rashid SA (2010) Appl Catal A 389:1–8
254. Seifried S, Winterer M, Hahn H (2000) Chem Vap Deposition 6:239–244
255. Zhang C, Chen S, Mo L, Huang Y, Tian H, Hu L, Huo Z, Dai S, Kong F, Pan X (2011) J

Phys Chem C 115:16418–16424
256. Xu L, Steinmiller EMP, Skrabalak SE (2011) J Phys Chem C 116:871–877
257. Yu H, Irie H, Shimodaira Y, Hosogi Y, Kuroda Y, Miyauchi M, Hashimoto K (2010) J Phys

Chem C 114:16481–16487
258. Zhu J, Ren J, Huo Y, Bian Z, Li H (2007) J Phys Chem C 111:18965–18969
259. Wu Q, Ouyang JJ, Xiea KP, Sun L, Wang MY, Lin CJ (2012) J Hazard Mater 199:410–417
260. Di Paola A, Marci G, Palmisano L, Schiavello M, Uosaki K, Ikeda S, Ohtani B (2002) J

Phys Chem B 106:637–645
261. Huang JH, Hung PY, Hu SF, Liu RS (2010) J Mater Chem 20:6505–6511
262. Liqiang J, Xiaojun S, Baifu X, Baiqi W, Weimin C, Honggang F (2004) J Solid State Chem

177:3375–3382
263. Liu Z, Li Y, Liu C, Ya J (2011) L. E., W. Zhao, D. Zhao and L. An. ACS Appl Mater

Interfaces 3:1721–1725
264. Wang E, Yang W, Cao Y (2009) J Phys Chem C 113:20912–20917
265. Li H, Zhang X, Huo Y, Zhu J (2007) Environ Sci Technol 41:4410–4414
266. Wu G, Nishikawa T, Ohtani B, Chen A (2007) Chem Mater 19:4530–4537
267. Song J, Yang HB, Wang X, Khoo SY, Wong C, Liu XW, Li CM (2012) ACS Appl Mater

Interfaces 4:3712–3717
268. Liu G, Yin LC, Wang J, Niu P, Zhen C, Xie Y, Cheng HM (2012) Energy Environ Sci

5:9603–9610
269. Zhao Y, Qiu X, Burda C (2008) Chem Mater 20:2629–2636
270. Peng T, Dai K, Yi H, Ke D, Cai P, Zan L (2008) Chem Phys Lett 460:216–219
271. Liao G, Chen S, Quan X, Chen H, Zhang Y (2010) Environ Sci Technol 44:3481–3485
272. Park J, Yi J, Tachikawa T, Majima T, Choi W (2010) J Phys Chem Lett 1:1351–1355
273. Park H, Choi W (2005) J Phys Chem B 109:11667–11674
274. Zhang H, Zong R, Zhao J, Zhu Y (2008) Environ Sci Technol 42:3803–3807
275. Zhou X, Peng F, Wang H, Yu H, Fang Y (2011) Chem Commun 47:10323–10325
276. Zhang M, Shao C, Guo Z, Zhang Z, Mu J, Cao T, Liu Y (2011) ACS Appl Mater Interfaces

3:369–377
277. Wang H, Bai Y, Zhang H, Zhang Z, Li J, Guo L (2010) J Phys Chem C 114:16451–16455
278. Zhu G, Pan L, Xu T, Sun Z (2011) ACS Appl Mater Interfaces 3:1472–1478
279. Wang CL, Sun L, Yun H, Li J, Lai YK, Lin CJ (2009) Nanotechnology 20:295601
280. Hou Y, Li X, Zou X, Quan X, Chen G (2008) Environ Sci Technol 43:858–863
281. Zhou W, Liu H, Wang J, Liu D, Du G, Cui J (2010) ACS Appl Mater Interfaces

2:2385–2392
282. Kim JY, Choi SB, Noh JH, Yoon SH, Lee S, Noh TH, Frank AJ, Hong KS (2009) Langmuir

25:5348–5351
283. Huang H, Li D, Lin Q, Shao Y, Chen W, Hu Y, Chen Y, Fu X (2009) J Phys Chem C

113:14264–14269
284. Murakami N, Kurihara Y, Tsubota T, Ohno T (2009) J Phys Chem C 113:3062–3069

Design, Fabrication, and Modification 51



285. Zhang X, Zhang L, Xie T, Wang D (2009) J Phys Chem C 113:7371–7378
286. Colón G, López SM, Hidalgo M, Navío J (2010) Chem Commun 46:4809–4811
287. Gao XF, Li HB, Sun WT, Chen Q, Tang FQ, Peng LM (2009) J Phys Chem C

113:7531–7535
288. Lee HJ, Leventis HC, Moon SJ, Chen P, Ito S, Haque SA, Torres T, Nüesch F, Geiger T,

Zakeeruddin SM (2009) Adv Funct Mater 19:2735–2742
289. O’Hayre R, Nanu M, Schoonman J, Goossens A, Wang Q, Grätzel M (2006) Adv Funct

Mater 16:1566–1576
290. Wang Y, Gong H, Fan B, Hu G (2010) J Phys Chem C 114:3256–3259
291. Zhang Z, Shao C, Li X, Sun Y, Zhang M, Mu J, Zhang P, Guo Z, Liu Y (2012) Nanoscale

5:606–618
292. Pandikumar A, Murugesan S, Ramaraj R (2010) ACS Appl Mater Interfaces 2:1912–1917
293. Z. Bian, J. Zhu, F. Cao, Y. Lu and H. Li, Chem. Commun., 2009, 3789-3791
294. Seh ZW, Liu S, Low M, Zhang SY, Liu Z, Mlayah A, Han MY (2012) Adv Mater

24:2310–2314
295. Lee SS, Oh K (2012) ACS Appl Mater Interfaces 4:5727–5731
296. Xie KP, Wu Q, Wang YY, Guo WX, Wang MY, Sun L, Lin CJ (2011) Electrochem

Commun 13:1469–1472
297. Xie KP, Sun L, Wang CL, Lai YK, Wang MY, Chen HB, Lin CJ (2010) Electrochim Acta

55:7211–7218
298. Mohapatra SK, Kondamudi N, Banerjee S, Misra M (2008) Langmuir 24:11276–11281
299. Zhang N, Liu S, Fu X, Xu YJ (2011) J Phys Chem C 115:9136–9145
300. Ye M, Gong J, Lai Y, Lin C, Lin Z (2012) J Am Chem Soc 134:15720–15723
301. Wang C, Yin L, Zhang L, Liu N, Lun N, Qi Y (2010) ACS Appl Mater Interfaces

2:3373–3377
302. Chen YC, Pu YC, Hsu YJ (2012) J Phys Chem C 116:2967–2975
303. Lai YK, Gong JJ, Lin CJ (2012) Int J Hydrogen Energy 37:6438–6446
304. Yu Y, Zhang MZ, Chen J, Zhao YD (2012) Dalton Trans 42:885–889
305. Bai H, Liu Z, Sun DD (2012) J Am Ceram Soc 96:942–949
306. Smitha VS, Baiju KV, Perumal P, Ghosh S, Warrier KG (2012) Eur J Inorg Chem

2012:226–233
307. K. M. Shrestha, C. M. Sorensen and K. J. Klabundea, J. Mater. Res., 1, 1-9
308. Lü X, Huang F, Wu J, Ding S, Xu F (2011) ACS Appl Mater Interfaces 3:566–572
309. Diamant Y, Chen S, Melamed O, Zaban A (2003) J Phys Chem B 107:1977–1981
310. Furukawa S, Shishido T, Teramura K, Tanaka T (2011) ACS Catalysis 2:175–179
311. Pan J, Hühne SM, Shen H, Xiao L, Born P, Mader W, Mathur S (2011) J Phys Chem C

115:17265–17269
312. Song KY, Park MK, Kwon YT, Lee HW, Chung WJ, Lee WI (2001) Chem Mater

13:2349–2355
313. Sun L, Bu JF, Guo WX, Wang YY, Wang MY, Lin CJ (2012) Electrochem Solid-State Lett

15:E1–E3
314. Katoh R, Furube A, Yoshihara T, Hara K, Fujihashi G, Takano S, Murata S, Arakawa H,

Tachiya M (2004) J Phys Chem B 108:4818–4822
315. Jiang X, Zhang Y, Jiang J, Rong Y, Wang Y, Wu Y, Pan CX (2012) J Phys Chem C

116:22619–22624
316. Naldoni A, Allieta M, Santangelo S, Marelli M, Fabbri F, Cappelli S, Bianchi CL, Psaro R,

Dal V (2012) Santo. J Am Chem Soc 134:7600–7603
317. Tominaka S, Tsujimoto Y, Matsushita Y, Yamaura K (2011) Angew Chem Int Ed

50:7418–7421
318. Zuo F, Bozhilov K, Dillon RJ, Wang L, Smith P, Zhao X, Bardeen C, Feng P (2012) Angew

Chem Int Ed 124:6327–6330
319. Gu D, Lu Y, Yang B (2008) Chem Commun 2453–2455
320. Sayed FN, Jayakumar O, Sasikala R, Kadam R, Bharadwaj SR, Kienle L, Schürmann U,

Kaps S, Adelung R, Mittal J (2012) J Phys Chem C 116:12462–12467

52 M. Ye et al.



321. Kitano M, Funatsu K, Matsuoka M, Ueshima M, Anpo M (2006) J Phys Chem B
110:25266–25272

322. Gu DE, Yang BC, Hu YD (2008) Catal Commun 9:1472–1476
323. Wang CL, Wang MY, Xie KP, Wu Q, Sun L, Lin ZQ, Lin CJ (2011) Nanotechnology

22:305607
324. Sato S (1986) Chem Phys Lett 123:126–128
325. Sato S, Nakamura R, Abe S (2005) Appl Catal A 284:131–137
326. Lai YK, Huang JY, Zhang HF, Subramaniam VP, Tang YX, Gong DG, Sundar L, Sun L,

Chen Z, Lin CJ (2010) J Hazard Mater 184:855–863
327. Cao J, Zhang Y, Tong H, Li P, Kako T, Ye J (2012) Chem Commun 48:8649–8651
328. Bacsa R, Kiwi J, Ohno T, Albers P, Nadtochenko V (2005) J Phys Chem B 109:5994–6003
329. Li Y, Ma G, Peng S, Lu G, Li S (2008) Appl Surf Sci 254:6831–6836
330. Chen D, Jiang Z, Geng J, Wang Q, Yang D (2007) Ind Eng Chem Res 46:2741–2746
331. Chen X, Burda C (2008) J Am Chem Soc 130:5018–5019
332. Dong F, Wang H, Wu Z (2009) J Phys Chem C 113:16717–16723
333. Sun H, Liu H, Ma J, Wang X, Wang B, Han L (2008) J Hazard Mater 156:552–559
334. Wu G, Wang J, Thomas DF, Chen A (2008) Langmuir 24:3503–3509
335. Dong F, Guo S, Wang H, Li X, Wu Z (2011) J Phys Chem C 115:13285–13292
336. Wei F, Ni L, Cui P (2008) J Hazard Mater 156:135–140
337. In S, Orlov A, Berg R, García F, Pedrosa-Jimenez S, Tikhov MS, Wright DS, Lambert RM

(2007) J Am Chem Soc 129:13790–13791
338. Zong X, Xing Z, Yu H, Chen Z, Tang F, Zou J, Lu GQ, Wang L (2011) Chem Commun

47:11742–11744
339. Li L, Shi J, Li G, Yuan Y, Li Y, Zhao W (2013) New J Chem 37:451–457
340. Santos RS, Faria GA, Giles C, Leite CAP, Barbosa HS, Arruda MAZ, Longo C (2012) ACS

Appl Mater Interfaces 4:5555–5561
341. Liu X, Geng D, Wang X, Ma S, Wang H, Li D, Li B, Liu W, Zhang Z (2010) Chem

Commun 46:6956–6958
342. Cao G, Li Y, Zhang Q, Wang H (2010) J Am Ceram Soc 93:1252–1255
343. Zhang J, Pan C, Fang P, Wei J, Xiong R (2010) ACS Appl Mater Interfaces 2:1173–1176
344. Dai G, Yu J, Liu G (2011) J Phys Chem C 115:7339–7346
345. Wang Y, Zhang Y, Zhao G, Tian H, Shi H, Zhou T (2012) ACS Appl Mater Interfaces

4:3965–3972
346. Vogel R, Hoyer P, Weller H (1994) J Phys Chem 98:3183–3188
347. Kim W, Tachikawa T, Majima T, Choi W (2009) J Phys Chem C 113:10603–10609
348. D. Zhang, G. Li, X. Yang and C. Y. Jimmy, Chem. Commun., 2009, 0, 4381-4383
349. Peng L, Xie T, Lu Y, Fan H, Wang D (2010) Phys Chem Chem Phys 12:8033–8041
350. Wang C, Shao C, Zhang X, Liu Y (2009) Inorg Chem 48:7261–7268
351. Anderson C, Bard AJ (1997) J Phys Chem B 101:2611–2616
352. William L IV, Kostedt I, Ismail AA, Mazyck DW (2008) Ind Eng Chem Res 47:1483–1487
353. Fu X, Clark LA, Yang Q, Anderson MA (1996) Environ Sci Technol 30:647–653
354. Ding S, Yin X, Lü X, Wang Y, Huang F, Wan D (2011) ACS Appl Mater Interfaces

4:306–311
355. Shao Z, Zhu W, Li Z, Yang Q, Wang G (2012) J Phys Chem C 116:2438–2442
356. Kang Q, Liu S, Yang L, Cai Q, Grimes CA (2011) ACS Appl Mater Interfaces 3:746–749
357. Liu B, Wang D, Zhang Y, Fan H, Lin Y, Jiang T, Xie T (2012) Dalton Trans 42:2232–2237
358. Wang S, Zhang X, Zhou G, Wang ZS (2012) Phys Chem Chem Phys 14:816–822
359. Kim JY, Kang SH, Kim HS, Sung YE (2009) Langmuir 26:2864–2870
360. Yu H, Xue B, Liu P, Qiu J, Wen W, Zhang S, Zhao H (2012) ACS Appl Mater Interfaces

4:1289–1294
361. Jung HS, Lee JK, Nastasi M, Lee SW, Kim JY, Park JS, Hong KS, Shin H (2005) Langmuir

21:10332–10335
362. Shinde DV, Mane RS, Oh IH, Lee JK, Han SH (2012) Dalton Trans 41:10161–10163

Design, Fabrication, and Modification 53



363. Pang S, Xie T, Zhang Y, Wei X, Yang M, Wang D, Du Z (2007) J Phys Chem C
111:18417–18422

364. Cao T, Li Y, Wang C, Zhang Z, Zhang M, Shao C, Liu Y (2011) J Mater Chem
21:6922–6927

365. Li X, Hou Y, Zhao Q, Chen G (2011) Langmuir 27:3113–3120
366. Muduli S, Lee W, Dhas V, Mujawar S, Dubey M, Vijayamohanan K, Han SH, Ogale S

(2009) ACS Appl Mater Interfaces 1:2030–2035
367. Liu B, Huang Y, Wen Y, Du L, Zeng W, Shi Y, Zhang F, Zhu G, Xu X, Wang Y (2012) J

Mater Chem 22:7484–7491
368. Kim H, Moon G, Monllor-Satoca D, Park Y, Choi W (2011) J Phys Chem C 116:1535–1543
369. Zhang H, Lv X, Li Y, Wang Y, Li J (2009) ACS Nano 4:380–386
370. Liu J, Bai H, Wang Y, Liu Z, Zhang X, Sun DD (2010) Adv Funct Mater 20:4175–4181
371. Hou C, Zhang Q, Li Y, Wang H (2012) J Hazard Mater 205:229–235
372. Wojtoniszak M, Zielinska B, Chen X, Kalenczuk RJ, Borowiak-Palen E (2012) J Mater Sci

47:3185–3190
373. Yang N, Zhang Y, Halpert JE, Zhai J, Wang D, Jiang L (2012) Small 11:1762–1770
374. Lee JS, You KH, Park CB (2012) Adv Mater 24:1084–1088
375. Cottineau T, Albrecht A, Janowska I, Macher N, Bégin D, Ledoux MJ, Pronkin S, Savinova

E, Keller N, Keller V (2012) Chem Commun 48:1224–1226
376. Kim IY, Lee JM, Kim TW, Kim HN, Kim H, Choi W, Hwang SJ (2012) Small 7:1038–1048
377. Peining Z, Nair AS, Shengjie P, Shengyuan Y, Ramakrishna S (2012) ACS Appl Mater

Interfaces 4:581–585
378. Zhang XY, Li HP, Cui XL, Lin Y (2010) J Mater Chem 20:2801–2806
379. Liu S, Liu C, Wang W, Cheng B, Yu J (2012) Nanoscale 4:3193–3200
380. Tu W, Zhou Y, Liu Q, Tian Z, Gao J, Chen X, Zhang H, Liu J, Zou Z (2012) Adv Funct

Mater 22:1215–1221
381. Sun L, Zhao Z, Zhou Y, Liu L (2012) Nanoscale 4:613–620
382. Sher Shah MSA, Park AR, Zhang K, Park JH, Yoo PJ (2012) ACS Appl Mater Interfaces

4:3893–3901
383. Zhang X, Sun Y, Cui X, Jiang Z (2012) Int J Hydrogen Energy 37:811–815
384. Jiang B, Tian C, Pan Q, Jiang Z, Wang JQ, Yan W, Fu H (2011) J Phys Chem C

115:23718–23725
385. Libisch F, Stampfer C, Burgdörfer J (2009) Phys Rev B 79:115423
386. Ritter KA, Lyding JW (2009) Nat Mater 8:235–242
387. Ponomarenko L, Schedin F, Katsnelson M, Yang R, Hill E, Novoselov K, Geim A (2008)

Science 320:356–358
388. Zhuo S, Shao M, Lee ST (2012) ACS Nano 6:1059–1064

54 M. Ye et al.



Nanostructured Nitrogen Doping TiO2

Nanomaterials for Photoanodes
of Dye-Sensitized Solar Cells

Wei Guo and Tingli Ma

Abstract This paper presents a review of nanostructured nitrogen doping
(N-doped) TiO2 nanomaterials and their application into dye-sensitized solar cells
(DSCs). Such N-doped TiO2 nanomaterials aim at enhancing the performance of
TiO2 photoanodes for DSCs. Herein, we summarize the different synthesis
methods, nanostructures, and physiochemical properties of N-doped TiO2. Also,
the differences in electron transport behavior in DSCs based on N-doped and pure
TiO2 photoanodes were involved. Further understanding of the nanostructured
N-doped TiO2 photoanodes will promote the development of energy conversion
and other related areas.

Keywords Dye-sensitized solar cell � Nitrogen-doped titania � Photoanode �
Charge transport

1 Introduction

Dye-sensitized solar cells (DSCs) have been extensively studied for decades as a
low-cost alternative to conventional silicon solar cells since they were reported by
Grätzel and co-workers [1, 2]. Encouragingly, many improvements have been
achieved by introducing new dyes, electrolytes, and different morphologies to the
semiconductor materials [3]. The highest energy conversion efficiency of DSCs
has reached to 12.3 % [3]. However, further improving the energy conversion
efficiency of DSCs is important for successful commercialization. Photoanodes
made of metal oxide semiconductor are known to be one of the key components
that significantly affect the overall energy conversion efficiency of DSCs.
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Generally, nanocrystalline mesoporous metal oxide semiconductor (typically
TiO2) films, which adsorb dye molecules and transport photogenerated electrons to
the outer circuit, serve as electron conductors and dictate the efficiency of electron
transport and collection [4]. Therefore, the oxide semiconductor of photoanodes
plays a key role in the performance of DSCs. Specifically, an excellent photoanode
should include: (1) a large surface area and an appropriate isoelectric point (IEP)
which can guarantee a high amount and quality of dye uptake; (2) a perfect lattice
and low electron trap distribution to reduce the photogenerated electron losses; and
(3) a good neck-connection between nanoparticles, which facilitate the electron
transport during collection to the conductive substrate.

In recent years, nanocrystalline metal semiconductor materials are extensively
studied for the mesoporous photoanodes of DSCs. Nanocrystalline mesoporous
photoanodes made of TiO2 materials, as one of the most widely used semicon-
ductors, show an excellent performance in the DSCs. Some researchers also study
other types of semiconductors, such as ZnO [5], Zn2SnO4 [6], WO3 [7], SrTiO3

[8], Nb2O5 [9], SnO2 [10], CeO2 [11], FeS [12], and NiO [13]. However, the
photovoltaic performance of DSCs based on these semiconductor materials
remains low because some of these materials are not stable in dye solution, such as
ZnO and so on. On the other hand, some materials have a low isoelectric point
(IEP), such as SnO2, which is not suitable for dye molecular linking. However,
these non-TiO2 materials need to be further studied and developed to get a good
photovoltaic performance for DSCs. Up till now, TiO2 is still the best choice for
photoanodes in DSCs. Aiming at the further improvement for DSCs, on the one
hand, we can develop more efficient and diverse structures of TiO2 materials. On
the other hand, we can modify TiO2 to enhance its performance, such as chemical
doping. As oxygen deficiencies exist in pure TiO2 crystal structures [14–16] these
oxygen deficiencies can induce TiO2 to a visible light absorption response pro-
ducing electron-hole pairs. The photoexcited TiO2 will lead to the oxidation of
iodide or dye by photogenerated holes. Such deficiencies are possible causes for
the shortened lifetime of DSCs. Element doping is an effective way to improve the
performance of TiO2. We can choose metal or nonmetal to proceed with TiO2

doping. Recently, some studies reported the modifying of pure TiO2 with metal
doping, i.e., Zn-, La-, Ta-, and Nb-doped TiO2 [17–20]. The performance of DSCs
can be improved by adjusting doping metals. However, metal doping can affect the
position of conduction band (CB) of TiO2 contributing to the change in photo-
voltage. Besides, metal doping also introduces more recombination sites for
electron [21]. Nonmetal doping of TiO2 materials is another good choice for fine-
tuning of TiO2. Nonmetal elements, such as N [22, 23], C [24], B [25], I [26] etc.,
are used to dope TiO2. Especially for DSCs, nitrogen seems to be the most
effective element to enhance the photovoltaic performance of DSCs.

This review summarizes the recent works on the N-doped TiO2 materials and their
application into photoanodes of DSCs. Herein, the synthesis methods and optical
properties of N-doped TiO2 are introduced briefly. Then the effect of N-doped
TiO2 photoanodes on the performance of DSCs is described in detail. Finally, we
discuss the charge transport in DSCs based on N-doped TiO2 photoanodes.
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2 Synthesis and Characterizations of Nanocrystalline
N-Doped TiO2

Various methods have been reported for the synthesis of N-doped TiO2 since the
study by Asahi et al. in 2001 [22]. The methods are generally classified as:
(1) sintering TiO2 at high temperatures under an N-containing atmosphere (NH3

gas or mixeds), which we called dry methods [23, 27, 28]; (2) chemical wet
methods, which involve sol–gel and solvothermal methods [29–32], some chem-
ical nitrogen sources are added into water or alcohol during the hydrolysis of
titanium alkoxide; and (3) sputtering and implantation deposition techniques, [33,
34] that were mainly used to prepare single crystalline or polycrystalline N-doped
TiO2 thin films. Herein, we emphasize the development of the former two methods
that were used to fabricate N-doped TiO2 photoanodes of DSCs.

2.1 Dry Methods

Dry method involves a high temperature sintering and doping process. This
method can be easily controlled by adjusting the N-containing atmospheres and
starting materials.

In 2005, our group reported the synthesis of N-doped TiO2 employing the dry
method. The starting pristine TiO2 was commercial anatase powders (ST-01,
Ishihara Sangyo Kaisha, Ltd.), which were treated at 550 �C for 3 h under a dry N2

and NH3 flow [23]. Interestingly, we obtained needle-like N-doped TiO2 crystals
with excellent thermostability. Afterwards, we also used P25 (Degussa) as the
starting materials to obtain N-doped P25. These N-doped ST-01 and P25 materials
show good performance over pristine TiO2 photoanodes. Additionally, we also
found that the starting materials apparently affect the N-doping effect from
N-doping amount and optical properties. As reported earlier, the phase transition
of anatase into rutile can occur at a high sintering temperature [35]. However, our
nitridation process did not affect the crystal structure of pristine TiO2, as shown in
Fig. 1. Moreover, the obtained N-doped ST-01 showed excellent thermal stability.
We can see in Fig. 2 the UV-Vis absorption spectra of N-doped ST-01 powders,
treated under different conditions, which suggest that after being sintered sepa-
rately in air, N2, Ar, or at high temperature up to 700 �C, the N-doped ST-01 still
shows visible light absorption, which is a signal for successful N-doping.

In 2009, Yang et al. developed a set of reaction devices for the process of
thermal doping treatment [36]. The TiO2 samples were treated with NH3 under
middle pressures and controlled conditions. This synthesis route is an effective
approach to adjust the nitrogen concentration and band gap of N-doped TiO2. They
obtained a series of N-doped TiO2 materials with different nitrogen doping amount
by adjusting the temperature, pressure, and time. Moreover, the anatase type
N-doped TiO2 can be obtained at the sintering temperature of 400–500 �C. When
the temperature increased to 600 �C, the rutile phase can be observed.
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The dry method is an aftertreatment process for N-doping which requires a high
sintering temperature. Besides, this method can be controlled by adjusting the
N-containing atmosphere and sintering temperature to get different N-doped TiO2

materials. However, the high temperature sintering of TiO2 may also lead to a
degree of nanoparticles aggregation.

2.2 Chemical Wet Method

The wet method is widely used to synthesize TiO2 nanomaterials. Until now, the
wet method has been one the most successful methods for doping because of its
convenient control of titanium sources, the nitrogen doping amount, and hydro-
lysis condition. In addition, simple variations in experimental conditions can lead
to the required particle size and crystal structures, such as the hydrolysis rate of
titanium alkoxide, pH of solvent solution, and solvent systems [37]. Besides, the

Fig. 1 X-ray diffraction patterns. a N-doped ST-01 and pristine ST-01 powders; b N-doped P25
and pristine P25 powders

Fig. 2 UV-Vis absorption spectra of of N-doped ST-01 powders treated under different
conditions: a in different sintering atmosphere; b at different temperature for 30 min [23]
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nitrogen sources can be also chosen to adjust the nitrogen doping process. Inor-
ganic and organic nitrogen dopants (such as aqueous ammonia, urea, ammonium
chloride, triethylamine, and diethylamine) are widely used in the synthesis of N-
doped TiO2.

Our group focused on the sol–gel wet method to investigate the types of nitrogen
dopants and amount on the performance of the N-doped TiO2, and thereby their
photovoltaic performance of the DSCs. The sol–gel method usually involves two
steps: (1) hydrolysis of titanium alkoxide in solvent (water or ethanol) containing
nitrogen sources; and (2) sintering the obtained precipitate under 400–500 �C for a
certain amount of time. However, we found that the nitridation process and doping
amount varies with each N-doping method and type of nitrogen sources. We used
ammonia, triethylamine, and urea nitrogen dopants to synthesize N-doped TiO2

nanocrystals, which were denoted as N–A, N–U, and N–T, respectively [38–41].
By varying initial molar ratios of N/Ti, a series of N-doped TiO2 with different N
dopant amounts can be also synthesized according to the N-A method [42]. As the
previous literature reported, we also found that the nitrogen doping process differs
for the N-A, N-U, and N-T powders. During the preparation of N-A, nitrogen
doping proceeded simultaneously with the hydrolysis of the titanium alkoxide. The
hydrolysis of the titanium isopropoxide (TTIP) consisted of two steps [43]:
hydrolysis and concentration. Titanium hydroxide was formed in the hydrolysis and
was called titanic acid, which exhibits acidity. The titanic acid then reacted with
NH4OH to form ammonium titanate, which when heated, dehydrated and desorbed
to NH3 and allowed N-doping to occur. Ammonia in the doped samples becomes
oxidized by the lattice oxygen, and this oxidation allows for the uptake of nitrogen.
During the preparation of N-U, simultaneous N-doping with phase formation
occurred by heating a mixture of titanium hydroxide and urea. When the mixture
was heated, the urea was decomposed into NH3 and CO2, and the generated NH3

reacted with the oxygen of the TiO2 to form the N-doped TiO2. The N-T sample
was formed by direct nitridation of the anatase TiO2 nanostructures with alky-
lammonium salt. In this case, triethylamine was used as the alkylammonium salt,
and the N-T nanocrystals were obtained by controlling hydrolysis rate of the TTIP
and the pH value of the solution. As a side note, some amine groups can coordinate
to the central Ti ion early during the N-doping process, and these amine linkages
can be hydrolyzed by the addition of a dilute solution of acid or base, but this
addition in turn adjusts the pH of the reaction mixture. Therefore, high pH values
are required. By using high pH values, the Ti-bound amine groups can be easily
substituted by OH- during the hydrolysis process, which results in the formation of
N-doped TiO2 nanoparticles. [40] Furthermore, the obtained different phases and
crystallite sizes of N-doped TiO2 can be ascribed to the different types of nitrogen
dopants and to the hydrolysis of titanium alkoxide under controlled conditions.
In the sol–gel wet method, the type of nitrogen sources not only influences the
nitridation process but also the particle size and nitrogen concentration. The N
dopant amounts were calculated using the XPS results and were found to be 2.77,
0.29, and 0.47 % for N-A, N-U, and N-T, respectively.
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The solvothermal method is also an effective wet method to synthesis N-doped
TiO2. Dai et al. used urea as nitrogen source in the hydrolysis of TTIP [44]. The
precipitation solution was treated in an autoclave at 200 �C for 10 h. They
observed that the (101) peak positions of N-doped TiO2 showed a shift compared
with the undoped ones. This is also reported in Jagadale’s work on N-doped TiO2

by the sol–gel method [45].
Wet methods are the first choice to be employed to determine the suitable

nitrogen dopants, and it is also a simple N-doping method. Therefore, it is nec-
essary to seek an appropriate wet method, nitrogen sources, and N dopant amount
for the large-scale production of N-doped TiO2 nanomaterials.

2.3 Other Techniques

There are some other approaches for preparation of N-doping TiO2 materials such
as combustion, ion-implantation, and sputtering techniques.

Recently, Ogale and Gopinath et al. reported a disordered mesoporous frame-
work of N-doped TiO2 consisting of nanoparticles. They used a simple combustion
synthesis method to prepare N-doped TiO2 using Ti(NO3)4 as Ti precursor and
urea as fuel. They found that urea/Ti(NO3)4 molar ratio of 27 leads to a biphasic
(anatase and rutile) titania. A high ratio of urea/Ti(NO3)4 (39) leads to exclusive
anatase phase TiO2. The pseudo-3D nature of mesoporous N-doped TiO2 con-
sisting of mesoporosity and electrically interconnected nanosized crystalline par-
ticles lead to a higher efficiency in DSCs [46].

Kang et al. reported an ion-implantation technique combination with electro-
static spray to prepare hierarchical nanostructured TiO2 clumps doped by nitrogen-
ion [47]. The ion-implantation could be a straightforward tool to implant foreign
atoms into the lattice. This ion doping intrinsically modifies the lattice structure
and consequently the properties of host counterparts [48].

Magnetron sputtering deposition method is also a widely used technique to
prepare N-doped TiO2 thin films. We can obtain the films by depositing Ti in
plasma of argon, oxygen, and nitrogen. By varying the nitrogen contents in the
flow, we can get a different nitrogen concentration within TiO2 lattice from 2.0 to
16.5 % [49]. Early in 2003, Lindquist et al. used DC magnetron sputtering to
prepare nanocrystalline porous N-doped TiO2 thin films [50]. These films dis-
played a porous and rough surface. The crystal structure of N-doped TiO2 thin
films varying from rutile to anatase varied with the nitrogen content. However, the
thickness of films only reached to several hundred nanometers.

Therefore, many methods can be used to synthesize nanocrystalline N-doped
TiO2. However, the crystal structure, surface property, and optical property of
N-doped TiO2 are all related to the synthesis methods.
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2.4 Physical and Chemical Characterization
of N-doped TiO2

To evaluate the optical properties of N-doped TiO2, UV-Vis spectrometry is the
most commonly used technique to examine the doping effects on the host metal
oxide matrix [51]. Generally, after N-doping treatment, the N-doped TiO2

nanomaterials show a good visible light response between 400 and 500 nm. This
trend is observed by many works. In our previous work, compared with pure TiO2

and P25 electrodes, the N-doped TiO2 samples (N-doped ST-01, N-doped P25)
exhibited new absorption peaks in the visible light region between 400 and 550 nm
(Fig. 3). However, intensity of the absorption response peaks show much depen-
dence on the preparing conditions, such as N-doping amount as well as other
related factors.

The reasons for the visible light response origin of N-doped TiO2 are still open
questions. Some work reported that the enhanced visible light absorption derived
from band gap narrowing [52] (Fig. 4): (1) the localized dopant levels near the VB
and the CB; (2) broadening of the VB; (3) localized dopant levels and electronic
transitions to the CB. Then it was found that the Ti3+ defect or oxygen vacancies
can also induce the redshift absorption. Giamello et al. [30] reported that N-doped
TiO2 electrodes contained Nb centers that were responsible for visible light
absorption. Nevertheless, Serpone et al. [53] analyzed the DRS spectra (diffuse
reflectance spectra) of anion- and cation-doped TiO2 electrodes. They concluded
that the absorption features in the visible light region originated from color centers
developed during the doping process or post-treatments rather than by narrowing
the intrinsic band gap for the TiO2 electrode as originally proposed by Asahi and
co-workers [22]. Burda et al. recently studied the electronic origins of the visible
light absorption properties of C-, N-, and S-doped TiO2 nanomaterials. They
revealed that additional electronic states above the valence band edge existed,
which could explain the redshift absorption of these materials [54]. On the basis of
the above discussion, a conclusion doping mechanism is still needed to further
understand the origin of visible light response.

X-ray photoelectron spectroscopy (XPS) is a powerful tool to get information
about the electronic structure and chemical environment of the elements on the
surface. So far, the XPS analysis is a surface characterization technique that could
be affected by testing environment. The XPS result can be considered as a ref-
erence. Especially for N-doped TiO2, XPS is the most reported technique to
analyze the nitrogen concentration and chemical environment. What we concern
most is three areas: the N 1s region, the Ti 2p region, and the O 1s region (Fig. 5).

For the N 1s region, the binding energy peaks ranged from 396 to 408 eV.
However, the N 1s binding energy is highly dependent on the method of prepa-
ration. The peaks at 396 eV were not always observed. According to an earlier
XPS study on the oxidation of pure TiN, the N 1s peak at 396 eV was assigned as
the b-N in TiN; the 397.5 eV peak was due to the a-N2, and the 400 eV and
405 eV peaks were assigned to the c-N2. In our previous work, we suggested to
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assign the peak around 398 eV to the O–Ti–N linkages in TiO2 lattice [23].
Therefore, we concluded that nitrogen was doped into the TiO2 lattices by sub-
stitution at the sites of the oxygen atoms. For the Ti 2p region, the Ti 2p3/2 and Ti
2p1/2 core levels appeared at 459 and 464 eV. For the O 1s region, the binding
energies were around 530 eV. The Ti 2p and O 1s binding energies were similar to
that in the pure TiO2.

Fig. 3 UV-Vis absorption spectra of N-doped and undoped TiO2 powders

Fig. 4 Various schemes illustrating the possible changes that might occur to the band gap
electronic structure of anatase TiO2 on doping with various non-metals: a band gap of pristine
TiO2; b doped-TiO2 with localized dopant levels near the VB and the CB; c band gap narrowing
resulting from broadening of the VB; d localized dopant levels and electronic transitions to the
CB; and e electronic transitions from localized levels near the VB to their corresponding excited
states for Ti3+ and F+ centers [52]
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3 Applications of N-doped TiO2 into the DSCs

The porous semiconductor photoanode is an important part that influences the
performance of DSCs. From the view of DSCs’ photoanodes, the efficiency losses
origin from photogenerated electron losses such as electron recombination during
their transport to the substrate. The traps mainly come from the surface and lattice
defect of TiO2. Therefore, TiO2 after nitrogen modifying is expected to decrease
the electron losses. Our group and other researchers introduce N-doped TiO2 to
improve the performance of DSCs.

3.1 Effect of N-doping on the Overall Energy Conversion
Efficiency

In our previous works, we reported highly efficient DSCs based on N-doped TiO2

electrode (N-doped DSCs). The N-doped DSCs achieved a significant improve-
ment in the energy conversion efficiency compared with the DSCs using P25
electrodes. Results show that N-doped TiO2 electrodes could enhance the incident
photo-to-current conversion efficiency (IPCE) and the overall conversion effi-
ciency of the DSCs. Afterwards; we optimized the N-doped DSCs system, yielding
a high efficiency of 10.1 % [55]. With careful evaluation of DSCs based on

Fig. 5 XPS spectra of N-A-15: a survey; b Ti 2p; c O1s; d N1s [42]
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N-doped and undoped TiO2 prepared under the same dry method conditions,
a 12.3 % enhancement of energy conversion efficiency was reached by N-doping.
Then, we found that the nitrogen dopant type and amount influence the perfor-
mance of N-doped TiO2 photoanodes (Fig. 6) [56]. The different N dopants and
wet methods affected the N-doping amount, the surface area of the N-doped TiO2,
and thereby the photovoltaic performance of the DSCs. By using the same nitrogen
source (ammonia) and N-A wet method, it was found that the energy conversion
efficiency of N-doped DSCs showed much dependence on the N dopant amount.
A series of N-doped DSCs with different N dopant amounts showed the energy
conversion efficiency of 5.01–7.27 %. Meanwhile, the pristine TiO2-based DSCs
showed an efficiency of 4.32 % only. Our work also showed that the fiber-type
multiwall carbon nanotubes incorporated into N-doped TiO2 electrode can
enhance the electron collection efficiency of DSCs [57].

Yang et al. also reported the effect of N-doped amount on the performance of
DSCs. Interestingly; they obtained three folds higher conversion efficiency for the
optimum N-doped DSCs than the undoped ones, both JSC and VOC were improved
[36]. In 2010, Sung et al. also reported the improvement of N-doped DSCs, which
is due to the enhanced JSC [58]. However, this N-doping effect is related to the
synthesis method of N-doped TiO2. In 2010, Dai et al. reported that through
solvothermal treatment of N-doping process, the DSCs showed similar photo-
voltaic performance. However, the N-doped TiO2 led to a more stable long-term
stability and retarded electron recombination [44].

Overall, the N-doping modifying TiO2 photoanodes contribute to the
enhancement performance of DSCs either in JSC or VOC. We give a detailed
discussion below.

3.2 Effect of N-Doping TiO2 on the Short-Circuit
Current (JSC)

A significant enhancement of JSC was achieved for N-doped DSCs [23, 55, 56, 58].
Our work suggested that the significantly enhanced photocurrent of the devices
was found to be related to the N dopant amount and the change in surface property,
which affects dye uptake amount in N-doped TiO2 electrodes. We investigated the
amount of dye adsorbed on the electrodes. The JSC of the N-A and N-U solar cells
were higher than that of pure TiO2 solar cells, although the N-A electrodes pos-
sessed almost the same amount of dye as pure TiO2 electrodes did, while the N-U
electrodes obtained a lower dye uptake than that of pure TiO2 electrodes. On the
other hand, the isoelectric points of TiO2 have an effect on the dye-loading.
Surfaces with higher isoelectric points are preferable for the attachment of dye
with acidic carboxyl groups [59]. During the wet method synthesis of N-doped
TiO2 precursor, hydrolysis of TTIP was conducted in solvent containing nitrogen
sources with weak alkaline. Therefore, we can speculate that the pH-dependent
zeta potential and the isoelectric points of N-doped TiO2 were changed.
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Sung et al. also reported an enhanced photocurrent and efficiency in N-doped
DSCs [58]; they attributed the enhancement to the increase of N-doped TiO2 in the
near-vis absorbance by nitrogen doping and partially to the morphological prop-
erties of the N-doped TiO2 film. However, the visible light response of N-doped
TiO2 can only contribute photocurrent in tens of microamperes, which are far from
enough to fill the gap caused by dye-sensitized films [55]. The efficient electron
transport and retarded electron recombination can also lead to an increase in JSC

which will be discussed in the following section.

3.3 Effect of N-Doping TiO2 on the Open-Circuit
Voltage (VOC)

The increased VOC of N-doped DSCs also enhanced the overall energy conversion
efficiency. In theory, the VOC of DSCs is determined by the difference between the
Fermi level (EF) of semiconductor and potential of redox couples [60]. It is helpful
to get information about whether N-doping would cause a shift of EF and thus the
VOC.

Dai et al. measured the Vfb of N-doped and undoped TiO2 films [44]. They
found that Vfb of N-doped TiO2 shifts to the negative by 0.06 and 0.1 eV compared
with that in the pure TiO2 electrode (Fig. 7).

In the previous literature, Hashimoto et al. reported that the flatband potentials
of N-doped TiO2 tend to shift to a positive direction [61]. Kisch et al. observed that
the quasi-Fermi level of electrons is anodically shifted by 0.07–0.16 eV [62].
Higashimoto et al. reported that the flatband potential of N-doped TiO2 is not
influenced by small amounts of nitrogen species doped into TiO2 [63]. Therefore,
there is still no conclusion about the change in EF of TiO2 after N-doping.

Our group used surface photovoltage spectroscopy (SPS) to measure the energy
levels of bare N-doped TiO2 films and dye-sensitized N-doped TiO2 electrodes
[55]. In Fig. 8a, we can see that an impurity level exists from where photoexcited
electrons are injected into the conduction band, indicating that nitrogen is doped

Fig. 6 a Effect of surface area and absorbance intensity (520 nm) on g [56]; b Effect of N/Ti
molar ratio on JSC and g [42]
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into the TiO2 lattice, where it forms nitrogen-induced states. In Fig. 8b, the
observed signal starting at around 740 nm (scanning from long to short wave-
length) for N-doped and undoped TiO2 is due to electron injection from the N719
dye into the conduction band of TiO2. We observed that the signal for dye-
sensitized N-doped ST-01 with respect to the undoped ST-01 is blueshifted at
about 20–40 nm. This result may indicate the shift in the electron quasi-Fermi
level in N-doped TiO2.

We further investigated the relationship between voltage and charge using a
charge extraction technique [64]. The similar slope of voltage-charge plots of the
N-doped and undoped TiO2 solar cells (N-A and TiO2 DSCs) indicate a similar
trap distribution (Fig. 9). However, if sustaining a certain voltage, more charge
needs to be present in the TiO2-based DSCs. The relationship between charge and
voltage revealed that less charge is needed to get a high VOC in N-doped DSCs.

We also noticed that the increase in VOC cannot always be observed, which is
also dependent on the synthesis method of N-doped TiO2. The synthesis method
may influence the type of N-doping, such as lattice perfection, interstitial doping,
or just physical adsorption. Therefore, much effort would be made to further
understand the doping mechanism in energy level of N-doped TiO2.

3.4 Long-Term Stability

In DSCs system, photoanodes made of TiO2 nanomaterial are not photoexcited
instead of dyes. However, N-doping would cause TiO2 visible light absorption
response, which is widely applied to photocatalysis area. Whether N-doped TiO2 can
possibly accelerate the deterioration of the dye or DSC system is always a concern.

The stability test for N-doped DSCs was conducted in our previous work
(Fig. 10), N-doped DSCs were examined during irradiation for 2000 h under white
light illumination (100 mW/cm2) at 25 �C [23]. The N-doped DSCs possessed
good stability with efficiency and photovoltage maintaining its initial values above
90 %. Dai group also reported great stability of N-doped DSCs, the efficiency of

Fig. 7 Absorbance measured
at 780 nm as a function of
applied potential for Undoped
and N-doped TiO2 electrode
[44]
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which remained at nearly at 80 % compared with the 72 % of the undoped DSC at
70 �C over 1,000 h [44].

Further investigation on the effect of N-doped TiO2 on the deterioration of the
dye was also performed [55]. The dye stability tests consisted of examining the
dyes adsorbed on the N-doped TiO2 films and the photoanodes of the solar cells. In
Fig. 11a, compared with UV-Vis absorption spectra of fresh N719, the dyes des-
orbed from N-doped and undoped TiO2 film were destroyed but to a similar extent.
In Fig. 11b, the absorption of fresh dye is almost the same with those in N-doped
and undoped TiO2 photoanodes. These results indicate that N-doped TiO2 did not
accelerate the dye deteriorations.

3.5 Application of N-doped TiO2 Photoanodes into QDSCs

Except for DSCs, N-doped TiO2 nanomaterials were also applied into quantum-dot
sensitized solar cells (QDSCs).

Fig. 8 Surface photovoltage spectra: a bare N-doped and undoped ST-01 electrodes and b after
N719-sensitization [55]

Fig. 9 VOC versus QSC

(N-A: N-doped DSCs) [56]
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Zhang et al. combined N-doped TiO2 and CdSe QDs to assemble QDSCs.
Compared with QDSCs using pristine TiO2, the photocurrent of CdSe-sensitized
N-doped TiO2 QDSCs was significantly enhanced. They ascribed this photocurrent
enhancement to the extra pathways for charge transfer introduced by nitrogen
doping (Fig. 12) [65]. Kang et al. reported the hierarchical N-doped TiO2 nano-
clumps as photoanodes of CdSe-sensitized QDSCs. They found that the perfor-
mance of QDSCs was improved by 145 % when using N-ion doping of TiO2

photoanodes. One of the two explanations about the significant improvement of
QDSCs was the increased recombination resistance at TiO2/QDs/electrolyte
interface, which was caused by the decreased surface states and oxygen vacancies
after nitrogen doping in TiO2 [47].

Fig. 10 Long-term stability of the DSCs based on TiO2-xNx electrode [23]

Fig. 11 UV-Vis absorption spectra of a fresh N19 dye and the dyes desorbed from N-doped and
undoped ST-01 films; b fresh N19 dye and the N719 dye desorbed from N-doped and undoped
DSCs devices [55]
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4 Electron Kinetic Behaviors in DSCs Based on N-doped
TiO2 Photoanodes

4.1 Charge Transport and Electron Lifetime

Understanding electron transport in the N-doped DSCs is helpful to further
improve the performance of semiconductor photoanodes. We investigated the
charge transport by intensity-modulated photocurrent and photovoltage spectros-
copy (IMPS/IMVS) to study the effect of N-doping treatment [55]. Usually, IMPS/
IMVS measurements were affected by particle size in correlation with surface area
and morphology, resulting in differences in the number of particles and the
quantity of the charge associated with that electrode. When comparing the doped
samples with pure samples, we needed to assure they possessed similar particle
sizes and surface area to obtain comparability results. Therefore, we studied the
N-doping effect by using the N-doped DSCs (N-A) solar cells and pure TiO2 solar
cells, which had similar particle sizes (22.74 and 23.13 nm, respectively).

The electron transport time (str) and electron lifetime (se) were deduced from
IMPS and IMVS results (Fig. 13) [55]. All of the time constants followed a
general trend; they decreased as the light intensity increased. Fast electron
transport and short electron lifetime existed for the N-A. Commonly, fast electron
transport can improve the charge-collection efficiency and thus increase the JSC. In
general, N-doping would cause some defects in TiO2 lattice, which would cause
more traps in the doped films. However, we observed similar slopes, suggesting
similar trap distributions.

VOC decay measurements were performed to further clarify the electron life-
time. As shown in Fig. 14a, the VOC decay is slightly different in the N-A DSCs,
which follows the sequence of N-A [ pure TiO2. Additionally, the decay is faster
in the N-A solar cell, which is also in agreement with the shorter lifetime found in

Fig. 12 Schematic
electronic band structure of
3.5 nm CdSe with an
effective band gap of 2.17 eV
and nanocrystalline TiO2/N
with a 3.2 eV band gap [65]
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the N-A DSCs (Fig. 14b). The electron lifetime can be calculated from the voltage
transients using Eq. (1) [56]:

se ¼ �
kT

e

dVoc
dt

� ��1

ð1Þ

where k is the Boltzmann constant, T the absolute temperature, and e the positive
elementary charge. The calculated electron lifetimes are shown in Fig. 14b as
functions of the open-circuit potential. Specifically, the lifetimes increased expo-
nentially when the voltage decreased. However, the lifetime of the N-A solar cell
was shorter than in the pure TiO2 solar cells at U \ 0.6 V, but it was longer when
U [ 0.6 V.

The electron lifetime can also be deduced from EIS spectra. The electron
lifetime can be estimated by the maximum frequency in the EIS spectra as
described: se = (2pfmax)-1 [47]. We conducted a linear fit of electron lifetime,
which tended to decrease as the N/Ti molar ratio increased (Fig. 14c).

Therefore, the N-doping treatment can improve the electron transport but
decrease the electron lifetime in DSCs.

4.2 Electron Recombination

The difference between N-doped DSCs and TiO2 DSCs with respect to their charge
transfer properties was also studied by EIS analysis [47–49]. The Nyquist diagram
typically features three semicircles in order of increasing frequency. These three
semicircles correspond to the following: the Nernst diffusion within the electrolyte,
electron transport at the oxide/electrolyte interface, and redox reaction at the
platinum counter electrode.

The main concerns in N-doped DSCs are the following: (1) the impedance due
to electron transfer from the conduction band of the mesoscopic film to triiodide

Fig. 13 IMPS time constants as functions of light intensity for N-doped and TiO2 DSCs [55]
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ions in the electrolyte and (2) the back reaction at the TiO2/electrolyte interface,
presented by the semicircle in intermediate-frequency regime. Dai et al. reported a
retarded electron recombination in the N-doped DSCs. This retarded electron
recombination may be due to the change in surface properties, e.g., the lattice
perfection (Fig. 15). The charge transfer resistances demonstrated dependency on
the N dopant amount. The electron lifetime of N-doped DSCs tended to decrease
as the N dopant increased.

Overall, fast electron transport, short electron lifetime, and retarded electron
recombination were found in N-doped DSCs. Moreover, a synergistic effect of
high dye uptake and efficient electron transport contributed to the improvement of
N-doped DSCs.

5 Summary and Outlook

In conclusion, the recent development of N-doped TiO2 nanomaterials and its
application into DSCs is summarized. The different synthesis approaches, nitrogen
dopant types, and amount can affect the physical and chemical properties of
N-doped TiO2, thereby their performance in the photoanodes of DSCs. Moreover,
nitrogen doping can help charge separation and transport in QDSCs. Based on
these results, the synergistic effect of higher dye uptake, N dopant amount, and

Fig. 14 a Open-circuit voltage decay transients of the dye-sensitized N-doped and pure TiO2

solar cells; b calculated electron lifetime (Eq 1) versus open-circuit voltage [56]; c se versus N/Ti
molar ratio [42]

Fig. 15 EIS spectra of
N-doped DSCs [44]
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faster electron transport contributed to the enhanced performance of N-doped
DSCs. Therefore, N-doped TiO2 nanomaterials are good semiconductor candidates
for highly efficient photoanodes of DSCs. The application of N-doped TiO2 is also
widely extended into photocatalysis and other areas.

The fundamental research on how nitrogen doping enhances the charge trans-
port and photovoltaic performance is still needed. Besides, the controlling of
nanostructure and doping process of N-doped TiO2 is an interesting topic in the
future.
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Low-Cost Pt-Free Counter Electrode
Catalysts in Dye-Sensitized Solar Cells

Mingxing Wu and Tingli Ma

Abstract Dye-sensitized solar cells (DSCs) are potential candidates to silicon
solar cells due to their merits of simple fabrication procedure, low-cost, and good
plasticity. Till date, great advances have been achieved in the design of dyes, redox
couples, and counter electrode (CE) catalysts for DSCs and the highest energy
conversion efficiency is up to 12.3 %. In this part, our attention focuses on CE
catalysts. Besides Pt, carbon materials, conductive polymers, transition metal
compounds (carbides, nitrides, oxides, sulfides, phosphides, selenides), and com-
posite catalysts, denoted as Pt-free catalysts, have been introduced into DSCs as
CE catalysts. In the following sections, we give a summary of Pt-free CE catalysts
and highlight the advantages and disadvantages of each variety of Pt-free catalysts.

1 Carbon materials

Carbon materials possess the merits of low-cost, high catalytic activity and electric
conductivity, good thermal stability, and corrosion resistance. These merits make
carbon materials ideal substitutes to the expensive Pt catalyst in many fields. In the
DSCs system, they have been widely used as counter electrode (CE) catalysts.
Takahashi et al. used activated carbon (Ca), a type of amorphous carbon with a
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diamond structure, as a CE catalyst in DSCs [1]. The photovoltaic performance is
positively correlated with roughness factor of the Ca CE. In contrast, the roughness
factor is negatively correlated with the charge-transfer resistance (Rct) in the CE/
electrolyte interface. The DSC using Ca CE showed power conversion efficiency
(PCE) of 3.89 %, slightly lower than that of the DSC using Pt CE (Pt-DSC) which
produced a PCE of 4.30 %. Grätzel and Kay introduced graphite and carbon black
(Cb) into a monolithic DSC as the CE catalyst, and the DSC produced a PCE of
6.7 % [2]. In this kind of carbon CE, graphite improved the lateral conductivity of
the CE and Cb granted the CE a large surface area, resulting in high catalytic
activity. They also found that the thickness of Cb film affected the fill factor (FF)
and PCE significantly, while open-circuit voltage (Voc) and short-circuit current
density (Jsc) varied very little as the Cb film thickness increased [3]. The DSC
using Cb CE with 14.47 lm thickness produced the highest PCE of 9.1 %.

Zou et al. fabricated fiber-shaped DSCs using carbon fiber (Cf) as CE and the
DSC gave a PCE of 2.7 % [4]. Wang et al. introduced mesoporous carbon (Cm)
into DSCs as CE, yielding a PCE of 6.18 % [5]. Ramasamy et al. prepared fer-
rocene-derivatized large pore size mesocellular carbon foam (Fe–MCF–C) used as
CE catalyst in a DSC which gave a PCE of 7.89 % [6]. Carbon nanotubes (CNTs)
can be divided into single-wall CNTs (SNTs), double-wall CNTs (DNTs), and
multi-wall CNTs (MNTs) and they can be designed as a semiconductor or metallic
material according to the varied chiralities [7]. Using CNTs to replace Pt can
endow with CE the following advantages: nanoscaled transfer channels, large
specific surface area, low-cost, high catalytic activity, and light weight. The DSC
using SNTs as CE yielded a PCE of 4.5 % [8]. Lee et al. applied MNTs as CE in
the DSCs. The DSCs using MNTs and Pt CEs showed PCE of 7.67 % (MNTs) and
7.83 % (Pt) [9]. The high density of the defect-rich edge planes of MNTs guar-
antees its high catalytic activity. The technique adopted to prepare CNTs CEs is
crucial for obtaining high catalytic activity. Kim et al. prepared CNTs CEs with
screen printing (SP) technique and chemical vapor deposition (CVD) technique.
The CNTs (SP) were randomly oriented and woven into each other, whereas the
CNTs (CVD) were grown directly on the substrate. The DSC using the CNTs (SP)
CE gave a CPE of 8.03 %, while the well aligned CNTs CE made the PCE value
reach to 10.04 % [10]. The advantages of CNTs (CVD) CE can be attributed to
high conductivity because of the well-aligned arrangement. Besides SP and CVD
techniques, spraying technique can be used to fabricate CNTs CE [11]. The CNTs
film thickness was regulated by spraying time and the impact of CNTs film
thickness (or spray time) on the performance of DSCs was also investigated. As
the time increased from 5 to 30 s, the Jsc and FF increased rapidly and the PCE
value improved from 0.68 to 3.39 %. The highest PCE of 7.59 % was obtained at
spraying time of 200 s. In their work, the PCE increased continuously with
spraying time (0–200 s). According to our experiences, there should exist an
optimal spraying time (i.e., thickness).

Zhu et al. attempted to find the differences between SNTs, DNTs, and MNTs as
CEs under the same conditions [12]. The DSC using SNTs CE performed best
(1.46 %), compared with the other two DSCs based on DNTs (0.45 %) and MNTs
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(0.62 %) CEs. The highest catalytic activity of the SNTs for regeneration of the
I3

-/I- redox couple was caused by the one-dimensional nano-feature which pro-
vides better electron transport. Moreover, the impurities (iron, amorphous carbon)
in SNTs can influence the catalytic performance dramatically. For example, the
DSC using purified SNTs CE yielded a PCE of 1.46 %, while the DSC using raw
SNTs CE gave a poor PCE of 0.57 %. This difference caused by catalyst poisoning,
because the catalytic sites was occupied by impurities. The purification process in
turn introduced many oxygen-function groups that formed new catalytic sites.

Graphene is a single layer of two-dimensional graphite with advantages of high
conductivity, transparency, hardness, and corrosion resistance, and it has become a
hot research topic in various fields. Grätzel et al. used graphene to fabricate optically
transparent CE for DSCs [13]. It was observed that graphene CE was more suitable
for ionic liquid solvent than the traditional organic solvent. The Rct value of the ionic
solvent is much smaller than the traditional solvent, which indicates that the
mechanism for regeneration of I3

-/I- in the graphene surface is determined by
solution events rather than viscosity. The catalytic activity of graphene is propor-
tional to the content of active sites (edge defects and oxide groups). Finally, they
suggested that graphene might be a promising substitute for Pt and also for the
expensive FTO conductive layer. Aksay et al. found the catalytic activity was
correlated with the concentration of the oxide group and the C/O ratio strongly
influenced the catalytic activity [14]. When the C/O ratio was up to 13, graphene CE
showed the highest catalytic activity, and the DSC gave a PCE of 5.0 %, close to that
of the DSC using Pt CE (5.5 %). Jeon et al. synthesized graphene by reducing
graphite oxide. It was found that the catalytic activity increased as the number of
oxygen functional groups decreased [15]. Combining with previous results [14], we
thought that there existed an optimum number of oxygen functional groups for
graphene to achieve optimal catalytic activity. The PCE values for the DSCs in the
above mentioned works were all less than 6 %, leaving much room for improvement
by modifying the concentration of the oxygen functional groups or lattice defect.
Nevertheless, to fully evaluate these statements requires more research.

Ma group compared the properties of nine kinds of carbon materials containing
Ca, Cb, conductive carbon (Cc), carbon dye (Cd), Cf, CNTs, Ordered mesoporous
carbon (Com), discard toner (Cp), and C60 at the same conditions [16]. Com is made
of rows of well-ordered carbon walls with a width of approximate 10 nm. This
carbon wall configuration forms many channels in the CE body which can increase
the contact area of the electrolyte and the CE surface and this configuration can
promote electrolyte diffusion. The DSC using Com CE yielded a high PCE of 7.5 %,
the same as the DSC using Pt CE. The traditional carbon materials (Ca, Cb, Cc,
CNTs, and Cf) showed decent catalytic activity and the DSCs yielded PCE values
from 6.3 % to 7.0 %. Cd showed catalytic activity as high as Com, and the DSC
gave a PCE of 7.5 %. Even the DSC using Cp CE showed a decent PCE of 4.3 %.
When impure C60 CE was used in DSC, a low PCE of 2.8 % was achieved. As
predicted, C60 should perform as effectively as the other carbon materials due to its
superior electrical conductivity, stability, and other attributes. The low activity may
be caused by impurities, which may result in catalyst poisoning. They indicated that
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the main disadvantage of carbon CEs is the poor bonding strength between the
carbon films and the substrate. Adding TiO2 can improve bonding strength between
carbon films and the substrate, but it was found that adding too much TiO2 can lower
the catalytic activity, because of the bad conductivity of TiO2. Meanwhile, the
impact of carbon film thickness on the catalytic activity has been investigated. An
excessively thin carbon film can lead to insufficient catalytic activity while an
excessively thick carbon film can crack and detach from the substrate. To achieve
high catalytic activity, carbon film with 25 lm thickness is appropriate. The
thickness of the carbon films affects FF significantly.

Lee et al. studied the impact of carbon particle size on the catalytic activity [17].
The DSC using the nanocarbon (surface area, 100 m2 g-1) CE gave a PCE of 6.73 %,
much higher than the DSC using microcarbon (surface area, 0.4 m2 g-1) CE. The
different behavior between the two kinds of carbon materials can be attributed to the
surface area and conductivity. Meng et al. prepared flexible carbon CE using Ca as
the catalyst and graphite sheet as the substrate [18]. Low (series resistance) Rs and Rct

were obtained for this carbon CE due to high electrical conductivity of graphite and
high catalytic activity of Ca. The DSC using this CE showed a PCE of 6.46 % which
can match the performance of the DSC using Pt CE (6.37 %).

Carbon is indeed a qualified CEs catalyst in DSCs. However, the main disad-
vantage of carbon CE is still the poor bonding strength between carbon film and
the substrate. This may be a potential unstable factor for long-term use. Deposited
carbon film on the substrate by in situ technique could resolve this problem.
Furthermore, fabricating incorporated carbon CE (carbon catalysts and carbon
substrate) may be another solution. Opacity is another disadvantage of carbon CEs.
We believe developing transparent carbon CEs for DSCs will become a promising
research topic in the future.

2 Conductive Polymers

Transparency and flexibility are two merits for DSCs which require transparent
flexible photoanode, transparent electrolyte, and transparent flexible CE. Gener-
ally, transparent flexible substrate (ITO–PET, ITO–PEN) deposited with Pt is
widely used as CE. Besides Pt, conductive polymers like poly (3, 4-ethylenedi-
oxythiophene) (PEDOT) or its derivatives can be used as CE catalysts.

PEDOT-Polystyrenesulfonate (PSS) was used as CE catalyst in quasi-solid
DSCs in which this PEDOT performed better than Pt for ionic liquid electrolyte
(ILE) [19]. In the EIS test, the Rct value for the PEDOT–PSS/ILE was much lower
than Pt/ILE. However, in the organic liquid electrolyte (OLE), the result was
opposite. Yanagida et al. gave a detailed explanation for the aforementioned
phenomenon [20]. ILE needs high I2 concentration due to high viscosity and low
conductivity. Therefore, the porous PEDOT CE performed better than Pt in ILE.
Gîrt�u et al. indicated that there existed charge transfer between PEDOT and iodide
redox couple by X-ray photoelectron spectroscopy (XPS) [21]. This phenomenon
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was also observed by Biallozor et al. through CV test [22]. Apart from PEDOT,
Poly (3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b] [1, 4] dioxepine) (PProDOT-Et2)
also can be used as CE catalyst for DSCs [23]. PProDOT-Et2 film was directly
deposited on FTO substrate by electropolymerization with various charge capac-
ities (10, 20, 40, 80, 120, 160, 200 mC cm-2). When the deposited charge capacity
reached 40 mC cm-2, the PProDOT-Et2 film produced the largest active surface
area, contributing to the high catalytic activity similar to Pt. The DSC using this
polymer CE yielded a PCE of 5.20 %.

Wu et al. prepared polypyrrole nanoparticles (PPy) with particle size ranging
from 40 to 60 nm [24]. The DSC using PPy CE showed a PCE of 7.66 %, higher
than the photovoltaic performance of the DSC using Pt CE (6.90 %). Xia et al.
fabricated PPy CEs on FTO glass with vapor phase polymerization (VPP) and
electropolymerization (EP) techniques [25]. The PPy particle (VPP) size is
100–150 nm and the PPy (EP) has a larger particle size of 200–300 nm. The DSCs
using these PPy CEs yielded PCE of 3.4 % (VPP) and 3.2 % (EP), slightly lower
than Pt-DSC (4.4 %). In addition, PPy sphere with a uniform size of 85 nm was
used as CE catalyst for DSCs and decent PCE was obtained [26]. Zhao et al.
prepared transparent polyaniline (PANI) CE on FTO glass for DSCs CE [27]. At
front illumination, the DSC showed a PCE of 6.54 %; at rear illumination, a PCE
of 4.26 % was achieved. Moreover, Wu et al. fabricated mesoporous PANI
thorough an oxidative polymerization of aniline monomer as CE for DSCs and a
PCE of 7.15 % was obtained [28].

Organic polymer CEs own the advantages of transparency, high catalytic
activity, easy availability, and low cost. However, the stability (chemical stability,
thermal stability, and photo stability) may be an adverse property for practical
application. Reports on stability tests for polymer CEs are still rare.

3 Transition Metal Compounds

Early transition metal carbides, nitrides, oxides, sulfides, and phosphides exhibit
Pt–like catalytic behavior. These materials have been used in the fields of CO2

methanation, ammonia synthesis, dehydrogenation, hydrogenation, methanol oxida-
tion, photocatalysts, gas sensors, electrochromic devices, field emitters, among others,
as a replacement for the noble metal. Very recently, these compounds have been
proposed to use as CE catalysts in DSCs. Next, we will give a detailed introduction.

3.1 Carbides

Ma group introduced tungsten carbide (WC) and molybdenum carbide (Mo2C)
into DSCs as CE catalysts. The DSCs using WC and Mo2C as CEs gave PCE of
5.35 % (WC) and 5.70 % (Mo2C), lower than the PCE of the Pt-DSC (7.89 %).
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This relative lower performance stems from the large size of the two carbides Mo2C,
300 nm; WC, 190 nm [29]. Then they synthesized nano-scaled WC and W2C using
metal-urea route. The DSCs using the nanoscaled carbides as CEs achieve high PCE
of 6.68 % (W2C) and 6.23 % (WC). Compared with the large WC particle, the nano-
scaled WC showed improved catalytic activity [30]. Lee et al. prepared polymer-
derived WC (WC–PD) and microwave-assisted WC (WC–MW), which have been
introduced in DSCs as CE catalysts. The DSCs yielded PCE of 6.61 % (WC–PD) and
7.01 % (WC–MW), lower than that of the DSC using Pt CE (8.23 %) [31]. More-
over, Ma group did a systematic research on other transition metal carbides, such as
TiC, VC, ZrC, NbC, Cr3C2, and so on [32, 33]. All of the carbides give high catalytic
activity except ZrC and NbC.

3.2 Nitrides

Gao et al. prepared TiN nanotubes used as CE catalyst in DSC which produced a
PCE of 7.73 % [34]. Similar to TiN, MoN, WN, and Fe2N were synthesized by
nitridation of the oxide (MoO2, WO3, Fe2O3) precursors in ammonia atmosphere,
after which the nitrides were used as CE catalysts into DSCs [35]. The DSCs gave
PCE values of 5.57 % (MoN), 3.67 % (WN), 2.65 % (Fe2N), and 6.56 % (Pt).
Meanwhile, Ma et al. prepared Mo2N and W2N films on flexible Ti sheet as CEs
for DSCs which produced PCE of 6.38 % (Mo2N) and 5.81 % (W2N). In addition,
they also introduced ZrN, VN, NbN, CrN into DSCs, and decent results were
obtained [32]. Gao et al. used surface-nitrided Ni foil as the CE in DSCs, resulting
in a PCE of 5.68 %, much lower than that of the Pt-DSC (8.41 %) [36], while NiN
with a mesoporous structure showed high catalytic activity and the DSC yielded a
PCE of 8.31 %.

3.3 Oxides

Ma et al. observed that WO2 and WO3 can be used as a catalyst for the reduction of
I3

- to I- [37]. The DSC based on WO3 CE showed a PCE of 4.67 %. WO2

nanorod showed excellent catalytic activity and the DSC gave a high PCE of
7.25 %, close to that of the Pt-DSC (7.57 %). Recently, they synthesized H–Nb2O5

(hexagonal), O–Nb2O5 (orthorhombic), M–Nb2O5 (monoclinic), and T–NbO2

(tetragonal) and then used the four niobium oxides as CE catalysts in DSCs [38].
The DSCs showed PCE values of 5.68 % (H–Nb2O5), 4.55 % (O–Nb2O5), 5.82 %
(M–Nb2O5), and 7.88 % (T–NbO2). Obviously, NbO2 performs best among the
four niobium oxides and the crystal forms significantly affecting the catalytic
activity. Xia et al. used V2O5 as CE in solid DSCs. The PCE of the DSC using a
10 nm thick V2O5 CE reached 2.0 % [39].
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As we know, WO3, Nb2O5, SnO2, and other oxides are widely used as pho-
toanode semiconductor. Now, it has been proved that some oxides can be used as
CE catalysts. If the oxide is used in the photoanode, the direct contact of oxide and
I3

-/I- redox couples may cause the I3
- to be reduced by the electrons injected in

the conductive band of the oxide due to autocatalytic activity. This is to say, a
number of the electrons injected in the conductive band cannot be collected by the
substrate and, thus, flow into the external circuit. The autocatalytic activity of
oxide can result in a large dark current density. This may be a key reason for the
poor performance of the DSCs using TiO2—free oxides as photoanodes [40]. In
addition, Ma et al. found that the catalytic activity can be enhanced significantly by
sintering the oxide CEs in N2 atmosphere [41]. The fundamental reason for the
high catalytic activity of some oxides is still unclear and requires further study.

3.4 Sulfides Selenides and Phosphides

The aforementioned carbides, nitrides, and oxides all show catalytic activity for
the regeneration of the redox couples in DSCs. Similarly, transition metal sulfides
are expected to behave in a similar fashion. Grätzel et al. prepared CoS CE on
flexible substrate and the DSC yielded a PCE of 6.5 % [42]. Co and Ni both belong
to Group VIII A metals. Meng et al. prepared NiS CEs by periodic potential
reversal (PR) and potentiostatic (PS) techniques. The DSCs showed PCE of
6.83 % (PR–NiS) and 3.22 % (PS–NiS) [43]. Lin et al. introduced copper zinc tin
sulfide (CZTS) to DSCs system as CE. CZTS performed well for the regeneration
of iodide from triiodide. The DSC using the CZTSSe CE gave a PCE of 7.37 %
higher than the corresponding photovoltaic of the Pt-DSC [44]. Ma et al. intro-
duced MoS2 and WS2 into DSCs as CEs [45]. MoS2 and WS2 showed high
catalytic activity compared to Mo (or W) carbides, nitrides, and oxides and the
DSCs gave high PCE of 7.59 % (MoS2) and 7.73 % (WS2) which can match the
performance of the Pt-DSC (7.64 %). Besides sulfides, Ma et al. used Ni5P4 and
MoP as CEs in DSCs, which showed PCE of 5.71 % (Ni5P4) and 4.92 % (MoP).
Meanwhile, Gao et al. introduced Ni12P5 as CE in DSCs, a PCE of 3.94 % was
achieved [46]. Recently, selenides of Co0.85Se and Ni0.85Se were also proposed as
CEs in DSCs, and both of them showed high catalytic activity [47].

4 Composites

As the name indicates, composite CE catalysts commonly comprise two or more
components such as TiN/CNTs, Pt/Carbon, Carbon/PEDOT/PSS, Carbon/TiO2,
CoS/PEDOT/PSS, and so forth. The advantage of this CE is, naturally, the com-
bination of the best qualities of all components into one composite.
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To achieve highly effective catalysts, Ma et al. synthesized MoC and WC
imbedded in ordered mesoporous carbon (MoC–OMC, WC–OMC) by the in situ
method [29]. The PCE values of the DSCs reached 8.18 % (WC–OMC) and
8.34 % (MoC–OMC), much higher than those of the DSCs using WC (5.35 %)
and Mo2C (5.70 %) CEs. Further, they prepared WO2 and Ni5P4 imbedded in
mesoporous carbon and both the composite CEs catalysts showed high catalytic
activity [48, 49]. Gao et al. deposited TiN nanoparticles on CNTs (TiN/CNTs) and
then used the composite as a CE in DSC which produced a PCE of 5.41 %, higher
than both the DSCs using TiN CE (2.12 %) and pure CNTs CE (3.53 %) [50]. The
high catalytic activity can be attributed to the combination of the high catalytic
activity and the high electrical conductivity into one composite. This strategy can
be used to design effective catalysts in the future research. Park et al. prepared
W2C/WC composite CE in DSC, resulting in a PCE of 4.2 %, still lower than that
of Pt (5.22 %) [51]. Wu et al. introduced the Pt/Cb composite catalyst into DSCs.
Loading 1.5 wt% Pt on Cb was enough to achieve high catalytic activity and the
DSC gave a PCE of 6.72 % [52]. Ouyang et al. prepared PEDOT–PSS/CNTs and
PSS/CNTs composite CEs [53]. The DSC using PEDOT–PSS/CNTs CE yielded a
PCE of 6.5 %, much higher than that of the DSC using PSS/CNTs CE (3.6 %).
Kang et al. used CoS/PEDOT/PSS as a composite CE catalyst, with the corre-
sponding DSC giving a PCE of 5.4 %, comparable to that of the DSC using Pt CE
(6.1 %). The high catalytic activity of this composite CE can be attributed to the
synergistic catalytic effect [54]. Lin et al. synthesized MoS2/Graphene composite
as CE in a DSC, which gave a PCE of 6.04 %, slightly lower than that of the DSC
using Pt CE [55].

On current evidence, prepared composite has become an effective path to
achieve CE catalysts for DSCs. However, the mechanism of high catalytic activity
and the roles of the catalyst and the supporter are still in dispute.

5 Summary

In sum, a series of Pt-free CE catalysts have been introduced into DSCs, each with
unique advantages and disadvantages. We think that carbon material is the most
potential substitute to Pt in DSCs. Organic polymers offer a promising alternative
as flexible and transparent CEs. In addition, the introduction of transition metal
carbides, nitrides, oxides, sulfides, selenides, and phosphides into DSCs widens the
selective scope of CE catalysts remarkably. Combining two or more proper
materials into one composite is an effective path to design high-efficiency catalysts
for DSCs. Now, to develop low-cost Pt-free CE catalysts has become a hot
research topic to reduce the cost of DSCs, which makes DSCs more competitive
among various photovoltaic devices, contributing to realize the industrialization of
DSCs.
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Quantum Dot-Sensitized Solar Cells

P. Sudhagar, Emilio J. Juárez-Pérez, Yong Soo Kang
and Iván Mora-Seró

Abstract Quantum dot sensitized solar cells, but in general semiconductor
sensitized photovoltaic devices, have erupted in recent years as a new class of
systems, differentiated for several reasons of the most common dye-sensitized
solar cells. In this chapter, we review the enormous potentialities that have
impelled the research in this field. We highlight the differences between quantum
dot and dye-sensitized solar cells that we divide in five aspects: (i) Preparation of
the sensitizer; (ii) Nanostructured electrode; (iii) Hole Transporting Material; (iv)
Counter electrode, and (v) Recombination and surface states. Some of the opti-
mization works performed in each one of these lines is revised, observing that
further improvement can be expected. In fact, the recent breakthrough in photo-
voltaics with organometallic halide perovskites, originated by the intensive study
on quantum dot-sensitized solar cells, is also revised, stressing the potentiality of
these systems for the development of low cost photovoltaic devices.

1 Introduction

Since the apparition of the Homo Sapiens in Africa, 200,000 years ago, the evo-
lution of the society has been closely linked to an increment of the energy con-
sumption. From the early days of the hunters and harvesters society to the current
industrial societies the energy consumption per person and day and the world
population have both experienced an exponential growth [1]. The demand for
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power during the last period of industrialization is compensated with the use of
nonrenewable sources, fossil fuels such as coal and oil. Their use not only rep-
resents an irreplaceable depletion of stocks, avoiding its use on other beneficial
issues especially in the case of oil, but it has caused serious side effects as the
greenhouse effect. Gases from combustion have a potentially catastrophic impact
in the global warming and the climate change as it has been recognized since the
end of the twentieth century by the United Nations [2]. In this sense, energy has
become one of the most striking problems of the humankind. It is easy to recognize
that the energy problem is not only important in itself but for its implications in
many of the great challenges of humanity in the twenty-first century (wars,
environment, food, water…). This situation strongly demands a change in the
weighting of the different energy sources in the energy cocktail that powers the
world. The weight of nonrenewable energy sources necessarily has to decrease,
even if this decrease in nonintentional due to the stock reduction. It is debatable
whether the size of the nonrenewable energy source reserves is large or small, but
the irrefutable fact is that these reserves are finite. On the other hand, to maintain
the economic development the energy consumption cannot be significantly
decreased, and the reduction of energy from nonrenewable sources has to be
compensated with power coming from renewable sources.

Undoubtedly photovoltaic energy is the renewable power source with higher
potentiality, as the Earth receives from the Sun in just 1 hour the same amount of
energy that it is expended by all the humankind in 1 year [3]. But the devices that
we currently have to harvest energy from this huge pool, they are expensive
compared to other energy sources. In this sense, a reduction of cost in photovoltaic
devices is mandatory to take full advantage of the tremendous potentialities of
these systems. There are two ways to attain this scope: (i) reducing the fabrication
cost of the device; (ii) increase the efficiency of the photovoltaic devices. To attain
both solutions nanoscience can help us.

The new technologies capable of constructing material structures with dimen-
sions from 0.1 to 50 nm have opened numerous possibilities to investigate new
devices in a domain heretofore inaccessible to the investigators and technologists.
A considerable activity exists in nanoscience and technology in university and
industrial laboratories around the world. The requirements of improved efficiency
and versatility, and of reduced cost of the photovoltaic devices, have led to search
for extending the field of traditional study in inorganic semiconductors, incorpo-
rating new materials, and structures capable of satisfying these requirements. In
the field of the photovoltaic solar power, the challenge of the future for the new
concepts on nanoscale is to reduce the present cost of the devices by a factor
10–100. Candidates to lead this revolution are the new nanocomposite solar cells,
formed by coatings deposited from liquid solutions. These procedures avoid the
need of treatment in vacuum, and improve substantially the time and cost of
production. Also the highly energetic stages of the process of production are
avoided, improving the time of recovery of the spent energy. With the advanced
optimization on nanoscale, and the application of solution low cost, it is possible to
achieve the efficient use of minuscule quantities of matter.
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Nanoscale considerations have been also important implications in the devel-
opment of low cost photovoltaic devices, from the point of view of the funda-
mental principles. Conventional Si solar cells rely on high quality materials since
the carriers generated in the device after photon absorption remain in the same
material until they are extracted at the selective contacts [4]. This involves the use
of sophisticated technologies with high production cost in order to avoid carrier
recombination before their extraction. Conversely, nanoscale absorbers can
quickly separate the photogenerated carriers into two different media which allows
for a less-demanding materials quality and therefore cost reduction, as transport of
electrons and holes is occurring in different materials and recombination is
reduced. These are the fundamentals of the new paradigm introduced to the
photovoltaic conversion by the sensitized solar cells that have received a major
attention since the seminal paper of O’Regan and Grätzel at the beginning of the
1990s [5]. Most of the work carried out in sensitized solar cells has been made
using organic and/or metalorganic molecular dyes acting as light absorbing
materials. The use of inorganic semiconductors as nanoscale light harvesters has
been minority. But the undoubted photovoltaic properties of these materials have
pushed the research in this field with a continuous growing interest in the last few
years. This interest has resulted in a constant growth of the reported efficiencies.
This fact with the easy preparation and its low cost make of the inorganic semi-
conductor sensitized solar cells one of the fields of photovoltaics that is experi-
enced higher growth. This chapter is devoted to the study of these systems
focusing mainly in two aspects the low cost preparation and the role of nanoscale
design and the advanced structures for solar cell preparation

This chapter is structured in nine sections. The first one is this brief introduction.
In the second, we analyze the fundamentals of sensitized solar cells, explaining the
specificities of dye, semiconductor, and quantum dot solar cells, and reviewing the
state of the art. In Sect. 3, the experimental techniques used for semiconductor light
absorbing material deposition are revised, stressing the fact of their low cost and
easy industrial implementation. In the fourth part, new promising substrate struc-
tures in the case of inorganic semiconductor absorber are revised, in order to
highlight the role of nanoscale and the possibilities of design. In Sect. 5, the hole
transporting material is revised for both liquid electrolytes of all solid devices. In
Sect. 6, the counter electrode material is determined by the hole transporting
material and proper choice has to be done as we analyze in this section. In the
seventh, the effect of carrier recombination before being collected at the output
terminals, the role of surface stats in the light absorbing materials has overviewed. In
the penultimate part, a new class of light absorbing materials ‘‘halide perovskites’’
has arisen and made revolution in this field. Despite there are several proves indi-
cating that this kind of devices are not fully behaving as a sensitized device, it has
been the intense work in sensitized solar cells that have allowed to achieve this
breakthrough. Therefore, we consider that it is important to include these systems in
this chapter. This new hot topic in photovoltaics is also taking benefit of the
knowledge and characterization techniques developed in the last decades for sen-
sitized devices. Finally, very briefly conclusions are highlighted.
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2 Sensitized Solar Cells

As commented in the introduction the fundamentals of sensitized solar cells is to
decouple light absorption and charge transports making that these processes occur
in different media. When light is absorbed by molecular dyes the devices are called
Dye-Sensitized Solar Cells (DSSCs), and are the most extensively studied class of
sensitized devices [6]. But here we are going to focus our attention in the case
where inorganic semiconductor are used as light absorbing materials instead of
dyes giving place to the Semiconductor-Sensitized Solar Cells (SSSCs) [7]. When
the size of the semiconductor material is small enough to observe effects due to
quantum confinement (particle radius lower than the Bohr radius) the devices is
called Quantum Dot-Sensitized Solar Cells (QDSSCs) [8–10]. The line separating
SSSCs from QDSCs is fuzzy and many times the denomination QDSSCs is pre-
ferred even in cases where quantum confinement is not observed.

The working principle of QDSSCs is fundamentally similar to DSSCs and they
are represented in Fig. 1. A wide bandgap semiconductor material is sensitized
with an semiconductor with a bandgap in the visible or near IR region. The most
extensively used wide bandgap semiconductor has been TiO2, but several exam-
ples of the utilization of other ones as ZnO [11] or SnO2 [12–14] have been
reported. Light irradiation photo excites electron-hole pairs from the QD Valence
Band (VB) to the QD Conduction Band (CB). Photoexcited carries are injected
into two different transporting media. Electrons are injected into the CB of the
wide bandgap semiconductor, while hole are injected into a hole transporting
material (HTM). Then both carriers diffuse to their respective contacts. In order to
optimize cell performance, recombination of diffusing carriers should be avoided.
As the light absorbing layer is extremely thin effective surface area is significantly
enhanced with the use of a nanostructured electrode, increasing consequently the
light harvesting [5]. This description is perfectly valid also for DSSCs. In this
sense, in a first analysis it could be thought that semiconductor QDs are only one
more of the thousand of dyes that have been checked in DSSCs. But we want to
highlight here that it is not the case. The different nature of QDs in comparison
with molecular dyes makes that the complete design of the solar cell device have
to be rethought.

Main differences between DSSCs and QDSSCs could be divided into five
aspects:

(i) Preparation of the sensitizer.
(ii) Nanostructured electrode.

(iii) Hole Transporting Material (HTM).
(iv) Counter electrode.
(v) Recombination and surface states.

In the next five sections, we will develop each of these points reviewing the
current state of the art of QDSSCs.
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3 Sensitization with Inorganic Semiconductor
Quantum Dots

Considering the sensitized synthesis, an inorganic semiconductor can be prepared
by several ways and the growth mechanism determines dramatically the perfor-
mance of the photovoltaic device [15, 16]. In this chapter, we want to highlight the
potentiality of QDSSCs for the development of low cost photovoltaic devices. In
particular, we will review some of the techniques, most commonly, employed for
the sensitization with inorganic semiconductors. Interestingly, these techniques do
not require any special experimental conditions like vacuum or high temperatures;
this fact is especially attractive for industrial development as it is an effective way
for cost reduction.

Two major strategies have been practically used to sensitize QDs onto the elec-
trodes (a) in situ preparation of QDs on the electrode surface and (b) attachment of
presynthesized Colloidal Quantum Dots (CQDs) on the electrode surface. The
former method includes chemical bath deposition, [17] successive ionic layer
adsorption/reaction, [18] electrochemical deposition, [19] and photochemical
deposition [20]. The latter exploits, but is not limited to, linker molecules, [8, 21–23]
direct absorption, [16, 22, 24] spray pyrolysis deposition, [25, 26], and electro-
phoretic deposition [27–30]. There are also some examples of the combination of
these two approximations [31, 32].

Fig. 1 Cartoon representing the fundamental principles of sensitized solar cells. Light
photoexcites electron-hole pairs at the QD (vertical green arrow). Photoexcited electron is
injected into the CB of the wide bandgap semiconductor, while hole is regenerated from the redox
level of the liquid electrolyte (or the VB of a solid hole transporting material). Electron in wide
bandgap semiconductor is transported to the electron contact (orange arrow). Redox sytem is
regenerated at the counter electrode and electrons diffuse to the working electrode (purple
arrow). During the transport process electron can recombine with holes in the QDs or in the HTM
(blue dashed arrows)
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The use of CQDs allows the production of material with a high degree of
crystallinity a high control of QD properties (as size, shape, bandgap…) but in the
first reports relatively low QD loading was obtained [16, 22]. In QDSSCs, it is
widely reported historically that directly grown QDs on the electrode surface show
relatively high performance than that of indirectly attached CQDs, due to a higher
sensitizer loading and consequently higher harvesting efficiency [16, 33]. Using
direct assembled approach, the QDs were attached to mesoporous framework
robustly and charge transfer resistance was possibly reduced [34, 35]. But it was
demonstrated that potentially QDSSCs based on CQDs exhibit a higher potentiality
for the development of efficient devices [16]. Semiconductor grown directly on the
surface of the mesoporous electrode present poor crystallinity and broader quantum
dot size dispersion than CQDs. In addition, deleterious effects in the grain
boundaries could arise [7]. Recently, the group of Zhong has developed a method
based in a ligand exchange of the capping molecules in CQDs [36–38]. With this
method higher QD loading is attained and consequently higher efficiency in fact the
record efficiency for QDSSCs has been reported by this group with CdSexTe1-x

CQDs [38].
Taking into account these considerations here we review different sensitization

methods for both CQDs and semiconductors grown directly on the electrode
surface. The following coating methods were identified as low cost methods
compared to physical and vacuum techniques:

3.1 Sensitization with Colloidal Quantum Dots

For the sensitization with CQDs two consecutive steps are required. In first step,
presynthesized CQDs are grown with an accurate control of the crystalline quality,
size, and shape (and consequently bandgap) distribution or capping [39]. Second,
CQDs should be attached to the nanostructured electrode. However, there is no
single procedure to attach CQDs to the photoanode and it is possible to differ-
entiate between assisted and direct sensitization. In the assisted sensitization
process, bifunctional linker molecules are used to anchor CQDs to the nano-
structured photoanode [8, 23]. These linker molecules generally have a functional
carboxylic group which first attach to one side of the TiO2 and the other side of the
linker (generally a thiol group) was connected to the CQD [8, 23]. In addition to
carboxyl linkers, other functional groups can also be applied as bifunction linkers
for fixing CQD to the nanoporous electrode (as amine group in cysteine), and is
realized that this linker molecules play an important role in PEC performance [21].
On the other hand, CQDs can be directly attached to the electrode without the use
of any specific linker. For example, if toluene solvent for CdSe CQDs is substi-
tuted by dichoromethane, CQDs can be directly absorbed on TiO2 surface simply
by dipping the substrate in the dichloromethane solution with CQDs [22, 24]. The
use of linker molecules is benefit during the CQDs synthesis which capped with,
generally, long organic molecules (oleic acid), thus offer controlling QD size and
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avoid agglomeration [39]. It has been shown that the ligand exchange helps
anchoring QDs to mesoporous electrode, for example, TOPO molecules coating
CdSe QDs were substituted by pyridine in order to enhance the QD loading of
sensitized electrode [40]. This strategy has been employed with significant success
by the group of Zhong, where oleic acid is substituted by mercaptopropionic acid
(MPA) [41]. Then aqueous solution with MPA-capped QDs is pipetted directly on
the electrode surface, where it stayed for 2 h before rinsing sequentially with water
and ethanol and then drying with nitrogen. This procedure has produced QDSSCs
with efficiencies higher than 5 % [36, 37] or even 6 %, [38] as it has been already
commented.

The methods presented so far have the drawbacks that need long duration for
sensitization in most of the cases, as the dipping process to attach the linker
molecule and/or the QDs requires several hours for an optimum loading [8].
Sensitization time can be significantly reduced by employing the electrophoretic
technique. Basically, in this technique an electrical field is applied between two
electrodes dipped in a QD solution. Ionized QDs are attracted to the electrodes and
attached in one or both electrodes [42]. CQD deposition rate on the mesoporous
electrode depends on the applied voltage, high CQD loading can be obtained in
few hours [28, 29] or even in few minutes [27]. Even, electrophoresis has been
used to attach rod shape sensitizers (nanorods) to TiO2 electrodes, [29] to prepare
electrodes with QDs of different sizes [30] or to assemble CdSe QDs and fullerene
for an innovative solar cell [43]. Nevertheless the efficiencies reported for
QDSSCs using electrophoresis are shown below the performance reported for
other attaching modes with CQDs.

3.2 Chemical Bath Deposition

The second main approximation for the sensitization with inorganic semiconductor
is direct growth of light absorbing material on the surface of the wide bandgap
semiconductor electrode. The remaining section will be dedicated to this last
approximation with three low cost techniques that will be overviewed: (a) Chemical
bath deposition (b) successive ionic layer adsorption and reaction (SILAR), and (c)
electrodeposition. Chemical bath deposition (CBD) is a convenient method to
assemble the QDs on a variety of substrates (conducting and nonconducting) at
elevated temperatures compared with most other semiconductor QDs deposition
methods [44]. The simplicity of CBD process together with the inherent low
temperature operations results in superior control over the QDs particle size [17].
Several articles explain the variety of QDs assembly by CBD method, i.e., CdS, [18,
45, 46] CdSe, [34, 47, 48] Sb2S3 [49–52], CdTe, [53–56] PbS [27, 57–60], etc. The
two main mechanisms for the CBD process are (1) ion-by-ion deposition onto a
coating surface without bulk precipitation in the deposition solution and (2) bulk
precipitation (or colloid formation) with diffusion of the bulk semiconductor
clusters to the coating surface [44]. The complex agents were usually utilized to
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maintain the pH of the chemical bath, which directly control the reaction rate and
hence overcome the bulk precipitation in the chemical bath [61]. For example, the
reaction mechanism of in situ coating of CdSe QDs onto mesoporous TiO2 is
explained as follows: [62]

Cd2þ þ HSe� þ OH� $ CdSeðsÞ þ H2O ð1Þ

ðCdSeÞm þ Cd2þ þ HSe� þ OH� $ ðCdSeÞm þ H2O ð2Þ

ðCdSeÞm þ ðCdSeÞn $ ðCdSeÞmþn ð3Þ

ðCdÞ2þ þ 2OH� $ CdðOHÞ2ðsÞ ð4Þ

CdðOHÞ2ðsÞ þ HSe� ! CdSeþ OH� þ H2O ð5Þ

Reactions (1)–(2) describe the formation of CdSe without the formation of
Cd(OH)2 seed layer. Subsequently, Cd2+ and Se2- species are forming larger
clusters by coalescence or aggregation with other clusters (3). Coalescence refers
to a combination of two clusters to form one single crystal, while aggregation
means the formation of two or more separate but contacting crystals. The latter
was suggested to be the terminating step in crystal growth for CBD CdSe films. As
for CdSe, the reverse direction of reaction (5) will lead to redissolution of the solid
phase and will control the size of the Cd(OH)2 crystallites (i.e., colloidal particles)
in the solution. Thus, lower temperatures result in a higher concentration of small
Cd(OH)2 nucleii and results in the formation of CdSe crystal with smaller size.
The effect of Se2- ions at a Cd(OH)2 surface will be replaced by a selenide due to
much lower solubility of CdSe compared with Cd(OH)2. The Cd(OH)* nucleus
will eventually be converted to CdSe (reaction 1). Thus, the reaction will continue
by formation of hydroxide and its subsequent conversion into CdSe (4 and 5).
Therefore, the nucleation process on coating surface takes vital role in determining
QDs formation mechanism, which is often controlled by precursor concentration
and chemical bath temperature and is explained elsewhere by Gorer et al. [62]
(Fig. 2). Different QD size, as can be deduced from the different bandgap, can be
obtained by varying temperature and concentration in the CBD process, see Fig. 2.

The typical chemical bath deposition of CdSe QDs is as follows [63, 64]: a
chemical bath solution was prepared by mixing 80 mM CdSO4 and 80 mM
sodium selenosulfite (Na2SeSO3) solution with 120 mM nitriloacetic acid. The
mesoporous TiO2 electrodes were immersed in the chemical bath at 10 �C for 12
hours. Finally, the films were soaked in deionized water and dried with nitrogen.
Recently, antimony sulfide (Sb2S3) QDs sensitizers prepared by CBD method
showed efficient PCE performance 4–5 % in both liquid-type and solid-state
hybrid solar cells [65–68]. Deposition of Sb2S3 coating by CBD is cheaper than the
other available techniques. Typical coating of Sb2S3 QDs is explained elsewhere
[67, 68]. Briefly, the mixture of 1 M solution of SbCl3 in acetone and 1 M
Na2S2O3 cold aqueous solution addition with cold water is adjusted to have a final
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concentration of Sb3+ and S2O3 of *0.025 and *0.25 M, respectively. The CBD
solution is quickly poured in the CBD recipient, where the electrodes were placed
vertically, and the recipient was left in a refrigerator at *7 �C for 2 h. Then, the
samples are rinsed with deionised water and dried by flowing nitrogen. Efficiencies
as high as 6.3 % have been reported in all-solid QDSSCs with Sb2S3 [67].

Fig. 2 Optical transmission
spectra of CdSe films
deposited at various
temperatures (a) 10 �C
(b) 40 �C, and (c) 80 �C with
various NTA:Cd ratios (NTA:
nitrilo triacetic acid applied
as complex agent) (Reprinted
permission with Gorer et al.
[62])
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From the earlier reports, it is found that the deposition of QDs by CBD method
densely covers the mesoporous metal oxide surface and enhances the recombi-
nation resistance [10, 63, 69, 70]. Despite the effective coverage on TiO2 surface,
CBD method generally result in nanocrystalline films pattern rather than particles
coating. Therefore, it is mostly suitable for wide-pore-nanostructured electrodes
(nanotube, nanowire, nanotube, and inverse opal) [71]. The nanocrystalline film
coatings may block the narrow pore-channel of conventional nanopaticulate
electrodes having limited pore size (5–7 nm). Also, this method takes several
hours for coating (12–48 h) and high roughness surface requires seed layers, for
example CdS is widely applied as seed layer for CdSe deposition [64].

3.3 Successive Ionic Layer Adsorption and Reaction
(SILAR)

The successive ionic layer adsorption and reaction (SILAR) method is an
emerging method for depositing variety of semiconductor quantum dots both as
binary (CdS, CdSe, PbS, CdTe, CuS, Sb2S3, Sb2Se3, Bi2S3, etc.) and ternary
compounds (CdSxSe1-x, CuInS, CuIn2S3 etc.) [72, 73]. The SILAR method is
inexpensive, simple and convenient for large area deposition. There is no
restriction of coating surface and can be widely applied to all kind of materials
such as insulators, semiconductors, and metals. One of the advantages of SILAR
process is the likelihood of achieving coatings at low temperature which avoids
oxidation and corrosion of the substrate. The following parameters are indispen-
sible in controlling the particle size and bandgap of QDs; concentration of the
precursors, nature of complexing agent, pH of the precursor solutions and
adsorption, reaction, and rinsing time durations etc. [74]. The reviews by Mane
et al. [44] and Pawar et al. [75] provide the detailed picture of semiconducting
chalcogenide films coating by SILAR. The growth mechanism involves four most
important steps: (a) specific adsorption of cationic precursor (b) rinsing of the
nonspecifically adhered chemicals, and (c) the chemical reaction between the most
strongly specific adsorbed cations and less strongly adsorbed anions by the sub-
sequent substrate immersion in the anion solution; and (d) rinsing of the species
that did not react. These four steps constitutes a SILAR cycle, it can be repeated
many times, increasing each time the amount of deposited material. Various stages
of QDs growth (for example CdS QDs) is explained in Fig. 3. The average QD
size can be controlled by the number of deposition cycles. This method has been
used specifically to prepare metal sulfides, but recently SILAR process is expanded
to prepare a variety of metal selenides and tellurides [76].

In SILAR method, the particle size of QDs is controlled by number of coating
cycles. The number of coating cycles depends on the concentration of chemical
bath. As explained in CBD method, increasing the bath concentration above the
critical concentration (Rc) limits the number of SILAR cycles where the QDs are
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redissolved into chemical bath and QDs films might feel-off from the coating
surface. During first SILAR cycle, the seed layer of QDs was formed on the
coating surface and directing further growth for successive coating cycles. The
influence of coating cycles on growth of QDs can be studied by optical absorption
spectra. Figure 4a–c explains the influence of coating cycles on optical absorption
of CdS, CdSe [77], and Sb2S3 [78], respectively. From Fig. 4a, it is clearly
understood that the absorption of CdS and CdSe is found to increase by gradually
improving the coating cycles. Interestingly, nucleation and growth of CdSe on
TiO2 can be greatly accelerated with a CdS underlayer, where CdS is rather a
promoter for the preferential growth of CdSe (Fig. 4b) as it has been also observed
for CBD.

Typically, semiconductor QDs by SILAR process has been demonstrated under
aqueous medium, but the high surface tension causes poor wetting ability on a
solid surface, which leads to poor penetration of the solution in a porous matrix.
Therefore, low surface tension solvent is recommended like alcohol solutions for
efficient QDs coating. Since it has high wettability and superior penetration ability
on the mesoscopic TiO2 film, well-covered QDs on the surface of mesopores is
achieved easily. The high coverage of QDs results by alcohol solvent showed high
absorbance than that of aqueous solvent (Fig. 4c).

Fig. 3 Schematic illustration
of SILAR process
(a) Adsorption of cationic
ions (Cd2+) (b) rinsing (I)
removes excess,
nonspecifically adsorbed
Cd2+ (c) reaction of anionic
(S-) with preadsorbed Cd2+

ions to form CdS and
(d) rinsing (II) to remove
excess and unreacted species
and form the solid solution
CdS on surface of the
substrate. The coverage of
CdS at higher cycles (e) 10
and (f) 30
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3.4 Electrodeposition

Electrodeposition (ED) is an emerging technique for synthesizing semiconductor
thin films and nanostructures, especially chalcogenides and oxides [79–85]. One of
the great advantages of ED method is that they are more suitable for solar cells
application [86, 87] since it allows the possibility of easily altering both the
bandgap and lattice constant by composition modulation through the control of
growth parameters such as applied potential, pH, and temperature of the bath.
Thus, it is at least in principle possible to easily grow large areas of tandem cells

Fig. 4 UV-visible optical density (OD) spectra of as-prepared (a) nCdS and nCdSe, and
(b) 5CdS/nCdSe-coated 2.4 mm TiO2 electrodes, where n is the number of SILAR deposition
cycles. The OD spectra represent the net light absorption by the sensitizers as the substrate
absorption (mesoporous TiO2) was subtracted from the absorption spectra of corresponding
nCdS, nCdSe and 5CdS/nCdSe-sensitized TiO2 electrodes [Hossian et al. reprinted with
permission from RSC] [77] (c) UV-vis absorption spectra of TiO2 with different coating cycles of
CdS QDs in alcohol solutions. The inset shows the absorbance of excitonic peaks after various
cycles of the CBD process for alcohol and aqueous systems [Chang et al. [45] reprinted
permission from AIP publishers]
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designed for the most efficient conversion of the solar spectrum. A large number of
semiconductors CdS, [19, 88] PbS, [89–91], and CdSe, [85, 92, 93] etc., have been
electrodeposited with varying coating parameters such as electrolyte concentra-
tion, pH, and applied potential, etc. The ED method is restricted to electrically
conductive materials. In the electrochemical deposition, the substrate (mesoporous
TiO2-coated TCO) is submerged in a liquid solution (electrolyte). When an
electrical potential is applied between a conducting area of the substrate and a
counter electrode (usually platinum) in the liquid, a chemical redox process takes
place resulting in the formation of a semiconductor QDs layer on the substrate.
The schematic of hybrid electrochemical/chemical deposition of CdS QDs are
presented in Fig. 5 [94].

Recently, Wang group, [13] and X-Y Yu et al., [19] demonstrated the elec-
trodeposition of CdSe QDs on SnO2 and ZnO nanostructures, respectively. The
completely covered CdSe QDs by electrodeposition on mesoporous SnO2

photoanodes showed 17.4 mA cm-2 with 3.68 % PCE, which is relatively a high
performance compared to the previous reports on SnO2 photoanodes-based
QDSSCs. The growth methodology of electrodeposited CdSe QDs at different
cycles is explained in Fig. 6. The size of QDs was influenced by number of coating
cycles. However, more number of coating cycles may block the pores.

In this section, we have summarized the most important sensitization methods
for QDSSCs. We observe the relative simplicity of the methods, that they do not
require vacuum or high temperature conditions. Therefore, chemical approach of
QDs sensitization method is inherently low cost and remarkable efficiency higher
than 6 % has been reported. This fact advocates that QDSSCs have tremendous
potential for the future development of low cost photovoltaic devices.

4 Photoanodes in QDSCs

The photoanode of a QDSSC functions as selective contact for electrons [4]. In
addition, it also works as an electron ‘‘vehicle’’ to transport the injected electrons
from the excited QDs sensitizers to the outer circuit. In general, the photoanode
materials need to satisfy several properties: first, the energy gap of the semicon-
ductor could match with that of the QDs-sensitizer to ensure an effective injection
of the photo-induced electrons from the QDs to the semiconductor, ensuring in
addition electron selectivity blocking holes. Second, the semiconductor electrode
must have a high surface area to accommodate more QDs, so as to harvest as much
photon as possible. The photoanode material is the indispensible component of
QDSSCs which plays crucial role in sensitizer loading, electron injection, trans-
portation, and collection, and therefore exhibits significant influence on the pho-
tocurrent, photovoltage, and the power conversion efficiency. Recently,
remarkable efforts have been paid to the design of the chemical composition,
structure, and morphology of the semiconductor photoanode.
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In sensitizer-type solar cells, the photoanode should have high surface area to
accommodate more amount of sensitizer loading to enhance light harvesting.
However, the recombination process is proportional to the electrode surface area.
The open-circuit potential (Voc) in sensitized solar cells is significantly affected by
the recombination process. A balance between recombination and light harvesting
is therefore needed to maximize sensitized solar cell performance. With these
considerations on mind inorganic semiconductors are extremely attractive due to
their high extinction coefficient, in many cases, see Fig. 7.

In Fig. 7, a comparison of the extinction coefficients of one of the most
employed dyes in DSSCs, N719, with the inorganic semiconductor Sb2S3. This
implied that the effective surface area of QDSSCs covered with QDs may not need
as much increase as in DSSCs for achieving high light harvesting. In this sense,
QDSCs can take advantage of the development of new electrode structures to
control the recombination process with lower effective area and consequently
lower recombination. In addition, despite the high extension coefficient of

Fig. 5 Schematic diagram illustrating the three step electrochemical/chemical (E/C) synthesis of
epitaxial CdS nanocrystals [Anderson et al. [94] Reprint permission from ACS]

Fig. 6 SEM images of low and high magnification of CdSe-free mesoporous film of TiO2

(a) and for different CdSe electrodeposition times from 30 to 300 mC cm2 (b)–(f). [Sauvage et al.
[183], reprint permission from IOP publishers]. (g)–(i) CdSe QDs electrodeposited TiO2 ruitle
nanowires [Kamat et al. [184], reprint permission from Wiley VCH]
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semiconductor QDs sensitizers, it is relatively larger in size than dye molecules;
therefore it is difficult to penetrate deeper parts of TiO2 electrode and thus limiting
the sensitizer loadings. Therefore, large-pore network is prerequisite to afford
effective QDs loading. On the other hand, such photoanodes could demonstrate
high charge transport from sensitizer to a charge collector, ultimately, over-
whelming the charge recombination at photoanode/electrolyte interface. There-
fore, to achieve (a) high sensitizer loading (b) fast electron transport channel, and
(c) good electrolyte pore-filling, establishing multifunctional photoanode frame
work is the promising approach in QDs-sensitized solar cells. The following
nanostructures has been identified as futuristic architectures in QDSSCs (a) highly
interconnected, spatially assembled 1-D network (b) branched nanowires with
highly conducting backbone which directly attached to charge collector, and (c)
three-dimensionally ordered pore arrays with high scattering capability. Some of
the electrode preparation methods also present a high interest for industrial
application, as electrospinning.

In this context, nanofibrous membrane (NF), inverse opal (IO) and hierarchal
nanowire (HN) electrodes receive great deal of attention as three-dimensional (3-D)
photoanodes for next generation DSSCs or QDSSCs. In this section, we will discuss
the fabrication and advantageous of 3-D nanostructured photoanodes in QDSCs.

4.1 Directly Assembled Continuous Fibrous Electrodes

Utilization of the wide pore-structured nanofibers is receiving great attention for
superficial electrolyte penetration through their vertical pores yield effective
interfacial contacts with TiO2–sensitizer interfaces [95, 96]. In particular, fibrous
electrodes prepared by an electrospinning technique showed remarkable perfor-
mance in DSSCs since it support large-scale anode fabrication at low cost. Archana
et al. [97] reported that a 1-D fibrous film results in a high diffusion coefficient

Fig. 7 Extinction coefficient
of molecular dye N719, one
of the most popular dyes in
DSSCs, and Sb2S3 inorganic
semiconductor [Boix et al.
[185] reprint permission from
ACS]
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(Dn & 4.6 9 10-4 cm2 s-1), which is nearly 3 times higher than that of the par-
ticulate electrodes (Dn & 1.5 9 10-4 cm2 s-1) under identical photoexcitation
density. Furthermore, they observed less charge transport resistance and transit time
in the fibrous electrode over the nanoparticle electrode. The high electron diffusive
transport characteristics of fibrous electrodes are fostering as effective photoanodes
for achieving feasible charge collection at QDSCs compared to conventional
nanoparticle electrodes. In addition, fibers have less grain boundary density, which
can overcome the trapping–detrapping loss unlike conventional nanoparticulate
electrodes and beneficial advantages in attenuating the scattering loss [98]. On the
other hand, the inclusion of nanofibers in conventional nanoparticle electrodes
(composite) substantially improves the light harvesting through promoting the
light-scattering pattern (analogous to antenna lobes) [99]. The first QDs
(CdS:CdSe)-sensitized solar cells using direct assembled 3-D fibrous electrodes has
been demonstrated by Sudhagar et al. [47] Followed that significant work has been
developed on fibrous QDSSCs. The schematic structure of electrospinning (ES) set
up is shown in Fig. 8.

The detailed working principles of ES technique have been explained elsewhere
[100–102]. Briefly a continuous TiO2 fibrous membrane is directly assembled on a
FTO substrate using the electrospinning technique (Fig. 8). The typical solution is
used for spinning: 0.53 g of polyvinyl acetate (PVAc) dissolved in 4.45 g of
dimethyl formamide (DMF). After completely dissolving the PVAc in DMF, 1 g
of titanium(IV) propoxide and 0.5 g of acetic acid were mixed well for 30 minutes.
The resultant solution for spinning is loaded into a syringe driver and connected to
a high-voltage power supply. An electrical potential of 15 kV was applied over a
collection distance of 12 cm. The electrospun fibrous membranes were collected

Fig. 8 a Schematic illustration of electrospinning set up. The TiO2 fibrous channels were
directly deposited onto collector (FTO substrates); SEM images of (b) as prepared TiO2 fibers
and (c) calcinated fibers (An et al. [186] Reprinted permission from Elsevier)

104 P. Sudhagar et al.



continuously on the grounded FTO substrate for 20 minutes. Subsequently, the
films were sintered at 450 �C for 30 minutes in air. The diameter of the fibrous
membranes can be easily modified by adjusting the Taylor cone size through (a)
sol concentration (b) flow rate, and (c) applied potential.

Most fibrous electrodes have been fabricated using a two-step method. After fiber
synthesis, substrates are coated with the synthesized fibers, but in this case poor
particle interconnectivity is detected [96, 103]. Continuous electrospun fibers can
solve this problem but peel off limitations has to be overcome. Various approaches
have been demonstrated for this purpose. Song et al. utilized a hot press method to
enhance the adhesion of the nanofiber to the substrate [95]. Similarly, chemical
treatment was also employed to relax the nanofiber to yield an improved adhesion of
the nanofiber to the substrate [104]. Onozuka et al. [105] applied a dimethyl
formamide (DMF) treatment to TiO2 fibrous electrodes, where DMF induced the
swelling of the polymeric substances in the composite film and reinforced the
adhesion between the substrate and fibrous membranes. This DMF treatment has
improved the charge collection efficiency of DSCs by about 20 % compared to
untreated electrodes. Analogous DMF-treated electrospun spheroidal electrodes
were tested in QDSSCs, where the efficiencies increased from 0.85 to 1.2 % through
improving the electrical contact between the fibers and the Transparent Conducting
Oxide (TCO) substrate [106]. Despite the good electrical contact achieved by
chemical treatment, it could affect the fibrous morphology thus lower the pore
volume of the electrode, which severely affect the QDs loading and electrolyte
penetration. In view of maintaining electrode pore volume as well as good electrical
contact between TCO and fibrous network concurrently, it would be a better choice
to choose chemical vapor treatment instead of direct chemical treatment.

Recently, we studied the above said hypothesis of surface treatment (chemical
treatment and chemical vapor treatment) in fibrous electrodes and provide the
detailed insights in controlling recombination rate at QDSCs [63]. Figure 9a–c
compares the SEM images of different surface-treated TiO2 fibrous electrodes. It
clearly indicates that the untreated fibers (Fig. 9a), show a smooth surface with
70–100 nm diameters and several micrometers length. After surface pretreatment
with DMF (Fig. 9b), the fibrous channels were intertwined and became a rather
compact structure. This may be due to the fact that DMF treatment swells the
polymer content of the fibers, thus resulting in a coagulated fiber structure. This
coagulated fiber structure reduces the interpore distance between each fiber channel,
reducing consequently the effective surface area of the electrode for electrolyte
penetration. However, it could improve the electrical contact between the FTO
substrate and the fibrous TiO2 layer. In the case of tetrahydrofuran (THF) vapor
treatment (Fig. 9c), the fibrous surface seems etched, which could consequently
improve fibers inter-junction points. Also, the interpore distance between fibrous
channels is partially retained after the THF pretreatment. As a consequence, THF
treatment produces electrodes to half way between UT and DMF electrodes.

From Fig. 9d THF-QDSSCs result high open-circuit voltage Voc = 0.57 V with
slight improved short circuit photocurrent Jsc = 9.74 mA cm-2 compares to
untreated fibrous electrode based QDSSCs, while the DMF cell presents a lower
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photocurrent. The observed higher performance in THF vapor-treated cells may
attribute to the improved physical adhesion of fibers with the TCO substrate. The
recombination parameters of this system have been studied and found that
chemical vapor treatment offer high charge recombination resistance to the elec-
trodes. Interestingly, these TiO2 fibrous membranes afford high feasibility in
altering their Fermi level under post-doping process. Under the post-doping of
fluorine ion (in Fig. 9d, THF+F) results upward Fermi level shift in TiO2 con-
duction band. This Fermi level upward shift promotes the Voc as well as fill factor
(FF) of the device. We found that the combined pretreatment (THF) and post-
treatment (F ion doping and ZnS QDs decoration on CdS/CdSe QDs) the 3-D TiO2

fibrous photoanode yielded a device performance of 3.2 % with a remarkable
Voc = 0.69 V compared with most of the reports existing in the literature.

Yet another attempt on improving the electrical contact between fibrous elec-
trode with TCO substrates has been demonstrated by Samadpour et al. [107].

Fig. 9 SEM images of (a) untreated (b) DMF treated and (c) THF vapor-treated TiO2 fibers;
d current–voltage (J–V) measurements and (f) IPCE spectra of QDSSCs using different surface
treated TiO2 fibers electrodes. The electrode thickness is 2.4 lm. (Sudhagar et al. [63] reprint
permission from RSC publishers)
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They explored that the inclusion of nanoparticle glue layer in between the hollow
nanofiber promotes the electrical contact between fiber channels with TCO as well as
promote the surface area of the electrode. Figure 10 shows the schematic of hollow
nanofiber photoanode-based QDSC (Fig. 10a) along with JV and IPCE performance
(Fig. 10b, c). In this work, authors compared nine different photoanodes for instance
conventional particulate TiO2 (NP), pure hollow nanofiber (NF), and mixed com-
posite of NP and NF. From Fig. 10b, c, the efficiency of the pure hollow fiber (F)
structure is just 0.66 % (Voc = 0.43 V, Jsc = 3.1 mA cm-2, FF = 0.54), the effi-
ciency of cells with XX structures (TiO2 paste which contained TiO2 nanoparticles
and fibers) increased to 3.24 % (Fig. 10c), which constitutes a 6-fold enhancement.
In this structure, the 20 nm nanoparticles act as a glue crosslinking the fibers and also
improving the adhesion with the FTO substrate. Mixing both fibers and nanoparticles
(X structures) has the additional beneficial effect of light scattering and facile
electron transport provided by the one-dimensional hollow fiber structure. The TiO2

paste which contained TiO2 nanoparticles and fibers (XX) showed high performance
than that of pure hollow fiber-based QDSSCs (data not shown in the figure).

Nevertheless the direct assembled fibers showed competitive performance with
nanoparticulate structures, under similar thickness, further enhancing the electrode
thickness (above 10 micron) is really a challenging task. Since, at high thickness

Fig. 10 a Schematic view of the hollow nanofibrous anode based QDSCs, IPCE; corresponding
(b) IPCE and (c) J–V curves of the SILAR sensitized cells. (Samadpour et al. [107] reprint
permission from RSC publishers)
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the fibrous membranes are found to peel off from the TCO substrate. Recently, we
demonstrated the hierarchical hollow nanofiberous electrode with nanotube
branches which balancing the trade-off between the fibrous thickness and
mechanical stability [108]. Assembling NT arrays on a highly interconnected 3D
fibrous backbone would reinforce the stability of the electrode. Figure 11 shows
the fabrication stages of hierarchical 3-D hollow TiO2 nanofibers (H-TiO2-NFs)
and the detailed experimental procedure explained in elsewhere [108].

Figure 12a shows the QD-sensitized 3-D TiO2 nanotubes branched on TiO2

hollow nanofibers (H-TiO2 NFs). The high resolution TEM images reveal that the
spatially decorated TiO2 NT arrays on TiO2 NFs have good contact with the TiO2

backbone. Furthermore, TEM images (Fig. 12a, b) suggest that the TiO2 tubular
branches have sufficiently large pore channels for electrolyte filling as well as good
structural stability. This 3-D photoelectrode was tested and compared with con-
ventional vertically grown TiO2 nanotube on TCO (TiO2-NT). The optical
reflectance spectra (Fig. 12c) shows high reflectance compared to TiO2-NTs in the
wavelength range of 380–800 nm. This might be attributed to the multiple scat-
tering of incident light at the hierarchical TiO2 NT branches, thus drastically
enhancing the reflectance of the electrode. The photovoltaic performance of
TiO2-NT and 3-D H-TiO2 NFs electrodes were compared in Fig. 12d. The TiO2-
NTs directly grown on a FTO electrode resulted in a photoconversion efficiency of
g = 0.9 % with photovoltage, Voc = 0.62 V, photocurrent, Jsc = 2.5 mA cm-2,
and fill factor, FF = 58.3 %. As anticipated, the hierarchical TiO2 nanotube
branches grown on a hollow NF backbone show unprecedentedly promoted to
g = 2.8 % with Voc = 0.61 V, Jsc = 8.8 mA cm-2 and F.F. = 50.3 %. It is
clearly evident that the TiO2 NTs spatially assembled on the hierarchical
3D-nanofibrous backbone promote the QDSSC performance by a factor of three
compared to the TiO2 NTs directly grown on a TCO substrate. We can relate the
enhancement of photocurrent generation with the H-TiO2 NF photoanodes to
several contributions: (a) higher effective surface area and consequently higher QD
loading and light harvesting; (b) highly efficient charge collection throughout the
photoanode with fewer boundary layers and (c) the multiple scattering effects of
the comb-like hierarchical NT arrays, in particular, red photon harvesting.

4.2 3-D Tree-Like Branched Hierarchical Nanowire

Designing vertically grown 1-D nanostructures such as nanowire [109–112] and
nanotube [113–117] which directly attached to the charge collectors (TCO) pro-
vides high charge collection efficiency in DSSCs. However, the larger voids
presence in between the nanowire/tube channels lowers the internal surface area of
the electrode [118]. Promoting internal surface area through introducing hierarchal
branches on 1-D nanostructured stems are beneficial approach for achieving 3-D
photoanodes and offers simultaneously improved surface area and favorable
electron transportation. The resultant 3-D complex nanoarchitectures show many
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advantages in sensitizer-type solar cells including: (i) the enhancement in the light-
harvesting probability through large surface area for sensitizer loading and photon
localization arising from the random multiple scattering of the light within the pine
tree network (ii) the direct charge extraction pathways throughout the device
thickness (fast electron transport from sensitizer to collecting terminal), and (iii)
the huge 3-D porous network that allows better electrolyte filling, with possible
beneficial implications for preparation of solid devices.

Among the many 3-D hierarchical anode architectures, ‘‘tree-like’’ morphology
is a versatile candidate, since the tree-like configuration can be fabricated in large
scale and each electronic interfaces being assembled at separate stages without any
complication. The schematic structure of proximally coated sensitizers on tree-like
framework is illustrated in Fig. 13. Under irradiation the excited electrons at
sensitizer can inject to wide bandgap branches (WB-PA), and subsequently the
electrons were being rapidly reached to collector substrate through conducting
backbone nanowire (stem) [119].

Macroscopically, assembling tree-like crystalline framework results 3-D
‘‘nanoforest’’ structure, which offer ample room for more quantity of sensitizer
loading compare to branch-free nanowire electrodes. This approach is simply
mimicking branched plant structures, ultimately, to capture more sunlight.

Fig. 11 Schematic illustration of H-TiO2 NF photoanode fabrication stages of (a) TiO2 hollow
nanofibers (TiO2-NFs), (b) ZnO NR templates grown on TiO2-HNFs, (c) TiO2 nanotube branches
grown on TiO2-NFs through ZnO NR templates, and (d) QD-sensitized H-TiO2 NF photoanode.
(Han et al. [108] reprint permission from RSC publishers)
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Fig. 12 a FE-SEM and b HR-TEM images of H-TiO2 NF; c diffused reflectance spectra and d J-
V plots of QDS-sensitized TiO2 nanostructures. (Han et al. [108] reprint permission from RSC
publishers)

Fig. 13 a Schematic structure of electronic interfaces in 3-D tree-like photoanodes; b the J-V
performance of branched nano-tree photoanodes compares with branch-free TiO2 photoanodes
(Herman et al. [187] reprint permission from IOP publishers)
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Figure 13b clearly explains the advantage of tree-like photoanodes compared to
conventional nanowire electrodes. From Fig. 13b the photocurrent of the DSSC
has monotonically increased by extending the length of branches in the electrode.
The similar photocurrent enhancement in hierarchical 3-D tree-like photoanodes
has been widely found in the DSSCs literature [120–122]. The efficiency
enhancement of 3-D tree-like electrodes is mainly due to enhanced surface area
enabling higher sensitizer loading and light harvesting and also is due to reduced
charge recombination by direct conduction along the stem of the nano-tree [123].
The hierarchical branches in tree-like electrodes has been grown either by seed
layer-assisted method, [124–126] or self-catalyst-based mechanism [127]. The
stem of the electrode (back bone) may be nanowire or nanotube. However, the
overall photoconversion efficiency of the 3D tree-like photoanode strongly
depends on their growth mechanism. Wu et al. compared the performance of
hierarchical TiO2 nanowire array photoanodes (hydrothermally grown without
seed layer) with P25 nanoparticle under similar dye uptaking condition [127]. The
Jsc and Voc of P25-based DSSC is 12.0 mA�cm-2 and 794 mV, respectively, which
is much lower than those of 3hr grown hierarchically TiO2 nanowire arrays
(13.9 mA�cm-2 and 826 mV). By increasing the branch length through increasing
hydrothermal duration time to 9 h, the efficiency of the device promotes to 7.34 %.
Further extending nanowire branch growth duration to *12 h the conversion
efficiency found to be decreasing to 6.35 %, which may be ascribed to the for-
mation of more recombination pathways at nanowire/electrolyte interfaces which
lower the conversion efficiency of the device. Interestingly, diffusion coefficient of
iodine redox shuttle is *2 orders higher in hierarchical nanoforest electrodes (D
(I3

-) = 3.3 9 10-8 cm2/s) than NP electrode (D (I3
-)=5.4 9 10-10 cm2/s) [128].

It is understood that the enhanced mass transport of the redox shuttle anticipated to
result high Voc in the device and is realized in many tree-like anode-based DSSCs.

Recently, we demonstrated the QDSSCs with high open-circuit voltage as high
as 0.77 V in ZnO nanowires array electrodes [70]. The performance of the cell can
even be increased to a promising 3 %, using a novel photoanode architecture of
‘‘pine tree’’ ZnO nanorods (NRs) on Si NWs hierarchical branched structure. The
different stages of fabricating hierarchical ZnO nanorods on Si backbone nano-
wires are schematically shown in Fig. 14.

The typical experimental procedure of pine tree-like Si/ZnO electrodes is as
follows: in first stage, the backbone Si nanowires were fabricated via the vapor–
liquid–solid (VLS) process on the Au nanoparticle decorated FTO glass by using a
chemical vapor deposition (CVD) system. By introducing a 10 % silane (SiH4) in
Hydrogen (H2) mixture in a tube furnace, Si nanowires were synthesized under the
reactor temperature and pressure were kept at 480–520 �C and 40 torr for 3 min.
This Si NW thickness is assumed as total thickness of the photoanode. The n-type
doping of Si NWs was achieved by using PH3 gaseous precursor as in situ doping
sources. A more detailed description of the Si NWs growth conditions and their
electrical characteristics can be found elsewhere [70]. At second stage, ZnO
hierarchical rods were grown on Si NWs. The 25 nm thick ZnO film, as a seed
layer, was deposited on FTO glass by using magnetron sputtering. The sample was
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transferred to a beaker containing 25 mM zinc nitrate and 25 mM methenamine in
water for the growth of ZnO NWs and was kept in the oven at 85 �C. After 12 h,
the electrodes were removed from the beaker and rinsed with water then dried by
N2. The ZnO NWs present an average length and diameter of 2.2–2.5 lm and
100–150 nm, respectively. Figure 14d, e shows the TEM images of bare and ZnO
seed particle coated Si nanowire, respectively.

Figure 15a clearly depicted that the branched ZnO NRs directly grown on the
Si-NWs forming a pine tree structure. HR-TEM image (Fig. 15b) at the top of ZnO
NRs reveals that the ZnO NRs are single crystalline and were grown along the [001]
direction. The porosity of the electrode has been maintained even after QDs coating
(Fig. 15c), which is beneficial for effective electrolyte penetration through entire
device. The optical reflectance property of ZnO-NR and 3-D n-Si-NW/ZnO-NR
HBS has been studied by diffuse reflectance (Fig. 15e). Both sensitized electrodes
present a decrease in the reflectance for the wavelength shorter than 620 nm due to
light absorption of CdS/CdSe sensitizer. Analyzing the reflectance values at longer
wavelength, before the absorption threshold, the improved scattering properties of
the pine tree HBS, in comparison with ZnO NWs, are manifested in the higher
reflection values at these wavelengths. The IPCE presents (Fig. 15f) a similar
threshold to reflectance. It is important to highlight that no significant IPCE is
observed at wavelengths longer than 700 nm, indicating a negligible contribution
of the Si-NWs to QDSC performance. This fact also suggests that the light absorbed
by Si-NWs is negligible and consequently the differences observed in reflectance
values at longer wavelength in (Fig. 15e) are in fact due to the scattering properties.
The enhanced light scattering is also responsible to the higher IPCE obtained
for pine tree HBS in the wavelength range of 500–650 nm. By sensitization with
CdS/CdSe QDs, the devices yielded an overall efficiency of *3 %, which was
higher than that of ZnO nanowire arrays due to increased QDs loading and
enhanced light scattering by the 3D geometry. It was also noted that the doping in

Fig. 14 a Fabrication scheme of Si/ZnO hierarchical structure b SEM image of n-Si-NW/ZnO-NR,
and c schematic Si/ZnO hierarchical structure for photoanode d HRTEM images of ZnO seed-
coated Si Nanowire, and e and f their corresponding high magnification TEM images. (Sudhagar
et al. [70] �Reprint permission from ACS Publishers)
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the Si backbone nanowire played an important role in the performance: the ZnO NR
had a Jsc of 8.0 mA/cm2 and efficiency of 2.7 %, whereas the 3-D pine tree QDSC
resulted in Jsc of 11.00 mA/cm2 and efficiency of 3.00 % (Fig. 15g). It is indicated,
pine tree structures have the additional advantage of the fast electron transport
through n-Si NWs. More importantly, we demonstrated that it is possible to obtain
higher Voc QDSCs with an appropriate treatment of the recombination process,
highlighting the fact that QDSCs have to be rethought, separately of DSCs, to
optimize their performance.

Fig. 15 a and c SEM images of pure and QDs-sensitized Si/ZnO hierarchical structure,
respectively; b and d, corresponding TEM images; e diffused reflectance spectra and f IPCE
spectra of Si/ZnO hierarchical anode based QDSCs; g J-V performance of conventional ZnO
nanowire array and Si/ZnO hierarchical anode-based QDSCs compared with corresponding
schematic anode structure (Sudhagar et al. [70] �Reprint permission from ACS Publishers)
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4.3 Inverse Opal Architecture Photoanodes

The disordered geometrical structure of conventional nanoparticle-based pho-
toanode is often limiting the performance of the sensitized-type solar cells due to
interfacial interference for electron transport. Mainly, trap-limited diffusion pro-
cess in randomly connected networks can be affected by recombination with the
oxidizing species in the electrolyte during trapping process. Therefore, designing
the anode frameworks with highly interconnected morphology is a promising
approach in achieving superior charge transport and high penetration of both
sensitizers and redox couples. In this context, a nanostructure which contains
bottom-up 3D host–passivation–guest (H–P–G) electrode has been realized as
promising candidate in DSSCs [129, 130]. Since, 3-D H-P-G electrode offer good
structural control in the electron extraction and the recombination dynamics, this
new type of H-P-G electrode has significantly promoted the photocurrent, fill
factor, and most importantly the photovoltage of DSSCs [131].

The H-P-G electrode is basically developed by micromolding in inverse opals
(IO) structures using colloidal crystals [132]. It is well reported that inverse opal
TiO2 has large interconnected pores that lead to a better infiltration, also it exhibits
a photonic bandgap (photonic crystal), which depends on the filling fraction of
TiO2 in the inverse opal structure. The preparation procedure of IO electrodes has
been demonstrated in two stages. First, the host layer is self-assembled on TCO
substrates, subsequently secondary coating of guest (TiO2) layer coated on the
host. The preparation methods of 3-D TiO2 IO electrodes were schematically
explained in the Fig. 16a. The host layer may be assembled by either chemical or
physical technique. It is widely demonstrated that the polymer microspheres are
utilized as host layer (polystyrene, co-polymers, etc.) since it is easily removable
without altering the final TiO2 morphology. Figure 16a shows the deposition of
TiO2 layer by chemical method, which support for large-scale fabrication at low
cost. Besides, it is difficult to control the thickness of the TiO2 layer in this
approach. The undesired thick TiO2 coating could clog the mesoscopic pores of
the host layer, which would inhibit sensitization and electrolyte infiltration. This
can be overcome by physical coating like ‘‘atomic layer deposition’’ (ALD), where
the thin guest layer can be conformably coated on the entire polymer microspheres
(Fig. 16b) without clogging the pore structure [129, 133–135]. Finally, polymer
beads were removed (Fig. 16c) by high temperature annealing or with solvents at
room temperature, we obtained a 3D host backbone that is well connected to the
underlying TCO substrate. The resultant direct electronic connection with TCO
facilitates the charge extraction throughout the interconnected 3D H–P–G elec-
trode. The IO photonic crystal are playing crucial roles in DSSCs as a (a) dielectric
mirror for wavelengths corresponding to the stop band and (b) medium for
enhancing light absorption on the long-wavelength side of the stop band [136, 137].
The advantages of light interaction in these structures ultimately enhance the
backscattering of the device through localization of heavy photons near the edges of
a photonic gap. This scattered light increases the probability of light absorption
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especially in the red part of the solar spectrum. Wide range of IO-based photoa-
nodes were exemplified in DSSCs as a (a) effective scaffold for high sensitizer
loading [138] (b) scattering layer [139, 140] (c) window layer for more light photon
harvesting [141], and (d) high electron-collection 3-D conductive grid [142].
Among many characteristics of IO, particularly opal size (diameter) [133, 143] and
thickness of the electrode [131, 138, 144] has influencing the device performance of
DSSCs.

The QDSCs with IO electrodes has been well demonstrated by Prof. Toyoda
group. The influence of the QDs deposition time at IO surface was studied in detail
[145]. Diaguna et al. studied the influence of opal diameter on photovoltaic per-
formance [146]. The J-V performance of two different TiO2 inverse opal

Fig. 16 a Schematic illustration of the forming 3-D TiO2 Inverse Opal Structures by chemical
solution method; SEM images of (c) polystyrene beads (host) and (d) TiO2 inverse opal (after
removing polystyrene beads); (Reprint permission from Science Direct, [142] and ACS publisher
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electrodes made from latex template with diameters of 309 and 394 nm was tested
(Fig. 17a). The wide pore size of opal 394 nm results slightly higher efficiency
2.7 % than the smaller pore size opal-based cell (2.4 %) [146]. Further, Toyoda
et al. explored how the wide pore nature of IO supports the efficient QDs coating
[145]. Figure 17b shows the JV performance of IO-based QDSSCs with different
amount of QDs loading. From Fig. 17b it clearly understands that 8 h chemical
bath deposited CdSe QDs coating performed higher than that of 4 h QDs coating.
The former QDs coating result 3.1 % of PCE with Jsc = 8.3 mA cm-2,
Voc = 0.69 V and FF = 0.57. In the case of later one (4 h CdSe QD coating)
results 2.8 % of PCE with Jsc = 8.2 mA cm-2, Voc = 0.68 V and FF = 0.54.
Further enhancing the QDs deposition to 24 h, the PCE was found to be reduced to
1.0 % (Jsc = 3.1 mA cm-2, Voc = 0.61 V and FF = 0.55) due to pore blockage,
which severely affect the electrolyte penetration. Thus, result poor hole scavenging
at QDs/IO interfaces, and lower the Voc and Jsc [145]. In order to understand the
feasibility of IO electrode in QDSCs, the typical PV performance of IO is com-
pared with NP electrode in Fig. 17c. Both IO and NP electrode thickness is about
9 lm. The IO-based QDSSC showed a higher efficiency (3.5 %) than that of the

Fig. 17 a J-V characteristic of two different TiO2 inverse opal electrodes made from latex
template with diameters of 309 and 394 nm [146]; b Photocurrent density–photovoltage
characteristics of CdSe QD-sensitized inverse opal TiO2 solar cells with different adsorption
times [145]; c Photocurrent density–photovoltage characteristics of CdSe QD-sensitized inverse
opal TiO2 and nanoparticulate TiO2 solar cells with the same electrode thickness [145]; d Time
dependence of the TG signal intensity of CdSe QD-sensitized inverse opal (IO) and
nanoparticulate (NP) TiO2 solar cells [145] (Reprint permission from IOP publishers, [146]
and RSC Publishers [145])
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nanoparticulate-based QDSSC (2.4 %) due to the higher Voc, although the amount
of CdSe QDs in the inverse opal case might be a half of that in the nanoparticulate
case due to the difference of surface area. The higher Voc in the IO QDSSCs was
ascribed to the larger fraction of electron injection to the TiO2 resulting in a higher
quasi Fermi level, detected with ultrafast optical measurements, Fig. 17d. In
addition to the above comparative results, Samadpour et al. also compared the
performance of IO-based QDSSCs along with variety of nanostructured electrodes
(nanotube, nanofiber, and nanoparticulate) [71]. They suggested that choosing the
semiconductor deposition strategy (CBD or SILAR) is more important where
the pore blockage takes a key role which influences the efficiency of QDSSCs.

5 Hole Transporting Material

Concerning the hole transporting material, it is a major difference with liquid
DSSCs as many of the most employed semiconductors for light harvesting are not
stable in solutions with the conventional I-/I3

- redox couple [7]. Stability problems
could be solved by the use of Co redox couples, but the photocurrents obtained were
relatively low [40, 60, 76]. The other approximation used to solve this issue was the
coating of the semiconductor QDs with a protecting layer of amorphous TiO2 [147].
However, obtained photocurrent was not much appreciable. In order to solve these
issues, the most common redox couple employed for QDSSCs is the polysulfide
(S2-/Sn

2-), generally in a aqueous solution [148]. Polysulfide redox helps in the
stability of semiconductor light absorber in the liquid devices, it also allows high
photocurrents (photocurrents as high as 22 mA/cm2 has been recently reported for
PbS/CdS QDSSCs [149]), but it introduces an additional problem of a bad charge
transfer with the platinized counter electrodes [21] commonly used in DSSCs. As a
consequence very bad fill factors, FF, are commonly reported with platinized
electrodes and polysulfide redox, see for example, refs. [21, 146]. In order to
replace this inconvenient Pt catalytic electrodes, the fourth aspect commented
previously have been developed for polysulfide electrolyte. We will come back
with this issue later.

There are three interesting aspects that is worthy to comment related with
polysulfide redox electrolytes. The first one is related with a deceptive practice that
unfortunately is reported in a relatively significant number of papers. One of the
requirements that an electrolyte for sensitized solar cells has to fulfil is the stability
during a complete charge extraction process. Reduced species of the redox couple
are oxidized during the hole regeneration of the sensitizer. Oxidized species dif-
fuse to the counter electrode where they are reduced again in a fully regenerative
process. This is the case of aqueous polysulfide electrolyte, but it is not estrange to
find a paper where methanol is added as solvent. Methanol acts as a hole scavenger
regenerating oxidized sensitizers, but it is not regenerated itself at the counter
electrode, as the redox couples. As a consequence cells prepared with methanol in
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the electrolyte increases artificially the photocurrents, but this effect disappear
when the methanol is exhausted. Obviously, this electrolyte cannot be used in a
solar cell that demands a long device lifetime.

Related with this aspect, it is also important to work in the long-term stability of
QDSSCs. There are very few report in this issue, probably as the first aspects that
the authors wants to optimize is the efficiency as for most of the QDSSCs studied it
lays significantly below than the efficiency reported for DSSCs. The main problem
of liquid devices is the volatility of the electrolyte. It forces to use very sophis-
ticated (and sometimes expensive) sealing processes in order to avoid electrolyte
leakage. A common procedure systematically used in DSSCs is to employ ionic
liquid, with significantly lower volatility that the standard solvents, as electrolytes.
The reduced volatility eases the process of sealing that cheapens the cell at the
same time that extend the device lifetime. The price of this improvement is a
reduction in efficiency due to the increase in the diffusion of species in the elec-
trolyte. A similar approximation has been developed for QDSSCs but using ionic
liquids based on sulfide/polysulfide instead of the ionic liquids based on iodine
employed on DSSCs [150]. Despite, further work is required to optimize the
results sulfide/polysulfide ionic liquids could present promising results in terms of
cell stability.

Nevertheless at this moment there is no optimum electrolyte for QDSSCs. Proof
of this is the fact that the efficiencies obtained in liquid QDSSCs are no higher than
those obtained in solid cells, while in the case of DSSCs the efficiencies of liquid
cells is sensibly higher than solid ones. At least until the apparition of the cells
using lead halide perovskite as light absorbing material, we will discuss this
especial case in the Sect. 8. With the exception of perovskites the semiconductor
providing the highest efficiency in all-solid sensitized devices is Sb2S3, with an
efficiency of 6.3 % [67]. The study of this material in solid configuration was
approached for the first time by Larramona and co-workers [151] and indepen-
dently by Messina et al. [152]. In the case of Larramona CuSCN, a wide band gap
p-type semiconductor, was used as HTM, while in Messina’s work they contacted
directly Sb2S3 for hole extraction. Very encouraging results were reported later by
the groups of Hodes, [49] and Hodes and Grätzel, [153] in this last one using spiro
OMeTAD as HTM. But the higher results have been reported by the groups of
Seok and Grätzel [68, 154] using conductive polymers as HTM that boosted the
efficiency to unprecedented values, at that moment, values of 5–6 %, even higher
than liquid QDSSCs.

6 Counter Electrode

The last consideration concerning polysulfide electrolyte is related with the counter
electrode. We have already discussed that platinized counter electrodes are one of
the cause of poor FF obtained for QDSSCs with polysulfide electrolyte [21, 146].
This problematic cause was already discussed at the beginning of the 1980s by
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Hodes et al. [155] suggesting PbS, CoS, and Cu2S as alternative counter electrodes
for a good charge transfer with aqueous polysulfide. All three counter electrode
materials have been investigated in QDSSCs. PbS counter electrodes increases
significantly the cell performance of QDSSCs with polysulfide electrolyte, espe-
cially by the increase of FF and photocurrent [57]. PbS has been also studied in
combination with carbon black [156]. Carbon foam was also checked [157]. Cu2S,
CoS, and combination of both materials have been also employed in the develop-
ment of QDSSCs [158]. But probably Cu2S has been the material most used in the
preparation of efficient counter electrodes for polysulfide electrolyte and the record
cells with polysulfide, 6.36 % efficiency with CdSexTe1-x colloidal quantum dots,
[38] has been prepared using this material as the base of the counter electrode. This
material presents higher performance that platinized and Au counter electrodes, see
Fig. 18. Generally, it is prepared from a thin foil [24]. But in this format the sealing
of active electrode and counter electrode becomes difficult. To solve this incon-
venience Cu2S pastes that can be deposited on transparent conductive oxide
substrates has been developed [159]. An interesting alternative is the use of Cu2S-
reduced graphene oxide composite [160]. Briefly, graphene oxide is reduced by
adding Cu ions in its structure, see Fig. 19. Cu2S is finally formed with the help of
sulfur atoms (just by using a polysulfide solution). Finally, a powder is obtained and
properly treated can be deposited by doctor blade in the conductive substrate. This
counter electrode has been used in the preparation of record cell in that moment
with 5.4 % efficiency [161] (Fig. 20).

7 Recombination and Surface States

In this sense, Sb2S3 exhibits an interesting potentiality for the development of
efficient QDSSCs, but in order to improve the obtained results, it is needed to
reduce the recombination in photovoltaic devices using this material as light

Fig. 18 Effect of counter
electrode material on the
QDSSC performance. The
effect is especially evident in
the FF (Reprinted permission
with Giménez et al. [24])
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absorber. This fact highlights the last of the five aspect in which QDSSCs shows
sensible differences with DSSCs. In Fig. 19 recombination resistance, Rrec, of TiO2

electrodes bare or sensitized with different materials is depicted. Note that the
recombination is reduced, in comparison with bare TiO2, when the electrode is
sensitized with the molecular dye N719, as the molecule acts as a blocking layer
for the recombination of electrons in TiO2. In contrast, only a slight decrease in

Fig. 19 Scheme of the preparation of reduced graphene oxide with Cu2S nanocomposite for
applications as counter electrode material in QDSSCs (Reprinted permission with Radich et al.
[160])

Fig. 20 Recombination resistance of bare mesoporous electrode of TiO2 and three sensitized
TiO2 electrodes. Electrodes have been sensitized with the molecular dye N719 and with two
inorganic semiconductors CdS and Sb2S3. Recombination resistance has been measured with
impedance spectroscopy in three electrode configuration with liquid electrolyte. Recombination
resistance is inversely proportional to the recombination rate and it is plotted as function of the
equivalent conduction band potential, Vecb, where the shift of the conduction band [188] of the
different electrodes has been removed (Reprinted permission with Boix et al. [189])
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recombination (slight increase in Rrec) is observed when CdS is used as sensitizer.
But, in the case of Sb2S3 recombination is even enhanced in comparison with bare
electrode. This fact indicates that the inorganic sensitizer itself has an active role in
recombination process, in other word the sensitizer introduces active recombina-
tion site where photoinjected electron in the TiO2 find a pathway for recombi-
nation. Here a clear difference with DSSC is highlighted, while molecular dyes
only presents the HOMO and LUMO levels for shelter electrons, in the case of
QDs or inorganic semiconductors, surface states could play an important role in
the QDSSCs performance [7]. In fact the main effect of the well-known ZnS
treatment that enhances significantly QDSSCs in many cases, [10, 24, 34] is to
passivate the surface states of the inorganic sensitizer [162]. Thus, the recombi-
nation though the sensitizer in QDSSCs has to be reduced in order to improve the
photovoltaic conversion efficiency, passivation treatments of TiO2 surface [163],
or of the light absorbing material itself [164, 165] have shown a tremendous effect
in the cell performance, but further analysis in this direction is needed to continue
the optimization of QDSSCs. On the other hand, each kind of inorganic semi-
conductor could require a different passivation process in terms of stability and
efficiency of the semiconductor layer.

Finally as introduction for the next section, it has to be highlighted that in
addition one of the effective approaches to control the recombination rate in
QD-sensitized solar cells (QDSSCs) is to densely cover the QDs on mesoporous-
nanostructured electrodes [10] without naked sites, that directly block the physical
contact between electrolyte and TiO2 [166, 167] In this configuration, semicon-
ductor sensitizer layer is acting as a barrier between electrons in the TiO2 and
accepting species in the electrolyte hindering this recombination path way, but
recombination though sensitizer semiconductor is still possible as it has been
previously commented. Taking into account this consideration, the procedure in
with electrodes sensitized also plays an important role in the recombination of
QDSSCs [71].

8 The Perovskite Revolution

Recently, a new type of photovoltaic cells with organometallic halide perovskites
as light harvester materials have burst onto the scene gaining great attention in the
scientific community. It is due mainly because a rapid succession of occurrences of
record devices in a short-time period, which it is now reaching above of 14 % of
certified efficiency, [168] and even further increase has been announced. Here, we
briefly review the most striking results in the current hottest topic on photovoltaics.
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8.1 Structure, Chemical Composition, and Optoelectronic
Properties of Halogenated Perovskites

The halogenated hybrid perovskites have been previously studied as semicon-
ducting materials processable in solution at low temperature for thin-film field-
effect transistors, where they have shown to have a high mobility of carriers
compared with organic materials [169]. Hybrid perovskites of type ABX3

(A = CH3NH3
+, B = Pb2+, X = Cl-, Br-, I-) used in the newly developed

photovoltaic devices are formed by inorganic layers of lead halide corner-sharing
octahedrals interpenetrated by an alkylammonium cation network where the size
of the organic cation plays an important role to define the final type of perovskite
structure formed, Fig. 21.

The most used cations in the cells reported to date were methylammonium and
lead (II) for the positions A and B, respectively. (CH3NH3)PbI3 compound has a
direct bandgap of 1.51 eV determined experimentally [170] and theoretically [171].
Also, this hybrid organometal halide perovskite has a high absorption coefficient
compared to the N719 dye [172]. The work function studied by photoelectron
spectroscopy of spin-coated polycrystalline films showed valence-band levels of
(CH3NH3)PbI3 and (CH3NH3)PbBr3 at -5.44 and -5.38 eV versus the vacuum
level, respectively and the conduction band levels calculated from the optical
absorption edges are at -4.0 and -3.36. Therefore, these profiles mean that
electron injection to the TiO2 conduction band is favored. Figure 22 summarizes
the main optoelectronic properties of (CH3NH3)PbI3.

8.2 Construction of Solid-State Devices Using Wet Methods

Perovskites have been used as light harvester since 2009 when Miyasaka et al.
[173] reported that these materials could be an alternative to binary chalcogenide
based on QDSSCs, reaching an efficiency of 3.8 %, Fig. 23. An interesting aspect
of the manufacture of these devices is that the active material is solution pro-
cessable using a stoichiometric solution of (CH3NH3)I and PbI2 at room temper-
ature and without employ vacuum techniques. However, the liquid electrolyte used
as hole transport layer rapidly degrades the active material of sensitized cell.
Approximately 2 years later, a work from Park and collaborators developed a cell
which had twice the efficiency of Miyasaka cell due mainly to the use of more
concentrated perovskite precursor solutions [172]. However, the cell was also
deteriorated rapidly by the liquid electrolyte.

The breakthrough in efficiency (9.7 %) and stability ([ 500 h) was done by the
same group in 2012 using a solid electrolyte, the spiro-MeOTAD, instead of liquid
electrolyte, Fig. 24 [170]. At the same time, devices whose active layer is also
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Fig. 21 3D structure for ABX3 type perovskites

Fig. 22 Diffuse reflectance and UPS spectra for (CH3NH3)PbI3 perovskite sensitizer. a Diffuse
reflectance spectrum of the (CH3NH3)PbI3-sensitized TiO2 film. b Transformed Kubelka-Munk
spectrum of the (CH3NH3)PbI3-sensitized TiO2 film. c UPS spectrum of the(CH3NH3)PbI3-
sensitized TiO 2 film. d Schematic energy level diagram of TiO2 (CH3NH3)PbI3, and spiro-
MeOTAD (Reprinted permission with Kim et al. [170])

Quantum Dot-Sensitized Solar Cells 123



deposited by spin-coating but the formulation of the perovskite incorporates a
halogens mixture (CH3NH3)PbI2Cl, and the scaffold material is Al2O3 reached
PCE profiles of 10.9 % [174]. The perovskite is not able to inject electrons in the
Al2O3-mesostructured scaffold but the HTM layer, the spiro-MeOTAD, compen-
sates the situation injecting and transporting holes efficiently to the cathode. Etgar
et al. went one step further publishing a work where the HTM layer of the cell is
removed and the efficiency of the cell remains above 5 % using TiO2 as scaffold
for the perovskite [175]. The two last discoveries raise the question if these cells
should be considered classic sensitized dye cells. But the last works published in
such devices to early and mid-2013, are more focus in increasing the cell efficiency
that in attempting to elucidate the mechanisms of storage, transportation and
injection of electrons and holes. High efficiency has been also obtained by using
polymeric HTM, [176] different morphologies of mesostructured layer, [177]
perovskites with a mixture of halogens, [178, 179] and an impressive manufac-
turing technique employing sintering temperatures below 150 �C and efficiencies

Fig. 23 TEM micrographs of (a) wide view of (CH3NH3)PbI3 deposited TiO2 (b) magnified
image of (CH3NH3)PbI3 deposited TiO2. (Reprinted permission with Im et al. [172])

Fig. 24 Solid-state device and its cross-sectional mesostructure. a Real solid-state device.
b Cross-sectional structure of the device. c Cross-sectional SEM image of the device. d Active
layer-underlayer-FTO interfacial junction structure (Reprinted permission with Kim et al. [170])
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of 12.3 % [180]. In addition impressive Voc of 1.3 V has been also reported for
(CH3NH3)PbBr3 [181].

Finally, a recent study [182] focusing on the analysis of capacitances in
perovskite solar cells using photoanodes with both TiO2 and ZrO2 mesoporous
photoanodes, have shown a similar behavior despites the significant differences
between both (electrons cannot be injected from (CH3NH3)PbI3 into ZrO2 as in the
case of Al2O3). In both cases a capacitance that can be attributed to the perovskite
has been detected (Blue triangles and green diamonds in Fig. 25). This capacitance
indicates that charge accumulation is occurring in the perovskite itself in contrast
with conventional all-solid DSSC where the charge accumulation is produced in
the TiO2 after photoinjection (red inverted triangles in Fig. 25). This is, the first
observation of charge accumulation in the light absorbing material for nano-
structured solar cells, indicating that it constitutes a new kind of photovoltaic
device, halfway between sensitized and thin-film solar cell for NS TiO2 and a thin-
film solar cell with ZrO2 scaffold for NS ZrO2.

In summary, perovskite (CH3NH3)PbI3-sensitized or mesoscopic solid-state
solar cells using different HTMs (polymeric or molecular materials), scaffolds and
halides are a promising type of solar cells to be converted in real-life manufactured
devices in short time. However, the fast succession of record devices prepared last
year, Fig. 26, is not being balanced with a full understanding of these cells work,
and more studies in the theoretical plane are needed.

Fig. 25 Left graph plots capacitance of: flat sample with perovskite (PS); blank NS TiO2

(0.35 lm thickness) with no PS; NS TiO2 (0.55 lm thickness) with PS extracted from
measurement under dark and under 1 sun illumination (light) conditions; and all-solid DSSC
(2.2 lm thickness) with N719 as dye and spiro-MeOTAD as HTM. Right graph plots capacitance
of flat sample with perovskite (PS); blank NS ZrO2 (0.39 lm thickness) with no PS; NS TiO2

(0.36 lm thickness) with PS extracted from measurement under dark and under 1 sun
illumination (light) conditions; and all-solid DSSC (2.2 lm thickness) with N719 as dye and
spiro-MeOTAD as HTM. Capacitance has been normalized to the electrode volume. Capacitance
for both graphs has been extracted by fitting the impedance spectroscopy spectra from the
intermediate frequency (if) region if nothing else is indicated. In some cases capacitance has been
extracted from the high frequency (hf) region as it is indicated in the legend (Reprinted
permission with Kim et al. [182])
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8.3 Conclusions

Despite the limited efficiencies obtained in the early stages of the study of
QDSSCs, the potentialities of semiconductor thin layer or quantum dots has
impelled the research on this devices in the last few years. We noted that the
problems of such devices are different in many respects to that happening in
DSSC, while both types of solar cells work according to the same principles. In
QDSSC, the sensitizer material can be prepared in several ways affecting the final
device performance. Photoanode nanostructure, hole transporting material, counter
electrode, and recombination processes (affected by semiconductor trapping states)
have to be optimized in order to enhance the reported efficiencies. As a result of
the intense work on QDSSCs a real breakthrough, with organometallic halide
perovskites, has occured very recently. Solar cells with efficiencies as high as
15 % are reported, and it looks that further increase will be attained soon. In
addition to the impressive efficiencies one of the strongest points of these new cells
is that they can be prepared from solution techniques, as the once developed for
QDSSCs, and consequently the production cost of the photovoltaic device can be
dramatically reduced.
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The Renaissance of Iron Pyrite
Photovoltaics: Progress, Challenges,
and Perspectives

Alec Kirkeminde, Maogang Gong and Shenqiang Ren

Abstract Pyrite has long been proposed as a green solar cell material. Even with
its promising properties, studies on pyrite have lagged behind many other semi-
conducting materials. Unanswered questions about the affects of defects and how
to grow pure crystalline material still exist. With the rise of nanochemistry and
more powerful computational methods, pyrite is seeing an explosion of new
studies. This chapter first presents pyrite and its green promise as a material,
followed by the materials characteristics. It then moves into synthesis of pyrite,
starting with old methods and then transitioning into different methods of nano-
crystal creation. Finally, photo-devices created out of pyrite materials are dis-
cussed. The chapter then wraps up with a summary and what still needs to be done
for pyrite to achieve its golden status.

1 Introduction

1.1 Pyrite’s Green Energy Aspects

The need for new renewable resources is growing every year. Solar cells have been
proposed as an alternative means to help generate energy for the world’s contin-
uously growing needs [1, 2]. Many different semiconductor systems have been
studied for solar cell application (CdS, CdTe, CuS2, CuInSe2), but the most well-
developed material is silicon. Crystalline silicon (C-Si) devices have been
extensively optimized, but still suffer from the high costs of creating the crystal-
lized material. C-Si also requires high material consumption due to its poor

A. Kirkeminde � M. Gong � S. Ren (&)
Department of Chemistry, University of Kansas, 1251 Wescoe Hall Drive, Lawrence,
KS 66045-7572, USA
e-mail: shenqiang@ku.edu

Z. Lin and J. Wang (eds.), Low-cost Nanomaterials, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6473-9_6, � Springer-Verlag London 2014

137



absorption, requiring thicker layers of photoactive material. These drawbacks have
kept C-Si solar cell energy more expensive than other methods of conventional
energy generation. Other semiconducting materials have been proposed to avoid
the high material consumption such as CdS, CdSe CdTe, CuInSe2 due to their
better absorbance. While these materials exhibit better absorbing properties, they
contain toxic elements that propose environmental problems both in mass pro-
duction and in widespread use. A material that exhibits high absorption while
retaining low material cost and toxicity will be necessary to drive energy costs
down.

Iron Pyrite (FeS2, Fool’s Gold, Iron Disulfide) exhibits promising properties for
use in solar cell devices. It boasts an indirect band gap of 0.95 eV and an
absorption coefficient of greater than 105 cm-1, which is unusual for an indirect
band gap [3, 4]. In comparison to silicon, another indirect band gap photovoltaic
(PV) material, FeS2 shows two magnitudes greater absorption coefficient [5]. This
higher absorption coefficient means that thinner films, and thus less material, can
be used while creating devices.

Pyrite is a cheaper material than many other inorganic solar materials. Since
silicon is the dominant material for commercial PVs, it is logical to use for com-
parison. Silicon is the second most abundant material in the earth’s crust, while iron
trails in fourth [6]. Even so, silicon production still trails in extraction costs which is
*$1.70/kg [7]. This is 57 times higher extraction costs to that of iron ($0.03/kg).
The huge difference between the price stems from thermodynamics of converting
raw material into final elemental forms. It requires 24 kWh/kg to purify silicon
from its feedstock of silica (SiO2) while it only takes 2 kWh/kg to achieve iron from
hematite (Fe2O3) [8]. This natural barrier will always exist for silicon solar cells and
will limit its use in a future where PVs need to be cost-effective.

Much research has been conducted to increase the efficiency of standard silicon
solar cells to combat this natural cost of production. Yet, studies show that a
crystalline silicon cell with efficiency of 19 % will still produce 10–100 times less
energy than the annual global consumption [7]. When compared to FeS2, creating
a solar cell with 4 % efficiency and three times less material consumption could
produce the same amount of energy. This example shows that it may be best to put
aside the mentality of trying to achieve the best efficiency of silicon cells and look
into mass production of cheap, less efficient cells.

It is obvious from the above that being able to use less material is conducive to
keeping solar cell costs down. Thin film solar cells have been extensively
researched in the past and show great promise to help improve, and have put to use
both organic and inorganic active layers [9-14]. Recently, with the explosion of
nanotechnology research, nanocrystals have been utilized in creating films of
material that are less than 300 nm that show greater than 3 % efficiencies [15-18].
Combining the promising aspects of nanomaterial and iron pyrite’s notable
properties could unlock the door to creating low-cost solar cells with minimal
material usage, which could drive down the cost of energy and decrease our
dependence on other, less green, sources of energy.
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1.2 Pyrite Crystal Structure and Properties

Pyrite (FeS2, Fool’s Gold) crystal structure is one of the best examples of cubic
AB2 structures. This structure is mainly characteristic of AB2 compounds of
pnictides, such as P, As, Sb, and chalcogenides, such as S, Se, Te. Since FeS2 is the
most prominent example of this structure, pyrite has been used to name this
family. In this section, we focus mainly on FeS2, but this structure can be used for
the other members of this family. The pyrite structure can be represented by
imagining the NaCl cubic crystal structure and replacing the sodium with the iron
atom and the chlorine atom with dumbbells of the S2 dimer compound. The iron
atom is in a distorted octahedral coordination site surrounded by six sulfur atoms,
while the sulfur atoms sit in a distorted tetrahedral coordination surrounded by
three other sulfur atoms and one iron atom. The distortion of the pure NaCl
structure reduces the symmetry of the pyrite structure, putting in the Pa3 point
group. Lattice constants of pyrite is found to be 5.418 A with Fe-S distances being
2.26 A and S-S distances being 2.14 Å [4]. It is important to note that FeS2 can
also crystallize into an orthorhombic structure named marcasite. While the pyrite
structure has corner linked coordination octahedral, marcasite exhibits edge linked
octahedral. Marcasite offers different properties, which are usually detrimental to
pyrite’s promising characteristics for solar application.

From crystal field theory, it is known that transition metal’s d orbitals are
nondegenerate in an octahedral environment. In pyrite, the t2g set made of the dxy,
dyz, dxz orbitals controls the valence band and the eg set made with the remaining
dz

2 and the ds
2

-y
2 orbitals control the conduction band. Since iron is in an oxidation

state of 2+ in pyrite, this leaves six electrons remaining to fill up the three t2g

orbitals, making it a diamagnetic low-spin semiconductor. The splitting between
these two orbital sets controls the band gap of the semiconductor and for pyrite it
has been found that this gap is 0.95 eV. While this band gap has mostly been
accepted, solar devices made with this material exhibit low open circuit voltage,
which is mostly attributed to sulfur vacancies in the crystal that pin the Fermi
levels. Recently, there have been computational studies that have started debates in
the literature on whether pyrite is a purely stoichiometric compound [19-22].
While this is beyond the scope of this chapter, it is important to know that this is
due to its affect on creating working devices.

It has been shown both in computational studies and shape control studies of
nanocrystal pyrite that the equilibrium faces that can be obtained are {100} and
{111} [21, 23-25]. Other facets, such as {110} and {210}, can be obtained in
macroscopic crystals, but focus is given to the nanocrystal formations in this work
[21]. It is necessary to first note that pyrite crystal surface energies are an enigma
compared to normal crystal theory. It has been shown that the {100} face is lower
in surface energy than the {111} energy, which is the opposite of normal theory
[26]. This leads to many different observables in synthesis, which will be discussed
later. Here, focus is given on the difference between the two facets. Figure 1 shows
models of both (100) and (111) surfaces. In all cases the {111} surface is sulfur
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terminated and nonpolar. In the {100} facet there are three different formations that
can occur at the surface. The three different terminations are [S-Fe-S], [Fe-S-S], and
[S-S-Fe]. Both [Fe-S-S] and [S-S-Fe] are polar, and show that there is a possibility
for iron-terminated facets. [S-Fe-S] is nonpolar and iron is in a reduced coordi-
nation number of five, whose closeup view is presented in Fig. 1a. This is of interest
due to iron being in trigonal bipyramidal state, which changes its splitting in ligand
field model. At first it was believed that this could introduce gap states causing the
seen problems of open circuit voltage. With the rise of stronger computational
systems, this has been dismissed as a problem with studies showing that these
differences will not put this surface state in the gap, and is not the cause of the
Voc, although it still deserves more attention [21]. It has also been shown
computationally that changing sulfur concentration during growth can control the
terminating element of the crystal facet [27]. With these two facets being quite

Fig. 1 a Pyrite (100) surface
showing non-polar
arrangement b Bulk (100)
pyrite surface c Bulk pyrite
(111) surface. Reprinted with
permission from [21]
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unique to each other, they have shown differences in activity in many different
studies and are important to consider when choosing pyrite material for applications
[23, 24, 28, 29].

2 Iron Pyrite Nanomaterial Synthesis

2.1 Introduction

The growth of pyrite has been an interesting topic for past geologists due to its
impact in mining, as it is the main component of creating acid mine run-off [30]. It
is from these papers that information can be first learned about the growth of
pyrite. There are three different mechanisms that occur to produce pyrite. One
involves iron (II) and polysulfide, the other uses FeS and S(-II), and the last is
growth of pyrite crystal growth on pyrite seeds [31-35]. It is important to note that
the first two of these reactions involve an [FeS] intermediate step. The nucleation
step of this intermediate has been proposed as the limiting reaction in the rate of
pyrite crystal formation. Figure 2 shows the proposed mechanisms of pyrite for-
mation using the two different sulfur sources. The first mechanism utilizes poly-
sulfides, while the second uses hydrogen sulfide (H2S). For a beautifully detailed
review of pyrite formation in nature, we direct the reader to the publication of
Rickard and Luther [36]. While this section is about nano-synthesis of pyrite, these
background studies are necessary to achieve better understanding of the system.

Tributsch and colleagues did a major portion of the initial studies of making use
of pyrite for solar energy conversion that deserves attention. Studies were focused
on creating thin films by first chemical vapor transportation (CVT) and then fol-
low-up studies were done using metal organic chemical vapor deposition
(MOCVD) [37-41]. It was found that they could produce pure pyrite films by
adjusting pressure, temperature, and molar concentrations of the reactants. They
could also control the preferred crystal growth and grain size by changing the
substrate on which the pyrite was grown. A great summary on their work can be
found in the review article by Ennaoui et al. [4].

More recently, the Wolden group has shown that pure phase pyrite thin films
can be achieved from hematite (Fe2O3) using an H2S plasma [42]. First, Fe2O3

nanorods are synthesized using a chemical bath deposition (CBD) method. Then
the high sulfur activity created in plasma can be used to achieve sulfurization of
the Fe2O3. By monitoring the optical band gap and Fe:S ratio’s using energy-
dispersive X-ray spectroscopy (EDAX) the transition from hematite to pyrite can
be observed. This study has shown a new technique utilizing sulfur plasma has
breathed new life into creating grown thin films.
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2.2 Hydrothermal Synthesis of Nano Pyrite

Hydrothermal methods have been used extensively in nanocrystal synthesis in the
past [3, 25, 43]. This method makes use of a stainless steel digestion bomb that is
typically Teflon lined. The buildup of pressure in the container allows for lower
temperature to be used instead of high temperature ambient pressure synthesis; care
must be used during use due to this pressure buildup, which is why these systems
have earned the nickname ‘‘bomb.’’ The use of a single precursor is usually used,
and through the decomposition of the molecule produces the reactive species.
Greater control of the system is achieved due to lack of variables such as injection
rate and injection temperature. Having a single precursor though limits you to only
a few precursors and are expensive. Another drawback of these systems is the time
required to carry out the reaction (*24 h) and the lack of the ability to take timed
aliquots of the sample during synthesis to study reaction progression. Even with
these drawbacks, it is still used for its simplicity and control.

One of the first reports of utilizing hydrothermal synthesis methods come from
Chen et al. [43]. In this chapter, an iron Diethyldithiocarbamate (Fe(S2CNEt2)3)
complex was utilized for the single precursor, and upon completing the reaction
cubic FeS2 crystallites with *500 nm edge lengths were obtained. It was shown
that a minimum temperature of 180 �C was necessary to achieve pure phase pyrite,
and that lower temperatures produced marcasite impurities. These crystallites

Fig. 2 a Proposed mechanisms of pyrite formation through a FeS intermediate. Reprinted with
permission from [36]
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showed an absorbance peak in the infrared (1420 nm), which is a redshift of the
bulk material.

In a following study, Wadia et al. showed that the size of these pyrite cubes
could be reduced in size [3]. By making use of a different precursor, iron (III)
diethyl dithiophosphate (Fe[(C2H5O)2P(S)S]3), hexadecyltrimethylammonium
bromide (CTAB), and a higher temperature nanocube with side lengths of
*100 nm were achieved. Purity of phase was proven by XRD and also confirmed
the 0.95 eV indirect band gap with X-ray absorption and resonant X-ray emission
spectroscopy. They note that in this synthesis, slightly acidic conditions and the
CTAB were critical for the creation of pure phase pyrite.

The most recent study utilizing hydrothermal synthesis for pyrite nanocrystals is
from Wang et al. [25]. In this report it is shown that it was possible to avoid single
precursors and also that it was possible to create shapes other than cubes by the
addition of polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA) and sodium
hydroxide (NaOH). For precursors, ferrous chloride tetrahydrate (FeCl2 • 4H2O)
and pure sulfur powder were used along with the PVA and PVP. By varying the
NaOH concentration and keeping the PVA and PVP polymer concentration constant,
it was shown that beautiful cubes, octahedral, and sphere-like crystallites are formed
with sizes of *140, *220, and *400 nm, respectively. Figure 3 shows scanning
electron microscopy (SEM) and transmission electron microscopoy (TEM) pictures
of the final particles. The reaction itself was dependent on the presence of NaOH, as
when a control reaction with out any NaOH was conducted only black grease was
obtained. A mechanism for formation of the FeS2 was proposed as follows:

Fe2þ þ 2OH� $ FeðOHÞ2
4Sþ 3H2O! 2H2S + H2S2O3

H2Sþ 2OH� ! S2� þ 2H2O

3Sþ 6OH� ! 2S2�SO3�
3 þ 3H2O

Fe2þ þ S2� ! FeS

Fe2þ þ H2S! FeSþ 2Hþ

FeSþ S! FeS2

FeSþ H2S! FeS2 þ H2

NaOH plays a vital role in the final formation of these particles and explains the
lack of pyrite formation without it. It is also worthwhile to note that this mech-
anism goes through an FeS intermediate state. The reaction rate is dependent on
the inclusion of NaOH, and therefore changing the concentration should affect the
amount of FeS2 seeds generated. With low concentrations of NaOH, less seeds are
formed and a large amount of the polymer adheres to the seeds that result in a
system where there is no preferred attachment to the different crystal facets by the
polymer. In this case, the final particles then form large sphere-like composites of
smaller particles most likely via a self-organization followed by intergrowing
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Fig. 3 SEM and TEM images of pyrite a spheres b, c octahedrals and d–g cubes all formed by
hydrothermal methods. Reprinted with permission from [25]
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between crystallites to minimize surface energy. When the NaOH concentration is
increased, more FeS2 seeds will be generated. While there are still more seeds
present, the polymer will adhere to all the surfaces, though the {111} face still has
a higher surface energy than the {100} even with adsorbed polymer. This facili-
tates faster growth along the [111] direction than the [100] direction, resulting in
final formation of cubic structure. On raising the NaOH concentration, even more
FeS2 seeds are produced and the polymer to seed ratio drops. This causes the
polymer starts selectively adhering to the {111} that causes [100] direction to
grow faster at the expense of the [111] direction, creating octahedral structures.
Dosages of PVP and PVA were also proven to be important. Holding NaOH
concentration constant (corresponding to creation of octahedral structure) and
changing the ratios, it was seen that the octahedral structure is still obtained, but
the size distribution was much wider. This report is an excellent example of shape
control utilizing ligand affinity to different surface facets and provides insight to
synthetic control of pyrite nanomaterial.

2.3 Solvothermal Synthesis

Synthesis of Pyrite nanocrystals has more recently shifted from hydrothermal
methods to solvothermal synthesis. This stems from the problems of hydrothermal
mentioned above, such as mostly using an expensive single precursor and long
reaction times. Solvothermal synthesis is much like hydrothermal, but does not
utilize water as its solvent and can be underdone in both autoclaves and in standard
glass reaction vessels. The solvent is usually a high boiling point organic along
with ligands to help stabilize the growth of the nanoparticle. Some of the more
common ligands utilized in pyrite synthesis are oleic acid and oleylamine. In this
section, two different solvothermal methods are examined. The first is precipitation
method (one pot method) where all the precursors are loaded into a flask and then
heated up and the particles are then precipitated out after reaction. The second is
the hot injection method (two pot) where the two precursors are put into separate
flasks and allowed to decompose separately. One of the precursors is then quickly
injected into the other, usually via syringe, to start the reaction. A key parameter is
having the precursor solutions at different temperatures upon injection, as this
causes a drop in temperature upon injection that causes a supersaturation of the
compound. Supersaturation is relieved by precipitating out small seeds of the
material, followed by growth.

2.3.1 Precipitation Method

With the goal of eliminating the use of a single precursor and the desire to create
final particles quickly, researchers have started using a one-pot precipitation
method to create pyrite nanocrystals. Yuan et al. showed by utilizing Hematite
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(Fe2O3) and elemental sulfur as the chalcogenide along with oleic acid (OA),
oleylamine (OLA) and CTAB, cubic structures could be obtained [44]. All com-
ponents are loaded into one flask and heated up to 290 �C and kept there for 1 h
with stirring. Such a high temperature was necessary to completely convert the
hematite into pyrite, and if the temperature was raised even higher greigite (Fe3S4)
impurities were observed. Without the presence of the ligands, it was found that
that both starting material and marcasite phases were found in the particles. Par-
ticle size length was *100 nm, though the size distribution was quite large
(±25 nm, size distribution was not reported). This report earns honorable mention
due to its ability to convert iron raw material feedstock (hematite) directly to
pyrite, instead of utilizing different iron precursor where the iron likely originated
from hematite.

More recently, the Soldt group reported a unique synthetic method utilizing a
modification of the standard one pot synthesis. In their article, it was shown that by
utilizing a nucleation step FeS2 that creates irregular nanocrystals followed by a
growth step by adding more precursors, beautiful cubic/rectangular shapes could
be obtained [23]. Figure 4 shows TEM images of the particles throughout the
synthesis. From the images it can be seen that these are the cleanest edged cubic
structures created to date. It is also the first report of cubic structures with side
lengths {50 nm, which would allow for thinner films when creating devices.

The synthetic method starts with loading FeCl2 and sulfur powder with a ratio
of [S]/[Fe] equaling 6 along with hexadecylamine into a three-necked flask and
then purged under argon. The material is then heated up to 250�C for 3 h. The end
result of this first step was irregular-shaped pure phase nanocrystals with sizes
around *30–40 nm. They deemed this step the nucleation step, which should not
be confused with the initial nucleation step that the seeds are created from which
these particles grow. These irregular particles show absorbance spectra much like
other spherical particles that have been made with a shoulder around *550 nm
with steady increase of absorbance to the blue. Nucleation step was followed by a

Fig. 4 TEM pictures of nucleation step to create pyrite particles and the following results of
growth steps. Reprinted with permission from [23]
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growth step, where they cooled the flask to room temperature and hexadecylamine
solidified. They load in on top of the solid reaction mixture oleylamine, which will
act as a weak coordinating ligand and more iron and sulfur precursor with the ratio
of [S]/[Fe] = 2.05. The flask is then repurged with argon and then heated to
200 �C for 9 h. This growth was repeated once more without the oleylamine that
helped to complete the growth of the cubes (some truncated cubes were observed
after just one growth). Note that this synthesis takes a total of 21 h in the reaction
steps alone, but the time may be worth the price to achieve these beautiful
structures. During the growth period the irregular pyrite nanocrystals were used as
‘‘seeds’’ to facilitate pyrite crystal growth that produced the final cube shape. The
use of the weak alkylamines ligands was claimed to help make sure that small
cubes were created. Hexadecylamine has strong interligand interactions that
facilitate the creation of the small particles. Oleylamine is added after the nucle-
ation step to help steer growth to cube structure, and it is found that if not added
then the final product is still irregularly shaped particles, albeit bigger in size. The
reduction of the ratio of sulfur to iron concentrations also played a role in the final
shape. If a ratio of [S]/[Fe] = 2 was used then pyrrhoite(FeS) impurities were
found, and if [S]/[Fe] = 2.1 the edges of the final cubes were more rounded. It is
also important to note, even with the long growth periods associated with this
synthesis, that Ostwald ripening did not occur. Interestingly, the absorbance of
these final cubes mocked those of irregular shape. Most cubic pyrite nanostructures
in the literature show absorbance in the NIR [24, 44]. This could show that size
indeed affects the absorbance of these particles or that some other phenomenon is
occurring such as plasmonics. Nonetheless, this synthetic method shows great
control over particle growth and has produced some of the best crystalline particles
to date.

2.3.2 Hot Injection Synthesis

Hot injection synthetic methods have been extensively used in the past to create
nanoparticles of many different material systems. Peng et al. demonstrated the
versatility of this method in their groundbreaking reports of creating cadmium
selenide nanoparticles [45-48]. From there it has been adapted to be used in
creating a whole host of metal-chalcogenide nanoparticles [49-52]. The Law
group was the first to use hot injection to create spherical pyrite nanocrystals [53].
Two flasks were used in a typical synthesis, one loaded with Octadeclyamine and
FeCl2 while the other was filled with diphenyl ether and sulfur. The iron-con-
taining flask was heated to 220 �C for one hour to allow for decomposition of the
iron salt, while the sulfur flask was heated to 70 �C for an hour to allow for
complete dissolution of the sulfur. The sulfur solution was then rapidly injected
into the iron-containing flask and allowed to react for several hours. Aliquots were
taken to examine the growth of the particles over time. Figure 5 shows the pro-
gression of synthesis. The seeds can be seen from the start as very small clusters
and as the reaction progresses, it forms spherical-like particles. After the creation
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of the separated nanocrystals the particles’ overall size does not change dramati-
cally over time, which also suggests that Ostwald ripening is not a major factor in
pyrite nanosynthesis. Absorbance of these particles shows a typical absorbance
shoulder around 550 nm. Thin films were created from these particles by layer-by-
layer deposition, and then sintered to try to improve the properties of the material
by removing sulfur deficiencies. This sintering also had the effect of increasing
grain size that can be seen in Fig. 6 that left many voids in the film layer and also
increased the roughness of the top surface. Although sintering may not have
helped to create the best films for devices, synthesis of nanosphere particles with
narrow size distribution was achieved.

In our lab, we have also taken to utilizing the hot injection method for pyrite
nanocrystal synthesis [24, 54]. It has been observed that both cubes and nano-
spheres can be made for pyrite nanomaterial, but from the use of different synthetic
routes. Being able to create both cubes and nanospheres using the same method
would useful in the future testing of the material in devices. With this motivation, a
model was conceived to achieve shape control with the most studied iron precursor
FeCl2. Figure 7 shows the proposed model. Since it has been shown that the {100}
face is lower in surface energy than the {111} face, simply changing the tem-
perature of the injection reaction could dictate the final shape. The task was then

Fig. 5 TEM images of pyrite nanocrystal growth progression. Reprinted with permissions from
[53]
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taken to test this model by utilizing Law’s synthetic method with few modifica-
tions. Like in previous works, upon injecting the sulfur into an FeCl2 flask at
220 �C nanosphere particles were created, but when lowering the injection tem-
perature to 120 �C, cubes were obtained. An intermediate state of aggregated
cubes was obtained when the injection temperature of 170 �C was used. Figure 8
shows TEM images and UV-V is absorption spectrums of each of the particles.
The exposed surface facets were proven to be {100} and {111} for the cubes and
nanospheres, respectively, by high resolution transmission electron microscopy.
We also have shown that by changing the iron precursor, the kinetics of the
reaction changes due to the different decomposition rates of the iron precursor.
When iron(0) pentacarbonyl (Fe(CO)5) is used as the iron source, thick hexagonal
sheets of pyrite are formed with the {100} surface exposed. If iron (II) acetyl-
acetonate (Fe(acac)2) is utilized for the iron source, thin random sheets with
greigite (Fe3S4) impurities, also with the {100} face exposed, are formed. Final
shape dependence can be related to the decomposition rate of the iron precursor
that can be roughly estimated by hard/soft acid/base theory. This theory states that
like components, either soft or hard, will bond stronger than if components are
opposite. Fe+2 is classified as an intermediate strength acid and acetylacetonate is a
very hard base [55]. This difference makes Fe(acac)2 the weakest bonded of the
three precursors and it will decompose readily. This means that there will be much
more iron monomers available for reaction, which then explains the higher iron
percent mineral greigite (Fe3S4) showing up as impurity. When comparing Cl- ion
to acetylacetonate the chloride ion is also a hard base but not to the same mag-
nitude as acetylacetonate. Taking this into consideration, it does not decompose as

Fig. 6 SEM images of thin films created out of pyrite nanocrystals before and after sintering.
Reprinted with permission from [53]
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readily as Fe(acac)2 allowing for pure phase pyrite nanospheres to be fabricated.
Finally, both Fe(0) and carbonyl ligands are both a soft acid and soft base,
respectively, meaning Fe(CO)5 should decompose the slowest. Since the

Fig. 7 Proposed growth model of pyrite nanocrystals. Reprinted with permission from [24]

Fig. 8 TEM images of different acheieved shapes of pyrite nanocrystals and their absorbance.
Reprinted with permissions from [24]

150 A. Kirkeminde et al.



decomposition is slow, less seeds will be created resulting in large ligand coverage
of the crystals that result in thicker/larger plates [56]. With these simple changes in
synthetic procedures, final shapes of pyrite nanocrystals can be controlled.

2.4 Surface Facet Activity

Now that the different synthetic methods for creating pyrite nanocrystals have been
discussed, a brief aside to discuss the different surface facet activities of pyrite will
be taken. Ennaoui et. al. showed by X-ray Photoelectron Spectroscopy that
adsorbates affect the materials properties and the different crystal surfaces show
different activity [4]. It was shown that exposing a freshly cleaved sample to
oxygen, the photovoltage increases. It is believed that the oxygen is passivating the
surface and removing defect states out of the gap. When the oxygen coverage
levels increase, no change or more changes occurred which suggests adsorption
occurs only at defect sites. When studying the {100} surface, they see that both
electron donors and electron accepters both adsorb to iron sites. H2O shows
coordination via oxygen though it was shown to de-adsorb completely at 300 K.
When the surface is exposed to Br2 at low concentrations a Br- emission line is
seen, and when the dosage is increased Br2 emission lines are increased showing
adsorption of molecular Br2. After annealing the samples, an interesting band
remains that is attributed to adsorbed bromine ions. The XPS data shows no
evidence of transformation to FeBr3 or FeBr2, which leads to the conclusion that
the Br- ions adsorb rather strongly to the pyrite {100} surface.

We also looked at the different surface activity of pyrite surface facets by
testing the nanocrystals as photocatalysts to photo degrade methyl orange dye [24].
A set amount of the particles were put in an aqueous methyl orange solution and
put into a black box with a xenon light source that provided a 46 mW cm-2 of
power. Samples were taken every 10 min to access the intensity of the methyl
orange absorbance peak at *475 nm. Figure 9 shows the results of the experi-
ments. Cubes with {100} surface-exposed showed modest activity, while the
{111} terminated nanospheres showed no activity at all. When the intermediate
state was tested, it showed activity in between the cubes and the nanospheres,
which is evidence that these particles are indeed an intermediate, and contain both
surface facets. These differences in activity can be attributed to the exposed atoms
on each crystal face. It has been shown that {100} has iron atoms exposed and also
that this is the active site for adsorption, whereas the {111} only has sulfur which
does not seem photocatalytically active.

Interesting side effects of these experiments allowed us to not only examine the
photocatalytic activity, but also the photostability of the different facets. In the
same figure, the peak shifts to blue as a new peak grows in next to it. It was
determined that this intruding peak was caused by Fe+3 ions. It is known that pyrite
degrades in water naturally by equation [30]:
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FeS2(s) + 3.5O2(g) + H2O(l) ? Fe3+(aq) + 2SO4
2- + 2H+(aq)

This oxidation reaction is a main cause of acid mine drainage which causes
many environmental problems. Pyrite can also photocorrode via holes by the
reaction [4]:

FeS2(s) + 8H2O(l) + 15h+ ? Fe3+(aq) + 2SO4
2-(aq) + 16H+(aq)

The presence of Fe3+ was confirmed 3-fold by a reduction of pH of the final
solution, the precipitation of Fe(OH)3 when an OH- source was added, and
matching of the absorbance peak to an FeCl3 solution. With this knowledge, the
time it took for the peak to shift and the intensity of the shifted peak can be used to
examine the stability of the different surface facets of pyrite. The {100} face shows
decent stability, although it eventually degrades. The {111} face shows a quicker
shifting of the peak and also the intensity of the peak is greater than that of the
{100} particles. Once again, the intermediate particles show an almost average of
the two other surface facets. This difference in stability can be traced back to the
adsorption of water onto defect sites, indicating that the {111} surface of these
crystals have more defect sites to allow for the above reaction to occur, where the
{100} has less. While this difference in stability exists, it is important to realize

Fig. 9 a–c Methyl orange absorbance degredation measurements dependent on shape d change
of absorbance over time for each shape. Reprinted with permissions from [24]
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that both of the facets eventually degrade, which makes water a poor choice as a
solvent when used in electrochemical/photoelectrochemial studies or devices
unless these defect sites can be passivated.

3 Iron Pyrite Photovoltaic and Photodetector Technology

3.1 Introduction

Once again the first reports of using pyrite in a photovoltaic device come out of the
Tributsch group. Throughout their exploration of pyrite material, they created a
photoelectrochemical (PCE), Schottky barrier, and thin film-sensitized solar cells.
In the PCE device, it was shown that by coupling synthetic n-type FeS2 with an
iodine electrolyte (I-/I3

-) that a device with 2.8 % efficiency could be obtained
[4]. This is the champion device of the pyrite system at the time of writing.
Figure 10 shows quantum yield measurements for the device and can be seen to
exceed 90 % at points while maintaining high yield over a wide band of the energy
spectrum. Figure 11 shows the J–V curve of the device, showing high short circuit
photocurrent while showing the typical low Voc that plagues the pyrite system of
0.2 V. It is mentioned that the electrolyte system of 4 M HI, 0.05 M I2, and 2 M
CaI2 is vital to the performance. Previously, it was found that both I- ions and
hydrogen treatment (either molecular hydrogen or acid etching) helps to reduce
dark current. Although it reduces dark current, it still limits this device’s efficiency
due to the dark current reducing the photovoltage.

The Schottky device was made from a pyrite/platinum interface [57]. In these
devices, a 0.1 mm layer of electrochemically etched pyrite surface was covered by
a thin transparent platinum film (50–120 Å) was utilized. The metal film was
deposited by electron beam evaporation under vacuum, though it was thought that
thin oxide layers or sulfide layers could exist, created by the evaporation, deteri-
orating the performance. Figure 12 shows the J–V characteristics. The device
exhibited high short circuit currents of around 30 mA/cm2 and could achieve
saturation currents of 100 mA/cm2 under higher illumination power. The quantum
yield of these devices was lower than those of the PCE, only reaching *40 %.
Although the system worked, it still produced low efficiency, prompting a shift to
switch to thin layer-sensitized cells.

Thin layer-sensitized cells were a modification of the now well-known dye-
sensitized solar cells pioneered by Gratzel [58]. The contrast between the two is
the replacement of the dye in the Gratzel cell with a thin (10–15 nm) layer of
pyrite to act as the absorber [59]. Figure 13 shows the schematic of such a device
and the energy diagram of the overall system. The pyrite acts as a photoabsorber,
where when it is excited by a photon an exiton is formed. When this exciton
diffuses to the interface between the pyrite and the titanium oxide (TiO2), it splits,
injecting the electron into the TiO2 and the hole is transported to an electrolyte
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solution where it is reduced. Though the cell deliverers an efficiency of 1 %, the
quantum efficiency only reached 10 %. It was believed the quantum efficiency was
low due to pyrite being a high absorbing material, which creates the excitons near
the surface of the pyrite/electrolyte interface where they will quickly recombine.
These three device setups are the main body of solar cell devices in older litera-
ture, but with the revival of interest due to nanotechnology, new photovoltaic and
photodetector devices are being fabricated.

Fig. 10 EQE of photoelectrochemical solar cell. Reprinted with permission from [4]

Fig. 11 J–V curve of
champion pyrite
photoelectrochemical cell.
Reprinted with permission
from [4]
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3.2 Pyrite Nanocrystal Photovoltaic Technology

The reason behind creating and controlling the shape of pyrite nanocrystals is to
ultimately use the material in useful devices. Most of the recent papers on syn-
thesis have also included attempts at creating working photovoltaic (PV) devices.
No attempt has yet been made to create devices out of the beautiful cubes that the
Stoldt group created. The Law group showed that after sintering the nanocrystal
films were no longer viable for PV applications due to the holes left over.
Steinhagen et al. has gone on to utilize pyrite nanocrystals much like the Law
group’s in a battery of different PV architectures with no results [60]. Figure 14
shows all the different schematics that were tested. First a pure schottky barrier
device with gold and pyrite was tried. As seen, this device did not even show diode
behavior. Next a CuInSe2 device was tested and showed a measly response of
0.03 mA/cm2 short circuit current and 0.041 V open circuit voltage, resulting in a
negligible efficiency. A depleted heterojunction structure was also investigated by
putting a layer of pyrite on top of TiO2 layer to act as a hole-blocking layer that
will limit recombination while simultaneously creating a depleted region. This
type of cell was recently shown to produce some of the highest efficiencies for
nanocrystal cells when utilizing lead sulfide [61]. When pyrite was used the cell
once again showed no performance. Finally, an organic/inorganic hybrid hetero-
junction was created. These devices have shown promise when coupling poly(3-
hexylthiophene) (P3HT), an organic polymer with other quantum dot systems [62].
When pyrite is tested, a Voc of 0.041 V and Jsc of 0.007 mA/cm2 was achieved,
once again showing an efficiency of zero. This communication was discouraging to
the hope of making use of pyrite’s exceptional properties for solar devices, though
recently our group has made progress in creating working devices.

Our group took this valuable information from the Korgel report and examined
how we could work out the kinks in the pyrite system. The first thing that was
noted was that the type of crystals that was used was {111} terminated. As stated

Fig. 12 J–V curve of pyrite/
platinum Schottky solar cell.
Reprinted with permission
from [57]
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above, it was found that the {111} face was inactive and less stable than the {100}
face of pyrite. Since this is the case, it was decided to make use of the {100}
terminated nano-cubes in our PV devices. Cadmium Sulfide quantum dots were
chosen to create the heterojunction in the cell due to the large offset of the valence
band of FeS2 and the conduction band of CdS of 1.1 eV. It was hoped that this
would help overcome the problem of low photovoltages that plague the pyrite
system. The pyrite cubes did not create a nice film to create a bi-layer device, so a

Fig. 13 a schematic diagram of TiO2 support with a thin layer of pyrite on top b band diagram
of thin layer sensitized solar cell. Reprinted with permission from [59]
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strategy from organic PV systems was adapted; the bulk heterojunction. By mixing
the small CdS quantum dots with the bigger FeS2 cubes and spincoating onto the
substrate a pseudo-bulk heterojunction was created. The CdS quantum dots created
a matrix around the bigger cubes that allowed for not only complete coverage of
the pyrite material, but also allowed for smooth films for electrodes to be deposited
onto. The band diagram, thin film absorption, and fluorescence quenching mea-
surements are shown in Fig. 15. Absorption in the thin film showed absorption in
the NIR due to the cubes absorbance (see cube synthesis above). Fluorescence
quenching measurements showed that as the pyrite loading increased, better
quenching occurred, indicative of better exiton separation. Figure 16 shows TEM
images of the mixture of the CdS QDs and the FeS2 cubes. The second image
shows the intimate contact of the QDs with the cubes edge that allows for
exceptional exiton splitting. The SEM image shows the cross-section of the active
layer, where the percolation of the cubes inside of the QD matrix can be seen. J–V
curves are presented in Fig. 17. Three different loading ratios of Pyrite:CdS were
tested. The 1:1 (FeS2:CdS) ratio device preformed the best with average of Jsc of
3.9 mA/cm2 a Voc of 0.79 V and a fill factor of 0.36 giving it an over all efficiency

Fig. 14 J–V curves of all different pyrite solar cell schemes fabricated. Reprinted with
permission from [60]
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Fig. 15 From left to right Band diagram of fabricated solar cells. Thin film absorbance of active
layer. Photoluminescence quenching measurements. Reprinted with permission from [61]

Fig. 16 Top TEM images of mixture of CdS quantum dots and pyrite nanocubes. Bottom SEM
image of photoactive layer of the mixture. Reprinted with permissions from [61]
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of 1.1 % over 100 devices. The devices with higher loading of FeS2 experienced
worse performance due to roughness of the film that can be seen in the Atomic
Force Microscopy (AFM) images in Fig. 18. These devices have overcome the
lifetime problem of low Voc by creating bulk heterojunction allowing for increased
charge separation. With the devices reaching 1.1 % efficiency, the first working
pyrite nanocrystal solar cell has been fabricated [63]. Focus on improving these
cells and controlled synthesis of pyrite is ongoing in our lab.

Fig. 17 J–V curves of
fabricated solar cells with
different FeS2/CdS ratios.
Reprinted with permission
from [61]

Fig. 18 AFM images of layers created with a 2:1 and b 1:1 loading ratio of FeS2/CdS. Reprinted
with permission from [61]
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3.3 Pyrite Nanocrystal Photodetector Technology

While most focus has been on creating working PV devices with pyrite, other
devices can also benefit from its unique properties. Photodetectors could put to use
the high absorption coefficient and broad absorption spectra of pyrite. Wang et al.
reported the use of pyrite nanocrystals coupled with zinc oxide (ZnO) to create a
photodetector [64]. When MoO3 is added as electron blocking, hole transport layer
between the pyrite nanocrystals and the gold electrode the dark current decreases
and the photocurrent increases. Without the MoO3 layer large leakage current was
observed. Devices had a spectra response range from 450 nm to 1150 nm, which
can be attributed all to the pyrite since MoO3 and ZnO do not absorb above
450 nm. This was the first example of making use of pyrite nanomaterial in a
photodetector device.

Our group has recently expanded the pyrite material system utilized in our PV
work to create a photodetector [65]. Pyrite cubes, Pyrite nanospheres, and CdS
material were used in the fabrication of such device, though deposition of the
material was vastly different. In the photodetector work a bulk heterojunction
structure was not wanted so a bi-layer structure was chosen. This was achieved by
a novel micro centrifugation deposition of the pyrite nanocrystals followed by a
chemical bath deposition of an over layer of CdS. It is shown that the final
photodetector device showed fast photoresponse time of 10 ms and high respon-
sivity of 174.9 A/W. Even more interestingly, these devices exhibited the ability to
tune the photocurrent in the presence of a magnetic field due to the creation of a
dilute magnetic semiconductor (DMS) phase that was created from the CBD
method of CdS growth. It is a challenge in the field to create a photodetector with
high sensitivity and quick temporal response that is visible, and every more
unheard of in the NIR region. In systems utilizing pyrite nanospheres, response
time was quicker than in systems using pyrite nanocubes. Pyrite nanocubes, not to
be outdone, showed response in the NIR due to their photoabsorption peak around
1200 nm. Figure 19 shows current-voltage characteristics of all devices made and
also EQE and absorption of thin films. Figure 20 shows the different on/off cycles
to show temporal response.

Since the CBD method is done in aqueous medium, a DSM interfacial layer of
CdFeS was found from the migration of Fe3+ ions (due to oxidation of the pyrite in
water) into CdS layer. With this layer being present, it allows for the ability to turn
the intensity of the current by changing the magnetic field around the device.
Figure 21 shows the J–V curves of device testing when the magnet is moved a set
amount away from the sample. An overall change of 72.6 % current can be
achieved by simply changing the position of the magnet. This work shows the
versatility of the pyrite material system, not only as a photovoltaic material, but as
a potential system for photodetectors as well. Ongoing studies of creating better
photodetectors, especially for NIR response, are being conducted in our lab.
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4 Summary

Pyrite is an interesting system full of promise, but many problems must be
addressed before it can become a golden material for photodevices. It started off
being investigated in the 1970s for use in thin film solar cells without much luck
on final devices, although much was learned and can be learned from these well-
studied films. With the explosion of nanochemistry, research into creating and
controlling shapes and exposed surface facets has been bolstered. New synthetic
ways, from hydrothermal to solvothermal, have been investigated with success in
control of nanocrystal formation. With these materials, new working devices are
now being fabricated and studied. Pyrite nanochemistry is a new subject that holds
much promise for energy harvesting and photodetection. Studies of pyrite must
press on and try to answer still open questions of the system such as:

• Kinetics of crystal growth and effects of ligands on creating stoichiometric
pyrite without impurities.

• Shape and size control of nanocrystals and creation of quantum confined pyrite
nanocrystals.

Fig. 19 Top J–V curves of photodetector devices. Bottom Absorbance and EQE measurements
of both pyrite quantum dot and nanocube utilizing devices. Reprinted with permission from [63]
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• Better understanding of actual effects of sulfur deficiencies and how to elim-
inate them.

• New synthetic techniques that allow for quicker reaction times and scalability.
• Why pyrite has such a high absorption coefficient even with an indirect band

gap.
• What are the effects of doping and how will it allow tune-ablitiy of pyrite’s

band gap
• The cause for low open circuit voltage and how to eliminate this problem.

With the solving of these problems, pyrite may become a golden material that
will benefit all.

Fig. 20 On/Off cycle response in (top) normal AM 1.5 light and (bottom) IR source for both QD
and cube utilizing systems. Reprinted with permissions from [63]
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High-Performance Bulk-Heterojunction
Polymer Solar Cells

Fang-Chung Chen, Chun-Hsien Chou and Ming-Kai Chuang

Abstract Most of the high-efficiency organic photovoltaic devices (OPVs)
reported to date have been fabricated based on the concept of a bulk heterojunction,
where a conjugated polymer (donor) and a soluble fullerene (acceptor) form an
interpenetrating network featuring a large donor–acceptor interfacial area. In this
chapter, we first introduce the fundamentals of OPVs and then review the recent
progress related to OPVs based on conjugated polymers. We then discuss the
annealing approaches that have been used to optimize the morphologies of the
photoactive layers, including thermal annealing and solvent annealing, and describe
the engineering of the interfaces at the contacts between the polymer blends and
the metal electrodes. Next, we outline the two most common optical methods for
improving the light absorption efficiency of OPVs: the use of optical spacers and the
triggering of surface plasmons. Finally, we summarize the development of low-
band-gap polymers for the absorption of long-wavelength photons from solar
irradiation and provide a brief outlook of the future use of OPVs.

1 Introduction

1.1 Overview

Many organic semiconductors exhibit the electronic properties of their common
inorganic counterparts while providing the advantages of plastic processing and
low cost. To date, several organic-based electronic devices, including organic
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light-emitting diodes, organic thin-film transistors, and organic photodiodes have
been demonstrated for practical applications in various fields [1–4]. More recently,
organic photovoltaic devices (OPVs) have been recognized as promising tech-
nologies for the utilization of solar energy because of their light weight, flexibility,
and cost-effective production with simple processability [5–9]. Furthermore, the
energy payback time of OPVs is amazingly short, relative to that of photovoltaic
cells based on silicon or other inorganic semiconductors, because they can be
fabricated at low temperatures [9]. In addition, OPV technologies employ non-
toxic, earth-abundant materials in the manufacturing process. At present, OPVs
based on conjugated polymers are exhibiting power conversion efficiencies (PCEs)
of up to approximately 10 % [8]. Although such efficiency remains low relative to
that of commercial inorganic cells, recent rapid improvements in efficiency have
generated considerable interest in OPVs for practical and truly low-cost energy
production.

Most of the high-efficiency OPVs reported to date have been fabricated based
on the bulk heterojunction (BHJ) concept, where a conjugated polymer (donor)
and a soluble fullerene (acceptor) form an interpenetrating network possessing a
large donor–acceptor interfacial area. Various approaches have been proposed to
achieve high efficiencies from BHJ devices. In this chapter, we provide an
introduction to the development of BHJ OPVs, especially for those made of
conjugated-polymer materials. We first discuss the basic fundamental principles
behind OPVs and then review some recent progress in the field, focusing on
methods for optimizing the morphologies of the photoactive layers through various
annealing treatments. We also review the engineering of the interface and optical
effects in the devices. We then outline the two most common optical methods for
improving the light absorption efficiency of OPVs: the use of optical spacers and
the triggering of surface plasmons. Finally, we examine the development of low-
band-gap polymers for the absorption of long-wavelength photons from solar
irradiation. Because our main purpose for this chapter is to introduce the basic
concepts and recent development of OPVs, rather than completely reviewing all of
the literature in this field, by necessity we have had to overlook many outstanding
contributions.

1.2 Basic Principles

Figure 1a illustrates the typical device architecture of an OPV. The photoactive
layer, consisting of donor and acceptor materials, is sandwiched between the anode
and cathode. The working principle of an OPV can be divided into six processes:
(i) photon absorption, (ii) exciton generation, (iii) exciton diffusion, (iv) exciton
dissociation, (v) charge transport, and (vi) charge collection (Fig. 1b) [10]. Upon
the absorption of photons in an organic material, excitons are generated. The
exciton binding energy in an organic material is, however, usually very large
relative to that of an inorganic semiconductor. Therefore, excitons in organic
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materials can dissociate into free carriers only when they diffuse to the donor–
acceptor junctions. In a so-called BHJ structure, the large area of the donor–
acceptor interface ensures efficient exciton dissociation to produce a high density
of free charge carriers. After exciton dissociation, the free charges are transported
through the donor and acceptor materials, respectively, to the electrodes. The
electrodes then collect the carriers, resulting in a photocurrent.

Based on the six-step mechanism, the external quantum efficiency (EQE) of an
OPV can be expressed using the equation [10]

EQEðkÞ ¼ gAðkÞ � gGðkÞ � gCðlÞ ð1Þ

where gAðkÞ, gGðkÞ, and gCðlÞ are the absorption efficiency, carrier generation
efficiency, and charge collection efficiency, respectively. For an OPV prepared
using the BHJ concept, the large area of the donor–acceptor interface throughout
the photoactive layer suggests that the carrier generation efficiency could, in
theory, be increased to close to 100 %. On the other hand, the charge collection
efficiency (gCðlÞ) strongly depends on the morphology of the photoactive layer
because this morphology will affect the nature of the conducting channel. Fur-
thermore, the quality of the interface between the metallic electrodes and the
organic materials also plays an essential role in determining the performance of the
device. In other words, the interfaces strongly affect the charge collection effi-
ciency. The other key issue is sufficient harvesting of sunlight. Although the use of
a thicker active layer is a straightforward approach toward obtaining high
absorption efficiency (gAðkÞ), this method inevitably results in increased device
resistance, due to the low carrier motilities of organic materials. Therefore, in real
devices, it is difficult to decouple the relationship between these factors; simul-
taneous improvement of both gAðkÞ and gCðlÞ is hard to achieve. In the following
section, we outline strategies for improving the efficiencies of OPVs and review
some recent progress in this area.

Fig. 1 a Device architecture of a typical BHJ OPV. b Schematic representation of the working
principle of an OPV device: 1 light absorption 2 exciton generation 3 exciton diffusion 4 exciton
dissociation 5 charge transport, and 6 charge collection [10]

High-Performance Bulk-Heterojunction 169



2 Morphological Control in Photoactive Layers

In BHJ OPVs, the light absorption, exciton generation, exciton dissociation, and
charge transport and collection processes are strongly influenced by the morphology
of the photoactive layer [11–20]. The most common way of controlling the mor-
phology of the active polymer blend has been through the application of annealing
processes. For example, in 2005 Erb et al. studied the effect of thermal annealing on
thin films containing poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycar-
bonyl)propyl-1-pheny[6,6]methanofullerene (PCBM) [13]. Their X-ray diffraction
(XRD) data (Fig. 2a) indicated that the (100) peak had increased significantly after
thermal annealing, suggesting the formation of crystalline P3HT domains. The
authors inferred that thermal annealing led to changes in the morphology of the
P3HT:PCBM thin film, as illustrated in Fig. 2b. Hence, the device performance had
improved as a result of increased crystallinity.

Meanwhile, Ma et al. also investigated the effects of post-annealing treatment on
device performance [14]. After thermal annealing at 150 �C for 30 min, they
observed a higher degree of crystallinity of P3HT (Fig. 3a). Furthermore, the
authors used atomic force microscopy (AFM) to investigate the surface morphology
after removal of the Al cathode (Fig. 3b). The rougher surface indicated that
adhesion between the active layer and the Al cathode was also enhanced. In other
words, the quality of the polymer–Al contact improved after post-annealing, leading
to decreased contact resistance. Combining these effects (higher P3HT crystallinity
and lower contact resistance), the series resistance of the device decreased signifi-
cantly, from 113 to 7.9 X cm2, after post-annealing. Overall, the optimized post-
annealing conditions resulted in an excellent PCE, approaching 5 %.

In addition to thermal annealing, Li et al. reported another important approach:
‘‘solvent annealing’’ [15, 16]. They controlled the growth rate of the active layer
(P3HT/PCBM) from solution to the solid state, resulting in a decrease in series
resistance (Rs) and an increase in optical absorption. The J–V characteristics of
devices prepared using various solvent evaporation times (tevp) (Fig. 4a) revealed
that the value of Jsc increased upon increasing the solvent evaporation time.
Absorption spectra suggested that slower growth of the film led to increased
absorption and a red shift (Fig. 4b). The pronounced vibronic shoulders for the
slowly grown layer indicated a higher degree of polymer ordering. The authors
concluded that self-organization originating from the slow growth of the active
layer plays an important role in improving device efficiencies [15].

From the discussion above, we find that one of the keys to high device per-
formance is improving the self-organization of the polymers. Other methods for
achieving higher degrees of polymer ordering have also been proposed. For
instance, Jin et al. found that using P3HT:PCBM blends dissolved in a cosolvent
during device fabrication could improve the device efficiency [17]. Moulé et al.
also revealed that the PCEs of devices could be improved after the addition of a
high-boiling-point solvent (e.g., nitrobenzene) to the base solvent, chlorobenzene
[18]. Furthermore, our group also developed a new solvent mixture system
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consisting of 1-chloronaphthalene (Cl-naph) and o-dichlorobenzene (DCB) [19].
Because the vapor pressure of Cl-naph is lower (0.029 mm Hg) than that of DCB
(1.2 mm Hg), the addition of Cl-naph decreases the volatility of the solvent for the
photoactive layer and extends the drying time of the polymer film. Therefore, the
polymers have a longer time during which to undergo self-organization, thereby
increasing the degree of crystallinity. Such approaches using solvent mixtures or

Fig. 2 a Grazing-incidence XRD patterns of P3HT:PCBM thin films before and after thermal
annealing. b Graphical representation of the microscopic behavior in P3HT/PCBM blends during
thermal annealing [13]

Fig. 3 a XRD diagram of P3HT/PCBM blends before and after thermal annealing at 150 �C for
30 min. Inset: P3HT crystalline structure. b AFM images of P3HT/PCBM blends annealed at
150 �C for 30 min after the removal of the Al cathode: (top) annealed prior to Al deposition;
(bottom) annealed after Al deposition [14]
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cosolvents to slow down the evaporation rate and control the polymer morphology
may be called ‘‘cosolvent annealing.’’

Another interesting, noncontact annealing approach is microwave heating,
which might be suitable for efficient industrial production of OPV devices [20].
Similar to thermal and solvent annealing, microwave annealing can increase the
crystallinity of the polymer layer and, thereby, improve the device efficiency.
Moreover, this method can selectively anneal the material, minimizing energy
loss, during the period of heating treatment. For example, we have demonstrated
that microwave annealing can selectively heat the semiconducting layer and metal
electrodes. Because the energy can be focused on specific layers, this rapid and
energy-saving approach should be attractive for the future development of low-
carbon products [20].

3 Electrode Modification and Engineering

The nature of the interfaces between the polymer active layer and the electrodes
directly affects the efficiency of charge collection. Ideally, both the anode and
cathode contacts should be ohmic (i.e., the contact resistances are negligible rel-
ative to the bulk resistance of the polymer materials). To achieve ohmic contacts,
many functional interlayers have been inserted into the interface between the
metals and the polymer films; for example, poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) [21], metal oxides (V2O5 and MoO3)
[21], and graphene oxide [22] are efficient buffer layers at the anodic interface for
collecting holes, while alkali metal complexes (LiF [23], CsF [24], and Cs2CO3

[25] ), ZnO modified with self-assembled monolayers (SAMs) [26], and
poly(ethylene oxide) (PEO) [27] are effective cathode interlayers for collecting

Fig. 4 Effects of the growth rates of the photoactive blends. a J–V characteristics under
illumination at 100 mW cm-2 for devices prepared at solvent evaporation times (tevp) of 20 min
(No. 1), 3 min (No. 5), 40 s (No. 6), and 20 s (No. 7). b Absorption spectra for slowly (No. 1) and
rapidly (No. 7) grown films [15]
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electrons efficiently. Figure 5 displays a classic example of the function of an
interlayer: here, both the open-circuit voltage (Voc) and fill factor (FF) of the OPV
improved, yielding increased PCEs after the insertion of a layer of LiF [23]. This
photoactive layer comprised PCBM and poly[2-methoxy,5-(30/70-dimethyloctyl-
oxy)]-p-phenylenevinylene (MDMO-PPV); the FF increased by up to approxi-
mately 20 % relative to that of the reference cell featuring a pristine Al electrode.
Together with a short-circuit current of 5.25 mA cm-2 and a value of Voc of
0.825 V, the PCE reached 3.3 % under illumination with white light. The authors
suggested that the formation of a dipole moment across the interface was the main
mechanism behind the improved device performance [23].

The preparation of most of the above-mentioned interlayers required an addi-
tional step, the deposition of the thin film, thereby complicating the device fab-
rication process and possibly increasing the cost. More recently, our group
conceptually demonstrated a novel method for interface modification toward
preparing self-organized bilayer structures in OPVs [28, 29]. In this approach, only
a single step is required to fabricate both the active and buffer layers, thereby
simplifying the fabrication process. The buffer layer material we employed,
poly(ethylene glycol) (PEG), is an insulating polymer. After chemical interaction
with Al atoms, the PEG molecules formed an effective cathode contact with the
photoactive layer. Figure 6a outlines the procedure used for the fabrication of an
OPV featuring such a self-organized bilayer (P3HT:PCBM/PEG) structure. The
PEG molecules were directly blended with P3HT and PCBM; the device was
fabricated using a conventional spin-coating process. During the drying process,

Fig. 5 a J–V characteristics
of typical MDMO-PPV/
PCBM solar cells
incorporating LiF/Al
electrodes of various LiF
thicknesses, compared with
the performance of the device
featuring a pristine Al
electrode. b, c Box plots of
the FFs and values of Voc
obtained from six separate
solar cells [23]
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PEG spontaneously migrated to the surface of the active layer. As a result, a
nanoscale functional interlayer was created. Scanning electron microscopy (SEM)
revealed morphological evidence supporting the formation of vertically-phase-
separated PEG molecules (Fig. 6b). The corresponding thin film containing no
PEG exhibited a smooth surface morphology. After blending with 5 or 10 % PEG,
we clearly observed additional ‘‘dot-like’’ phases on the surfaces of the films. We
assigned this new phase to assemblies of PEG molecules. In terms of device
performance, the addition of 5 wt% PEG into the active layer improved the PCE
from 2.21 to 3.97 %. Furthermore, OPVs fabricated using this method also
exhibited superior device stability under illumination, presumably because a PEG
interface might have lower sensitivity toward moisture and oxygen from the
atmosphere. In addition, because the PEG molecules preferred to segregate to the
top of the polymer blend, interdiffusion through the contact was inhibited, forming
a thermodynamically stable interface [28].

4 Light Trapping Technologies

As we stated in the introduction to this chapter, it is difficult to improve the
absorption efficiency and charge collection efficiency simultaneously. Therefore,
many light trapping strategies have been proposed to increase the absorption
efficiency without affecting the charge collection efficiency [30–43]. For example,

Fig. 6 a Schematic representation of the fabrication of solar cells featuring a self-organized
bilayer (P3HT:PCBM/PEG) structure. b SEM images of the surfaces of active layers prepared at
PEG concentrations of i 0 ii 5, and iii 10 % [28]
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ray optics approaches, such as the use of folded device architectures [30, 31],
microlenses [32], antireflection (AR) coatings [33], and collector mirrors [34],
have been proposed to effectively improve the light harvesting efficiency. Nano-
structures, including photonic crystals [35, 36] and metallic structures for trig-
gering surface plasmons (SP) [37, 38], have also been adopted in OPVs to strength
their light absorption ability. In the following section, we focus on the two most
common methods—optical spacers and SPs—developed for OPVs.

4.1 Optical Spacers

Typically, the incorporation of an optical spacer will redistribute the optical elec-
trical field (|E|2) in a thin film device [39–42]. As indicated in Fig. 7a, the maximum
optical electric field distribution inside a conventional device is located near the
glass–indium tin oxide (ITO) interface, because of the interference effect between
the incoming photons and the reflected ones by the Al electrode. As a result, the
exciton generation rate, which is related directly to the optical electric field of the
photoactive layer, decreases. Furthermore, excitons produced near the ITO/
PEDOT:PSS surface may be quenched by the electrode [39, 41]. To overcome these
problems, Kim et al. introduced a layer of optical spacer between the polymer layer
and the Al electrode [39]. This optical spacer, titanium oxide (TiOx), was deposited,
using a solution-based sol–gel process, on top of the photoactive layer. After
incorporating the TiOx layer, the optical-electric field changed inside the photo-
active layer, with the maximum strength of the field distribution tuned to fall into
the photoactive layer (Fig. 7a). The IPCE spectra of these devices exhibited sig-
nificant enhancements (ca. 40 %) over the entire spectral range (Fig. 7b), attrib-
utable to the increased number of photogenerated charge carriers that resulted from
the optimized redistribution of the light intensity. Figure 7c displays the device
performance before and after incorporation of the optical spacers. The conventional
device exhibited a value of Jsc of 7.5 mA cm-2, a value of Voc of 0.51 V, and a FF
of 0.54, resulting in a PCE of 2.3 %. The device featuring a TiOx layer achieved a
much higher PCE of 5.0 % (Jsc = 11.1 mA cm-2; Voc = 0.61 V; FF = 0.66),
suggesting a promising future for optical spacers [39].

In addition to TiOx, Gilot et al. investigated the insertion of a layer of ZnO
between the active layer and the reflective electrode as the optical spacer [40].
When the thickness of the P3HT:PCBM layer was 40 nm, insertion of a 39-nm-
thick ZnO layer shifted the position of the maximum into the photon-absorbing
layer, suggesting that a higher photocurrent would be obtained when using this
optical spacer. The authors found, however, that cells made with a larger film
thickness (70–130 nm) exhibited contrasting results. They speculated that the
active layer was already optimized; the incorporation of an optical spacer shifted
the maximum electric field intensity away from the active layer. From both
experimental and calculation results, Gilot et al. concluded that the absorption
efficiency could be enhanced by using optical spacers only if the thickness of the
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P3HT:PCBM layer was less than approximately 60 nm. Similarly, Andersson et al.
performed simulations, using the transfer matrix method and the finite element
method for OPVs prepared with various band gaps. [42]. They found that no
beneficial effect could be expected when incorporating optical spacers in devices
prepared with an already-optimized active layer thickness. The effect of an optical
spacer depends strongly on the thickness of the photoactive layer. In other words,
optical spacers can function well only when an optically optimized thickness of the
polymer layer cannot be achieved. For example, the mobilities of the charge car-
riers might limit the use of thick films for certain polymer systems. OPVs fabricated
with these materials might result in lower charge collection efficiencies. In these
cases, optical spacers can be expected to enhance the absorption efficiency.

Another beneficial feature of an optical spacer is that redistribution of the
optical electrical field can decrease the level of exciton quenching near the elec-
trodes [39, 41]. For example, our group used ITO as an optical spacer to improve
the efficiency of inverted polymer solar cells [41]. The thickness of the
P3HT:PCBM layer had been optimized in this case; the best thickness of the active
layer was 180 nm. Figure 8a presents the electrical characteristics of inverted
devices incorporating ITO spacers of various thicknesses; the inset displays the
device structure of the OPV. Because ITO has high electrical conductivity and
high transparency, it appears to be a suitable candidate for use as an optical spacer.

Fig. 7 a Schematic representation of the spatial distributions of the optical electric field
strengths |E|2 inside devices prepared with (top) and without (down) an optical spacer. b Incident
monochromatic photon-to-current collection efficiency (IPCE) spectra for devices prepared with
and without a TiOx optical spacer layer. c Current density–voltage characteristics of polymer
solar cells prepared with (circles) and without (squares) a TiOx optical spacer, recorded under
AM1.5 illumination from a calibrated solar simulator (90 mW cm-2) [39]
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Unfortunately, the work function of ITO (ca. 4.7 eV) was somehow misaligned
with the HOMO energy levels of the polymers, imposing an energy barrier for hole
collection at the electrodes. Therefore, we incorporated a layer of MoO3, which
has a high work function (ca. 5.3 eV), to decrease the contact resistance. The
reference device exhibited a value of Voc of 0.59 V, a value of Jsc of
9.54 mA cm-2, and a FF of 0.67, yielding a PCE of 3.76 %. The value of Voc of
the device remained at 0.59 V after incorporating the optical spacer. By tuning the
thickness of the ITO layer, the value of Jsc increased to 11.49 mA cm-2. Although
the FF decreased slightly to 0.62, presumably due to the increased resistance
arising from the presence of ITO and/or possible sputtering damage, its effect was
overwhelmed by the much higher photocurrent. Overall, the PCE improved to
4.20 %. To understand the mechanism responsible for the enhanced device per-
formance, we calculated the ideal exciton generation rate within the active layer
(Fig. 8b). After integrating the area beneath the curves, we found that the optical
spacers failed to increase the total number of excitons, presumably due to the
film’s sufficient thickness, which had been optimized. When the ITO thickness was
120 nm, however, we could still successfully shift the exciton generation zone
away from the electrodes and diminish any possible quenching process at the
electrodes, thereby increasing the photocurrent in real devices.

4.2 Surface Plasmonic Effects

Surface plasmons are confined electromagnetic waves propagating along the sur-
face of a conductor [43–55]; they have many unique properties, including local field
enhancement and strong light scattering, which might improve the absorption
process in OPVs. Plasmonic structures for enhancing OPV performance can be
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Fig. 8 a Electrical characteristics, recorded under AM 1.5G illumination (100 mW cm-2), of
inverted OPVs incorporating ITO optical spacers of various thicknesses; inset: device
architecture of an OPV incorporating an ITO optical spacer. b Calculated distribution profiles
of the exciton generation rate within the active layer for OPV devices incorporating optical
spacers of various thicknesses; inset: schematic representation of the layer stack [41]
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generally divided into three categories (Fig. 9) [44]. In the first case, metal nano-
particles (NPs; e.g., Cu, Ag, Pt, or Au NPs), which can trigger localized surface
plasmon resonance (LSPR), are placed in front of the active thin film in the OPV
(Fig. 9a). In contrast to light scattering in a homogeneous medium, light will be
scattered preferentially into the material having the larger permittivity. Subse-
quently, through multiple and/or high-angle scattering, the overall optical path
length increases, thereby improving the absorption efficiency of the OPV. Figure 9b
displays the second possible structure, in which the NPs are embedded directly into
the organic semiconducting layer [44]. Because the absorption is proportional to the
intensity of the electromagnetic field, the enhanced near-field induced by the SPs
can increase the absorption efficiency [45]. In the third case, surface plasmon
polaritons (SPPs) propagating at the metal–semiconductor interface are excited by
metal nanostructures (e.g., periodic arrays or gratings) (Fig. 9c) and the induced
evanescent electromagnetic fields are confined near the interface. Therefore, light is
turned by 90� in such a structure. Because photons are absorbed along the lateral
direction, the optical length of which is several orders of magnitude longer than the
thickness of the semiconductor layer, the absorption efficiency can be increased
significantly.

Many remarkable plasmonic approaches have been proposed to increase the
light absorption efficiency of OPVs. For example, in 2008, Kim et al. fabricated
Ag NPs through pulse-current (PC) electrodeposition onto ITO substrates
(Fig. 10a) [46]. This electrochemical approach was used to control the size,
density, and morphology of the NP films. The authors fabricated relatively uniform
Ag NPs having an average particle size of approximately 13 nm (inset to
Fig. 10a). As a result, the device PCE improved from 3.05 to 3.69 % after
incorporation of these Ag NPs. They attributed the increased photocurrent to the
SPR effect induced by the metal NPs. Similarly, Morfa et al. deposited Ag NPs
through conventional thermal evaporation on ITO-coated glass substrates; a layer
of PEDOT:PSS was subsequently deposited onto the NPs [47]. Figure 10b dis-
plays the device structure. The PCE of the device increased from 1.3 ± 0.2 to

(a) (b) (c)

Fig. 9 Plasmonic structures for increasing the efficiency of OPVs. a Metal NPs at the thin film
surface can scatter most incident light into the material having the higher dielectric constant,
helping to confine the photons in the device. b Metal NPs embedded in the semiconductor
materials; the induced SPs can enhance the near-field in the structure. c A periodic structure at the
back metal electrode induces SPPs; this structure can turn the incident photons by 90� [44]
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2.2 ± 0.1 % after incorporating a 1- or 2-nm-thick layer of plasmon-active Ag
NPs. The PCE decreased slightly upon increasing the size of the Ag NPs.

In addition to Ag NPs, gold (Au), another noble metal, is also a promising
candidate for inducing LSPR phenomena. For example, our group has reported a
solution-processable approach for incorporating Au NPs into OPVs; this process
involved the simple blending of Au NPs and PEDOT:PSS solutions (Fig. 11a) [48,
49]. A plasmonic layer, consisting of Au NPs and PEDOT:PSS, was readily
formed after spin-coating of the mixture. The size of the NPs (ca. 40 nm) was
selected intentionally so that their SP peak matched the absorption wavelength of
P3HT. The UV–Vis spectrum in Fig. 11b reveals that the resonance peak of the Au
NPs in solution appeared near 550 nm. The standard device prepared without Au
NPs exhibited a PCE of 3.57 %. The value of Jsc increased after incorporation of

Fig. 10 Device structures of OPVs featuring Ag NPs. a The NPs were fabricated using an
electrochemical method, which controlled their the size and density well [46]. b Structure of a
device incorporating a thin Ag film deposited onto an ITO-coated glass substrate. Inset: Field-
emission SEM micrograph of a representative 2-nm-thick Ag layer on ITO [47]

Ca

ITO

P3HT:PCBM

Glass

Al

PEDOT:PSS
Au NPs

Ca

ITO
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Fig. 11 a Structure of a device featuring Ag NPs and the method of preparation of the buffer
solution containing Au NPs. b Absorption spectra of a Au NP solution and of Au NPs embedded in
PEDOT:PSS. Inset: SEM image of a PEDOT:PSS film prepared with Au NPs blended in the matrix,
revealing the uniform distribution of the Au NPs (white dots) in the PEDOT:PSS layer [48, 49]

High-Performance Bulk-Heterojunction 179



the Au NPs, thereby leading to an improved PCE of 4.29 %. Two possible
mechanisms might be responsible for the enhanced light absorption efficiency of
the OPVs [49]. As illustrated in Fig. 9a, the optical path in the active layer might
have increased as a result of the forward scattering; alternatively, excitation of
the LSPR might have led to local enhancement of the electromagnetic field in the
vicinity of the Au NPs, thereby increasing the absorption efficiency (Fig. 9b).

The second scenario involves the direct placement of plasmonic NPs in the
semiconductor layers, as outlined in Fig. 9b. For example, in 2004 Kim and
Carroll doped Ag and Au NPs directly into the photoactive layer of BHJ OPVs
[50]. Although the device efficiency was improved, the authors suggested that the
dominant mechanism behind the enhanced efficiency was the improved electrical
conductivity. In 2010, Xue et al. also incorporated Ag NPs into the P3HT:PCBM
layer; although their device efficiency did not improve (Fig. 12a) [51], they found
that the mobility of the active layer increased, while the total number of extracted
carriers decreased. The surface morphology in Fig. 12b–e reveals that the Ag NPs
tended to phase-segregate from the organic materials, leading to the formation of a
Ag NP sub-network, which was presumably responsible for the increase in
mobility. On the other hand, charge trapping in the sub-network could enhance the
recombination probability, thereby decreasing the degree of charge extraction.

More recently, Sha et al. developed a rigorous electrodynamic approach to
investigate optical absorption in OPVs [52]. They found remarkable differences
between structures in which the metal NPs had been placed at the interlayer (i.e.,
between the photoactive layer and the anode) and those embedded directly within
the photoactive layer. Theoretical results suggested that the enhancement factors
for the latter were generally greater than those of the former. In other words, direct

Fig. 12 a J–V curves of P3HT:PCBM solar cells incorporating Ag NPs at various concentra-
tions; inset: device structure. b–e Surface morphologies of active layers containing P3HT:AgNP
ratios of b 1:0 c 16:1 d 8:1, and e 4:1 [51]
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contact of metal NPs with the semiconducting layer should be the most effective
way to improve the absorption process in OPVs. Nevertheless, this method still
encounters many problems in reality. For most of the studies reported so far, no
apparent plasmonic effect has been observed, presumably because of serious phase
separation between the nanostructures and the organic materials.

The third scenario is the adoption of an SPP structure (Fig. 9c). Tvingstedt et al.
reported one of the earliest examples in 2007. They fabricated periodic nano-
structures to induce SPPs through an Al grating; Fig. 13a presents the device
structure [53]. The plasmonic grating also served as the bottom cathode; a PEDOT:
PSS layer functioned as the top anode. The authors employed two different polymer
blends (APFO3:PCBM and APFO Green5:PCBM) as photoactive materials.
Figure 13b, c display the corresponding measured absorption spectra. When com-
pared with the performance of the planar sample, the absorption profiles for the
systems incorporating both materials were altered by the SPP nanostructures. More
importantly, different spectra could be obtained when the samples were illuminated
with differently directed polarized light. The authors found that the transverse
electric (TE) polarized electromagnetic wave could not excite the SPPs. IPCE
measurements of the device properties revealed an apparent influence of the
polarization direction on the spectra, suggesting that the SPPs could indeed enhance
the photocurrent.

More recently, Li et al. combined two different plasmonic nanostructures to
improve the efficiencies of inverted OPVs [54]. Figure 14 displays the
device structures and the chemical structures of the photoactive materials.

Al grating

Active layer

Top electrode

(a)

(b) (c)

Fig. 13 a Periodic grating structure for propagating SSPs; grating period and height: 277 and
50 nm, respectively. b, c Absorption spectra of the polymer blends b APFO3/PCBM and c APFO
Green5/PCBM on the grating structures, recorded while illuminating at different polarization
directions [53]
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Poly{[4,8-bis(2-ethylhexylthien-5-yl)benzo[1,2-b:4,5-b0]dithien-2,6-diyl]-alt-[2-(20-
ethylhexanoyl)thieno[3,4-b]thien-4,6-diyl]} (PBDTTT-C-T), a polymer having a
low band gap, was used as the p-type polymer. The flat (control) device fabricated
without any nanostructures exhibited a PCE of 7.59 ± 0.08 %. The authors used
vacuum-assisted nanoimprinting at room temperature to form the nanostructure of
the Ag grating. Under the optimized conditions, the PCE increased to
8.38 ± 0.20 %. Furthermore, when Au NPs were added into the active layer, the
PCE increased to 8.79 ± 0.15 %. Li et al. suggested that the Au NPs offered
enhanced absorption in the region 480–600 nm, whereas the Ag grating had a greater
impact in the absorption regions below 400 and above 600 nm. Their study provided
a general method for achieving enhanced broadband absorption [54].

Nevertheless, plasmonic-enhanced OPVs incorporating periodic nanostructures
and exhibiting pronounced enhancement remain rarely reported. In addition, the one-
dimensional (1-D) grating structures often exhibit high polarization-dependence,
making it quite difficult to simultaneously optimize both polarization modes. More
recently, two-dimensional (2-D) structures possessing higher-order symmetries
have been proposed, potentially overcoming the polarization dependence [55]. In
the near future, we foresee the fabrication of many more periodic nanostructures
that will effectively improve device efficiencies.

5 Low-Band-Gap Materials

Organic materials usually absorb only a limited amount of the solar spectrum. For
example, Fig. 15 displays the spectral response (SR) of the well-known
P3HT:PCBM polymer blend. The response range is limited at approximately

Fig. 14 Chemical structures of PBDTTT-C-T and PC71BM (left). Schematic representation of the
device structure: NP device (top), grating device (bottom), and dual metallic structures (right) [54]
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650 nm, corresponding to a band gap energy (Eg) of approximately 1.9 eV. In other
words, the P3HT:PCBM polymer blend can harvest only approximately 22 % of all
available photons from solar irradiance [56]. Therefore, to ensure the harvesting of
more photons, an important task is extending the absorption region.

The development of low-band-gap (LBG) polymers is a promising approach
toward harvesting long-wavelength photons from solar irradiation. Brabec et al.
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Fig. 15 Solar spectrum (dash line) and SR of the P3HT:PCBM polymer blend. Because of the
limited absorption range of the polymeric materials, the SR was minimal beyond 650 nm

Fig. 16 a Molecular structures of polymers in the PTB family; b Onset absorptions (lonset) and
relative energy levels of these polymers [58]
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predicted theoretically that a PCE of approximately 11 % could be achieved if the
value of Eg of the donor polymer were in the range 1.2–1.8 eV [57]. Many
promising LBG conjugated polymers have been reported [58–61]. For instance,
Yu’s group prepared a series of LBG polymers based on alternating thieno
[3,4-b]thiophene and benzodithiophene units (Fig. 16a) [58]. Figure 16b summa-
rizes the properties of these materials, which exhibited onset light absorbencies of
762–786 nm and the relative values of Eg of 1.58–1.63 eV. After these new
polymers were blended with PC61BM to serve as active layers for OPVs, a device
incorporating PTB4 exhibited the best performance, with a PCE of 5.9 %, as a
result of this polymer possessing the highest hole mobility (7.7 9 10-4 cm2 V-1

s-1) among the tested polymers [58].
The Yu research team prepared a new PTB family member, the polymer PTB7,

that provided a device exhibiting a record high PCE of 7.4 % [59]. The structure of
PTB7 (Fig. 17a) featured branched side chains on its ester and benzodithiophene
units to improve its solubility in organic solvents. The mobility in a film of this

Fig. 17 a Chemical structures of PTB7 and PC71BM. b Absorption spectra of PTB7 and
PTB7:PC71BM blend films; PTB7 exhibited strong absorbance from 550 to 750 nm. c J–V curves
of films of the LBG polymer, fabricated using various solvent systems. d EQE spectra of devices
fabricated using two different solvent systems: CB containing 3 % DIO and DCB containing 3 %
DIO [59]
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polymer was approximately 5.8 9 10-4 cm2 V-1 s-1; strong absorption occurred
from 550 to 750 nm (Fig. 17b). To compensate for the absorption of PTB7, Yu
et al. employed PC71BM as the acceptor. The resulting absorption spectrum
(Fig. 17b) revealed that the PTB7:PC71BM blend absorbed broadly from 300 nm
to approximately 800 nm. The authors further controlled the morphology of the
thin film by altering the solvent system used to dissolve the polymer blends
(Fig. 17c). The device prepared when employing 3 % 1,8-diiodoctane (DIO) in
chlorobenzene (CB) as the solvent exhibited a significantly enhanced value of Jsc

of 14.5 mA cm-2, resulting in a high efficiency of 7.40 % [59].

6 Conclusion and Outlook

The research field of polymer solar cells continues to expand. Tremendous pro-
gress has been made recently on the design of new materials, the development of
novel device structures, and other aspects. In this chapter, we have reviewed
several important methods for enhancing device efficiency, including controlling
the morphologies of polymer blends, interfacial engineering of polymer–electrode
interfaces, and optical approaches toward increasing the light harvesting ability.
We have also briefly noted the development of new LBG polymers. In theory, a
single-junction BHJ device can achieve a maximum PCE of approximately 11 %
[57]. With a recently reported PCE of approximately 9 %, we believe that single-
junction OPVs with such high PCEs should appear in the near future. To achieve
even higher efficiency, Dennler et al. indicated that a PCE of approximately 15 %
might be possible through the development of multi-junction OPVs [62]. More
recently, Janssen and Nelson suggested that limits of 20–24 % might even be
reachable for single-junction OPVs based on a modified balance model; such high
PCEs are similar to the highest efficiencies obtained using crystalline Si tech-
nologies [63]. The materials described herein suggest that polymer solar cells have
great potential. With their additional advantageous features similar to those of
plastics, including light weight and high flexibility, we foresee the commerciali-
zation of practical, large-area OPV modules in the near future.
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Indium Tin Oxide-Free Polymer Solar
Cells: Toward Commercial Reality

Dechan Angmo, Nieves Espinosa and Frederik Krebs

Abstract Polymer solar cell (PSC) is the latest of all photovoltaic technologies
which currently lies at the brink of commercialization. The impetus for its rapid
progress in the last decade has come from low-cost high throughput production
possibility which in turn relies on the use of low-cost materials and vacuum-free
manufacture. Indium tin oxide (ITO), the commonly used transparent conductor,
imposes the majority of the cost of production of PSCs, limits flexibility, and is
feared to create bottleneck in the dawning industry due to indium scarcity and the
resulting large price fluctuations. As such, finding a low-cost replacement of ITO
is widely identified to be very crucial for the commercial feasibility of PSCs. In
this regard, a variety of nanomaterials have shown remarkable potential matching
up to and sometimes even surpassing the properties of ITO. This chapter elabo-
rates the recent developments in ITO replacement which include, but are not
limited to, the use of nanomaterials such as metal nanogrids, metal nanowires,
carbon nanotubes, and graphene. The use of polymers and metals as replacement
to ITO is introduced as well. Finally, recent progress in large-scale experiments on
ITO-free PSC modules is also presented.

1 Introduction

The impacts of global warming are increasingly becoming evident in the form of
intensifying weather calamities, disappearing glaciers, and increasing water levels
in the oceans. Such a scenario has the world gearing toward ‘‘green’’ energy
technologies. Photovoltaic cells or solar cells convert sunlight directly into elec-
tricity and is one of the many classes of green technologies. Silicon-based solar
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cells is the most known and the oldest photovoltaic technology; there are, however,
a plethora of non-silicon-based solar cells in the market or under development
today. Solar cells can be generally divided into two broad categories depending on
the type of the photoactive material: inorganic and organic solar cells (Fig. 1).
Among the inorganic solar cells are the first generation solar cells based on silicon
and the second generation solar cells based on thin films of amorphous silicon
(a-Si) and on chalcogenides such as CdSe, CIGS, CdTe, etc. Organic solar cells
form the third generation of photovoltaic technology. Organic solar cells can be
further demarcated into three subdivisions: dye sensitized, small molecules, and
polymer solar cells. Polymer solar cells (PSCs) are the most recent technology and
this chapter is focused on PSCs.

The environmental impact of a photovoltaic technology (or any other green
technology) can be assessed using an indicator derived from life cycle analyses,
namely, energy payback time (EPBT). EPBT is the time it takes for a solar cell to
generate the same amount of energy as expended in its manufacture, use, and final
decommission. The lower the EPBT, the faster is the contribution to clean energy
production. EPBT has been thoroughly investigated for all PV technologies and is
compiled in Fig. 2 from the selected literature to present a comparison of some
photovoltaic technologies [1, 2].

EPBT can simultaneously serve as an indicator for economic profitability of
solar cells. The lowering of EPBT of solar cells requires either a drastic reduction
in materials and manufacturing costs or a dramatic increase in the efficiency of the
solar cells, or a combination thereof. Such measures ultimately reduce the cost of
the electrical energy produced by the solar cells, hence, making the technology

Fig. 1 A broad classification of photovoltaic technologies
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more economically competitive. Since most mature solar cells already operate at
or near theoretically permissible efficiencies, the need for cost reduction in
materials and processing has driven the development of solar cell technology from
the first to the third generation.

The first generation of monocrystalline silicon is grown in the form of ingots
via the Czochralski process that requires Si to be in molten form which is achieved
at [1400 �C. The EPBT of [2 years for such cells despite its high efficiency and
lifetime clearly indicates the relatively exorbitant energy investment that the first
generation PV requires in comparison to other technologies (Fig. 2). The need to
compensate such a slow and high energy input processing led to the development
of second generation solar cells. The latter could be produced faster using tech-
niques such as sputtering and chemical vapor deposition routes and employing
cheaper materials albeit at a cost to performance.

The third generation of organic solar cells is pursued, despite the relatively
lower expected efficiency and lifetime in comparison to the former generations,
primarily because of their potential at drastic reduction in materials and production
cost. Such a potential is envisioned accomplishable through high throughput roll-
to-roll production with coating and printing at low temperatures that common
plastic substrates such as PET can withstand (\140 �C). The initial experiments on
large-area indium tin oxide (ITO)-based PSC modules produced by complete roll-
to-roll production [3, 4] and their subsequent cost analyses [1] revealed that the use
of ITO is not feasible in the low-cost production of PSCs. ITO is a commonly used

Fig. 2 Energy payback time for PV modules technologies. South Mediterranean irradiance
(1,700 kWh/m2/year) and a performance ratio of 0.8 are assumed. The module efficiency is shown
in brackets. DS stands for dye sensitized modules and A and B refer to the low and high values of
the energy range. Process One is ITO-based PSCs, Process H is ITO-free PSCs, SFE is metal- and
ITO-free PSCs
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transparent conductor directly adapted from other optoelectronic applications in
general and inorganic solar cells in particular. It has high conductivity (sheet
resistance of 10–20 X !-1) and transmission ([80 %) in the visible region of the
electromagnetic spectrum. However, the processing of ITO requires high prepa-
ration temperatures and vacuum-based highly energy-intensive and throughput
limiting deposition techniques such as sputtering while all other components in
PSCs can be coated and printed in ambient conditions. As a result, the cost
footprint of ITO in PSCs is much larger than in inorganic solar cells. In fact, cost
analyses [3, 5, 6] suggest that ITO accounts for [50 % of the total cost of a PSC
module. Life cycle analyses of R2R-produced ITO-based PSC modules reveal that
ITO on PET substrate accounts for *90 % of the total energy (embodied energy
and direct process energy) imposed by all input raw materials [1]. Furthermore, the
brittle nature of ITO is not conducive for application on flexible substrates that are
prone to bending and flexing and may inevitably lead to deterioration in the
performance of PSCs. Lastly, the scarcity of indium resources in the world and its
high demand from the display industry has created large cost fluctuations and
future supply concerns. All these factors substantiate the need for finding a cost-
effective alternative to ITO that ideally involves no challenges with scarcity and
can be processed in a vacuum-free environment. Such an alternative would sig-
nificantly improve the environmental and commercial feasibility of PSC
technology.

Following a brief overview on PSCs, this chapter lays out the different alter-
natives of ITO that are widely researched. Each alternative is introduced along
with the current development in their application in PSCs. Particular emphasis is
laid on the implications of the processing choices of fabrication of ITO alternatives
on the solar cell performance and suitability for low-cost upscaling. At the end of
the chapter, a subsection is presented with recent progress on ITO-free roll-to-roll
processed PSC modules.

2 Polymer Solar Cells: A Brief Overview

2.1 Device Structure

A polymer solar cell comprises of a thin film of the photoactive material sand-
wiched between two electrodes of different work functions. One of the electrodes
is a transparent conductor from where light is permitted to the photoactive layer.
Two different architectures are commonly used: a normal structure and an inverted
structure (Fig. 3). In normal structure, holes are collected at the front electrode—
the transparent conductor—while electrons are collected at the back electrode
which is a lower work-function metal (usually Al) than the front electrode. In
inverted structure, the reverse process takes place, that is, the electrons are col-
lected by the transparent conductor and holes are collected by the back electrode
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such as Ag or Au which is a higher work function metal than the front electrode.
Buffer layers provide charge selectively and also contribute to tuning the electric
field in the device. Poly(3,4-alkenedioxythiophenes):poly(styrenesulfonate)
(PEDOT:PSS) is the most commonly used hole transport layer in both structures.
Zinc oxide (ZnO) is often used as electron selective buffer layer in inverted
structure while LiF is the most commonly employed as buffer layers in normal
devices. PEDOT:PSS also functions as a surface planarization on ITO or other
electrodes. Inverted structure is most popular when studying large-scale low-cost
processing of PSCs while normal structure is mostly used in the development of
PSCs, for example, in the evaluation of new polymers and other materials.

2.2 Mechanism of Current Generation in PSCs

The operational mechanism of a PSC that dictates the conversion of sunlight into
electricity involves four steps (Fig. 4):

Fig. 3 Schematic illustration of device geometry used in a PSCs
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(1) Exciton generation: Exciton generation occurs upon the absorption of inci-
dent light (photon) having an energy equal or higher than the bandgap of the
photoactive polymer. The band gap of the polymer is characterized by the
energy difference between the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) of the polymer. The
lower the band gap, the higher is the amount of exciton generated. Hence,
exhaustive research is being carried out in tailoring low-band gap-conjugated
polymers.

(2) Exciton diffusion: The exciton thus generated in the photoactive polymer has
high binding energy which does not dissociate at room temperature unlike
inorganic solar cells such as silicon solar cell. An acceptor molecular pro-
vides the energy impetus for exciton dissociation. To achieve this, an exciton
must diffuse to a donor: acceptor interface. The optimum distance of the
exciton to a donor: acceptor interface must be similar to the exciton diffusion
length in conjugated polymers, which is in the order of 10–20 nm [7]. This is
realized by the intermixing of donor and acceptor materials during processing
that result in a bulk heterojunction (BHJ) morphology in the deposited film.
BHJ is characterized by interpenetrating network of donor and acceptor
domains. The difference in the HOMO of the donor polymer and the LUMO
of the acceptor molecule largely determines the open circuit voltage in a PSC.
Hence, conjugated polymers having deeper HOMO levels, apart from having
low-band gap, are preferable.

Fig. 4 Energy level diagram of PSC in normal architecture (left) and a schematic illustration of
bulk heterojunction (BHJ) morphophology. Superimposed in both diagrams are the four steps
involved in the current generation in a PSC: (1) Exciton generation (2) Exciton diffusion (not
shown in the band diagram) (3) Exciton dissociation (4) Charge transport
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(3) Exciton dissociation: At the donor: acceptor interface, the exciton dissociates
forming free charge carriers.

(4) Charge transport: Once free charge carriers are generated, they are trans-
ported to their respective electrodes according to the electric field in the
device. The holes and electrons travel through the percolated network of
donor and acceptor, respectively. Once collected by the electrodes, they are
channeled into the external circuit.

Poly(3-hexylthiophene-2,5-diyl (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) are extensively studied and commonly used donor polymer
and acceptor molecule, respectively. A comprehensive overview of all photoactive
polymers and acceptor molecules could be found elsewhere [8, 9]. Similarly,
several reviews could be consulted for deeper understanding of device physics of
PSCs [7, 10, 11].

2.3 Photovoltaic Characterization

Like inorganic solar cells, the photovoltaic properties of a PSC are described with
four key parameters derived from a current–voltage (IV) curve (Fig. 5). These
parameters are open circuit voltage (VOC), short circuit current density (JSC), fill
factor (FF), and power conversion efficiency (PCE). PCE is the most common
parameter used as a figure of merit to describe the performance of any solar cell. It
indicates the percentage conversion of power density received by a solar cell from
the incident light into electrical power. From the IV curve, PCE can be deduced as
follows:

PCE %ð Þ ¼ Pmax

Pin

� 100 ¼ Isc � Voc � FF

area� Pin

� 100 ð1Þ

FF describes the ‘‘squareness’’ of a JV curve and is given by the ratio of (Imax 9

Vmax)/(ISC 9 VOC). FF denotes the extent of internal loses of generated current in a
solar cell and is affected by high series -and low shunt- resistance. Shunt resistance
is calculated from the inverse of the slope at the Jsc point in the IV curve. Low-
shunt resistance or ‘‘shunting’’ is a result of manufacturing defects where the
positive and negative electrodes within the device are not well isolated (for
example, intercalation of spikes in the topology of bottom electrode into the top
electrode). Such defects result in current leakage and excessive current leakage
may lead to lowering of Voc and can even cause ‘‘short circuit’’ rendering the solar
cell nonfunctional. Series resistance, on the other hand, is characterized by the
inverse slope at the Voc point in the IV curve. Series resistance is a result of
recombination at the material interfaces, defects, poor BHJ morphology, lack of
percolation in the donor: acceptor network, the contact resistance, and the sheet
resistances of the electrodes. Comprehensive information on the device physics of
PSCs can be found elsewhere [10].
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3 Alternatives to ITO

Indium tin oxide is a ubiquitous material in most optoelectronic devices and as
such the efforts in finding an alternative to ITO is exhaustive. In general, the
alternatives of ITO could be categorized into four broad material groups: (1)
nanomaterials; (2) polymers; (3) metals; and (4) metal oxides. Nanomaterials can
further be classified into carbon nanotubes, graphene, metal nanowires, and metal
nanogrids. These material groups are not mutually exclusive and are often used in
some combination with each other. Particularly, Poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) or PEDOT:PSS often used in combination with
many of these alternatives. Figure 6 summaries material categories that are
investigated as alternatives to ITO.

When evaluating the efficacy of transparent conductors for application in solar
cells, two property parameters are of prime importance: optical transparency and
sheet resistance (Rsh). However, these parameters are often in competition with
one another and an improvement in one often requires a sacrifice in the other.

Commercially available ITO usually has an Rsh of 10 X !-1 and a visible
transmittance of [80 %. Such a property of ITO is used as a benchmark against
which alternatives are being developed and assessed. A figure of merit relationship
that enables property comparison between different transparent conductors is the
ratio between DC conductivity (r) and absorptivity (a) which is given by [12];

r
a
¼

1
t�Rsh

ffi lnð1ffiAÞ
t

ð2Þ

Fig. 5 Current–voltage
curve of a solar cell in dark
and under illumination

196 D. Angmo et al.



where Rsh is the sheet resistance, A is the absorbance, and t is the film thickness.
For thin films, this equation equates to � Gsh

A ; where Gsh is the sheet conductance.
Alternatively, r

a for thin films such as inorganic oxides in terms of transmittance
T and reflectance R can be written as [13];

r
a
¼ ffi Rsh In T þ Rð Þf gffi1 ð3Þ

where T is the total visible transmittance and R is the total visible reflectance. Note
that these equations do not take into account the percolation nature of nanowires
and carbon nanotubes.

For an ITO film with an Rsh of 6 X !-1 and an absorption coefficient of 0.04,
figure of merit ratio is 4. According to Eq. (1), a r

a � 1 is found necessary for
minimum power losses in various upscaling geometries of thin film solar cells
shown in Fig. 7 [12]. This corresponds to a T of 90 % and a Rsh of 10 X !-1.
Values lower than this would result in precipitous loses in the efficiency of
monolithically integrated modules than in single cells (Fig. 7). Monolithically
integrated modules are used in thin films inorganic and in PSCs, and are the more
cost-effectively produced designs that require no post processing assembly. Single
cells, on the other hand, demands labor-intensive post processing assembly and are
used in the first generation solar cells wherein silicon wafers are manually inter-
connected to produce a module.

Fig. 6 Flowchart illustrating the classification of alternatives to ITO
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3.1 Nanomaterials

3.1.1 Metal Nanogrids

Metal nanogrids are characterized by an array of periodic nanoscale metal grid
lines. For metal nanowire to be effective replacement of ITO, two design con-
siderations are important: (1) the grid lines width should be subwavelength to
provide sufficient visible transparency; and (2) the period of the mesh should be

Fig. 7 Schematic illustration of two upscaling geometries of solar cells: a a cross-section of a
monolithically integrated thin film module where width w is the active area that contributes to the
power generation and the interconnect area of width s is lost area. The dashed lines show the path
of current which is injected into the transparent electrode and then driven laterally to one edge of
the device where contact to the back metal electrode of the adjacent device is made. b Cross-
section of a standard cell (6 inch2) using metalgrid/TC. These individual cells are stacked
adjacent to each other and serially connected in a long string. Area under the grid lines is lost area
and photogenerated current between the lines is conducted laterally over a short distance by the
TC film. c Maximum fraction of nominal efficiency as a function of the TC material figure of
merit for monolithic integration (lower green line) and for standard integration (upper blue line).
For monolithic integrations, achieving high module efficiencies will require r=a[ 1. Reproduced
from Ref. [12] with permission. � 2013 RSC Publishing
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submicrometer to ensure uniformity of charge collection in any device [14]. Such a
periodic array of metal grid lines enables light scattering and coupling, therefore,
enhancing photon flux to the photoactive material [15]. Unlike in ITO where
transparency and conductivity are competing parameters, conductivity in nano
metal grids can be improved by increasing the line height without increasing the
width of the grid lines and therefore avoiding decrease in transmittance due to
shading from the grid lines. The relationship of the Rsh of a periodic array of metal
grid to physical attributes of the grid lines can be deducted from Kirchoff’s rule.
Assuming a square wire network with N 9 N wires, Rsh is given by;

Rsh ¼
N

N þ 1
qL

wh
ð3Þ

where q is the wire resistivity, L is the wire length, w is the wire width, and h is the
wire height [16].

Optical simulations based on a finite-difference frequency-domain (FDFD)
method have indicated that a Ag metal nanogrid structure having a period of
400 nm, grid height of 100 nm, and a grid width of 40 nm, an optical transmission
of [80 % is achievable in both 1- and 2-dimensional network structure with a Rsh

of 1.6 X !-1 [17]. Experimentally, metal nanopatterns based on Ag, Cu, and Au
with a line width of 70 nm, height of 80 nm, and a period of 700 nm, a trans-
mittance above 70 % is observed over the entire visible spectrum at a Rsh of *10
X !-1 [18]. These metal nanopatterns based on Ag and Cu when incorporated in
laboratory scale PSCs have resulted in similar performance to ITO-based reference
devices [18, 19]. Figure 8 shows an example of reported properties of metal
nanogrids.

Although metal nanowire grids show comparable properties to ITO, its up-
scaling is not cost feasible in the processing of large-area PSCs. Processing of
nanopattern can be carried out using a variety of lithography techniques [21]. One
such method based on nanoimprinting lithography (NIL) is utilized the printing of
metal nanogrids for application in organic solar cells and OLEDs [18, 22].
However, such a technique requires multiple processing steps including evapo-
ration in the preparation of resist template as well as in the subsequent processing
of the electrode metal grid. Figure 9 shows an example of the processing steps
utilized in the preparation of metal grids for application in PSCs and OLEDs [19,
20]. More information on NIL can be found elsewhere [23]. Recently, an R2R line
and vacuum-free methods have been successfully applied in preparation of the,
however, evaporation of the final metal is still needed (Fig. 10) [24, 25].

3.1.2 Metal Nanowires

The low-cost processing limitations of metal nanogrids led to the development of
metal nanowires (NW) as a potential transparent electrode. Metal NWs offer the
possibility of solution processing and a dispersed random network of metal NWs
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can exhibit transmission and conductivity even superior to ITO. Figure 11 shows a
comparison the relationship between transmittance and Rsh in ITO, metal
nanogrids, and metal nanowires. In metal oxide transparent conductors such as
ITO, there is an inherent trade off between Rsh and transparency which is deter-
mined by film thickness. While higher film thicknesses allow lower Rsh, however,
at a significant loss of transparency. Calculations on ITO have shown that the
optical transparency of ITO suffers greatly with increasing film thicknesses
particularly below Rsh of 15 X !-1 [27]. In case of metal nanogrids, we have
earlier noted that the Rsh can be improved at no cost to optical transparency by
increasing grid height and maintaining the line width. Experimental results on
metal nanowires indicate that a random network film of Ag nanowires exhibit
comparable properties to either ITO or metal grids. At the same time, the solution
processing possibility of metal nanowire marks its competitive edge over ITO and
nanogrids in the low-cost processing.

Fig. 8 a Optical transmittance of nanogrids (line width 70 nm and period 700 nm) made
different metals; b IV characteristic of PSCs incorporating metal nanogrid transparent electrode
with the structure: transparent grid/PEDOT:PSS/P3HT:PCBM/LiF/Al. c Average transmittance
versus sheet resistance of metal grids with a line width of 120 nm. d Scanning electron
microscopy image of an as-fabricated metal nanogrid electrode with a line width of 70 nm and a
period of 700 nm. � 2013. John Wiley and Sons and IEEE. Reprinted, with permission from
Refs. [18, 20, 26]
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A number of factors influence the Rsh of random network of NWs: wire length,
wire resistance, wire-to-wire contact (junction) resistance, and wire density. At
very low density, the effect of the junction resistance is more pronounced. This is
because of significantly greater number of parallel NW connections present at
higher densities, hence the lowest resistance determines the overall resistance of
the film [27]. Higher densities, however, require a trade-off with optical trans-
parency. Nevertheless, a random network of silver nanowires scatters a significant
amount of transmitted light which can result in improved photocurrent generation
when incorporated in solar cells. Reports suggest that as much of 20 % of trans-
mitted light is scattered at [10� in Ag nanowire network [27].

Fig. 9 Schematic illustration of the fabrication procedure of the narrow line width mold and
subsequent steps in the preparation of metal nanogrids. Color of the arrows indicates three stages
involved: NIL stage in preperation of mold (magenta), preparation of PDMS stamp (green), and
metal transfer to the final substrate (blue). � 2013. John Wiley and Sons and IEEE. Adapted, with
permission from Refs. [18, 20, 26]
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The percolation theory predicts that for a random network of conducting sticks,
the percolation threshold dramatically decreases as the length of sticks increases as
given in Eq. (4) [28]. Therefore, longer and thinner AgNWs are preferable for

Fig. 10 Schematic of the roll-to-roll nanoimprinting process for preparation of metal nanogrids.
� 2013 John Wiley and Sons. Reprinted, with permission from Ref. [25]

Fig. 11 Solar photon flux-weighted transmissivity versus sheet resistance: Ag gratings (blue
line), data is collected from finite element modeling with grating period is 400 nm, the Ag line
width is 40 nm, and varying thickness to achieve different sheet resistance; ITO (red dotted line),
the data are computed based on optical constants for e-beam-deposited ITO acquired using
spectroscopic ellipsometry; Ag nanowire (black square),the data are obtained experimentally.
� 2013 American Chemical Society. Adapted, with permission from Ref. [27]
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optimizing transparency and Rsh of a random of NWs. Processing methods are
sought to produce nanowires of longer length. The use of electro spinning, for
example, could produce ultra-long metal wires (nanofibers). Such nanofibers of Cu
films have been demonstrated to exhibit similar Rsh and transmittance as ITO films:

Nc ¼
1
p

4:236
L

� �2

ð4Þ

where Nc is the percolation threshold and L is length of the sticks [29].
Nanowire films, however, have a drawback. When incorporated in solar cells in

the normal device architecture (Fig. 3), the high roughness leads to interpenetra-
tion of the nanowires to the counter electrodes leading to large dark current
leakage or even short circuit. The roughness of the NW film can exceed the layer
thickness of the overlying photoactive materials (50–200 nm). Several processing
strategies have been explored to passivate the surface roughness of NW films.
First, an alternate inverted structure, the top illuminated inverted device in Fig. 3,
is often employed in which NWs are laminated onto PEDOT:PSS layer. Such a
structure alleviates the problem of shunting due to roughness although complete
elimination is seldom accomplished. With the use of a short pulse high voltage to
burn the remaining shunts, a working module with the structure substrate/Ag film/
Cs2O3/P3HT:PCBM/PEDOT:PSS/AgNW has shown a PCE of 2.5 %; Jsc:
10.59 mA/cm2; Voc: 0.51 V, and FF: 46 % on a device area of 2 mm2 [30]. In
contrast, AgNW transparent conductors in a P3HT:PCBM-based solar cell in a
normal architecture showed a PCE of 1.1 % with significantly lower Voc than ITO-
based reference devices [31]. Second, in a bottom illuminated inverted device, the
problem of roughness can be circumvented by increasing the thickness of the
buffer layer. Increasing TiO2 thickness in a device structure substrate/AgNW/
TiO2/P3HT:PCBM/Mo2O3/Ag has shown a PCE of 3.42 %; Jsc:10.1 mA/cm2; Voc

of 0.56 V; and a FF: 61.1 % [32]. Alternatively, by using a composite electrode of
AgNW, sol gel TiO2, and PEDOT:PSS in a normal structure AgNW/TiO2/PE-
DOT:PSS/P3HT:PCBM/Ca/Al, JV properties of the cell were found similar to
cells on commercial ITO substrates (Fig. 12) as well as it was found that TiO2 and
PEDOT:PSS bind the AgNWs and also result in strong adhesion to the substrate
[33]. Such buffer layers function as a smoothening layer on top of rough AgNW
film, improve packing of AgNW and their adhesion to substrate, tune work
function of the electrode, and provide charge selectivity.

AgNW films provide superior mechanical flexibility than its ITO counterparts
and can withstand severe bending under numerous bending cycles. For example,
tests have shown that a AgNW (Lavg.6.5 lm; diameter 85 nm) film at a nanowire
density of 79 mg m-2 can withstand 1,000 bend cycles without any change in Rsh

whereas an ITO substrate catastrophically fails after a 160 bend cycles [34]. Sim-
ilarly, AgNW wire films on PET could withstand a bending angle of 160� without
significant change in the Rsh of the film while ITO-PET when subjected to bending
angle of 60� showed a third order of magnitude decrease in the Rsh (Fig. 12) [35].
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Research on metal nanowires is very recent. So far, studies on NW films have
affirmed its applicability as an effective replacement to ITO. Currently, research on
metal nanowires is slowly gearing toward finding large-scale compatible tech-
niques. In early reports, metal NW films were processed by drop casting a sus-
pension of surfactant-assisted dispersed AgNW, followed by annealing [27, 30].
Such a processing method is not scalable and cannot generate uniform films over
large area. As such, these films were less than a cm2 of area. Spray-coating is a
scalable technique that has been recently employed in the preparation of large-area
AgNW transparent substrates [36, 37]. A composite AgNW and PEDOT:PSS, both
spray coated consecutively have demonstrated low roughness and a Rsh of 10 X
!-1 with a mean optical transmittance of 85 % without any annealing steps [37].

Fig. 12 a Photograph of a silver nanowire film deposited on a *2 9 2 cm PET substrate with T
80 % and Rsh 25 X !-1; b SEM image of the percolating nanowire distribution of the sample
shown in a; c IV curve of P3HT:PCBM cells on ITO or AgNW/TiO2/PEDOT:PSS substrates; d A
plot of Rsh versus bending angle of two Ag nanowire films deposited on PET with transmittance
values of 60 and 80 %. The solid lines represent the change in sheet resistance during bending
and the dotted lines represent the change in sheet resistance during unbending. TheAg nanowire
film remains conductive even under severe bending. (a, b, and d) reprinted from Ref. [35] � IOP
Publishing, 2013. Reproduced with permission from IOP Publishing. All rights reserved. c �
2013 Amercian Chemical Society. Reprinted, with permission from Ref. [33]
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Other methods include Meyer rod coating in which a metal nanowire suspension is
placed on the substrate and a Meyer rod is pulled over it. Using this method, an
8 9 8 inch substrate has been prepared [38].

Although the solution-based nature of nanowire inks opens wide opportunities
in low-cost processing on large scales using various printing and coating tech-
niques as described in Ref. [39]; however, the early reports have identified some
challenges that ought to be solved before large-scale processing could be carried
out. For example, the poor adhesion AgNW on substrates, the large junction
resistance, the removal of surfactants present in the ink at temperatures that
flexible substrates such as PET can withstand (\140 �C) and the rough topology of
the resulting film. Very recently, the use of photonic sintering methods such as
Direct-Write Pulse Laser Sintering [40] and High Intensity Pulse Light Sintering
(HIPS) [41] has achieved successful results at simultaneously eliminating most
challenges associated with AgNW films without sacrificing the properties of the
films (Fig. 13).

Fig. 13 High intensity pulse
laser sintering of as-deposited
AgNW films. Cross-sectional
SEM images of AgNW films
on PET substrates a before
and b and c after HIPL
sintering with light intensities
of 1.14 and 2.33 J cm-2,
respectively. � 2013 RSC
Publishing.Reprinted, with
permission from Ref. [41]
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3.1.3 Carbon Nanotubes

It was not too long after the first report on carbon nanotubes in 1991 by Sumio
IIjima that the excellent mechanical, electrical, and optical properties of carbon
nanotubes were identified. Theoretically, single-wall carbon nanotubes (SWCNTs)
can have a current conductivity up to 1–3 106 S m-1 and mobility of 100,000 cm2

V-1 s-1 [42, 43]. In films, a random network of CNTs possess far lower con-
ductivity and mobility than a single tube primarily due to the presence of high
junction resistance as well as due to a large number of parameters that affect CNT
conductivity and mobility such as purity, lattice perfection, bundle size, wall
number, metal/semiconductor ratio, diameter, length, and doping level. Nonethe-
less, conductivity up to 6,600 SCM-1 and mobility up to 10 cm2 V-2 is experi-
mentally observed in films [42]. As a result, a wide variety of advanced
applications have been envisioned for CNTs; transparent conductors being one of
them.

An early report noted that a 50 nm thin film of p-doped SWNT film has a Rsh of
30 X !-1 with a transmission of [70 % over visible region of the light spectrum
[44]. However, accomplishing such results in subsequent reports has not been easy
due to the large number of parameters involved. Much like nanowires, the Rsh of
CNT films is dominated by junction resistance. The use of doping by acid treat-
ments has been shown to cause a threefold decrease in junction resistance and a
30 % increase in the nanotube conductivity when compared to pristine untreated
samples [45] (Fig. 14). For example, acid treatment of CNTs has resulted in
improvement in Rsh of spray-coated SWCNT film from 110 X !-1 (pristine
SWCNT) to 37 X !-1 (doped SWCNT) with transmittance of 78 and 76 %
(550 nm) respectively (Fig. 14) [46].

Apart from the large junction resistance, the roughness of the CNTs thin films
and their adhesion to the substrates has been equally impeding factors to their
efficacy in organic solar cells. Such issues are similar to those observed in
nanowire-based transparent conductors as well. Shunts due to roughness of the
SWCNT surface is circumvented, for example, by either using thick active layer
(0.5–1 lm thick) or using a planarization layer such as PEDOT:PSS, or both [48,
49]. Other approaches include, for example, the application of pressure upon
transferring of dispersed named with a PDMS stamp [50]. Using such a method, a
low roughness value of 10 nm over a scan area of 25 lm2 was observed in an
untreated SWCNT-based film. When the film is used in the fabrication of PSCs, a
PCE of 2.5 % was attained. With the use of doped SWCNT, such a transfer
method will likely yield similar performance to ITO (PCE 3 %).

The earlier reports were generally proof of principle studies wherein upscaling
compatibility of processing was not the central concern. With the promising results
shown by these proof of principle studies, recently, reports on large-scale com-
patible processing have emerged. Spray coating is recently investigated in the
preparation of large-area CNT transparent film on PET substrate [46, 47, 51, 52].
Generally, CNTs are processed from suspensions in a solvent. High van der Waals
forces render the nanotubes very susceptible to bundling. De-bundling is achieved
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with the use of ultrasonication of the nanotubes dissolved in a solvent. The sur-
factant and/or acid treatments are generally used in addition to ultrasonication to
achieve stable dispersions. However, when these suspensions are deposited as
films, the surfactants are hard to eliminate and require high-temperature thermal
treatment, which is not compatible to flexible substrate such as PET. Such chal-
lenges are constantly being addressed with the rapid progress in processing of
carbon nanotube films. For example, in one method, SWCNTs are dispersed in
aqueous solvents with high molecular weight (*90,000 MW) cellulous–sodium

Fig. 14 a Plot of measured film conductivity as a function of the inverse of mean junction
resistance; b Ultrasonically spray deposited large-area (6 9 6 inch2) SWCNTs film;.
c Comparison of transmission spectra for ITO and SWCNT (with and without PEDOT:PSS).
Inset shows TEM image of ultrasonically sprayed; and d Light (solid lines) and dark (dashed
lines) JV curves for devices on SWNT and ITO transparent electrodes, with and without PEDOT
as an HTL. Inset shows NREL-certified light IV curve for a BHJ device on a SWNT electrode
without an HTL. Reprinted permissions a � 2013 American Chemical Society. Reprinted, with
permissions from Ref. [45]; c � 2013 John Wiley and Sons. Reprinted, with permission from Ref.
[47]; and b, d � 2013 American Institute of Physics. Reprinted, with permission from Ref. [46]
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carboxymethylcellulose (CMC)—as a dispersing agent and an ultrasonic spraying
is used to deposit the film over large area (6 9 6 inch). Once deposited, the
SWCNTs are doped by exposing the film to nitric acid which simultaneously
eliminates CMC. Such a film is found to be highly homogenous (rms roughness of
3 nm scanned over 100 lm2 area) and have resulted in a Rsh of 60 X !-1 at a
transmission of 60–70 % (at 550 nm). PSCs with the structure SWCNT/PE-
DOT:PSS/P3HT:PCBM/Ca/Al fabricated on such a film have resulted in a PCE of
3.1 % which is close to reference device with ITO substrate that demonstrated a
PCE of 3.6 % [46]. Unlike in other devices where the main function of PE-
DOT:PSS is providing charge selective transportation as a buffer layer, it has been
observed that in SWCNT-based PSC devices does not require a charge selective
PEDOT:PSS buffer layer in normal devices. In fact, the elimination of PEDOT:
PSS results in superior PCE because of improvement in optical transmission to the
photoactive material (Fig. 14). Nonetheless, PEDOT: PSS provides a planarization
layer suppressing the intercalation of nanotubes into the counter electrodes. The
elimination of PEDOT: PSS requires increasing thickness of the active layer in
order to prevent electrical shorts due to roughness in the surface of CNT film [47].
The transparent films of CNTs have higher transmission beyond the visible region
and are suggested to generate higher current density than theoretical predictions
that are based on transmission in the visible range (Fig. 14). So far, the highest
reported PCE of P3HT:PCBM-based PSCs with SWCNTs transparent conductors
is 3.6 and 2.6 % on glass and PET substrates, respectively [53].

The adhesion of nanotubes on surface of a substrate is yet another processing
challenge. Recent advancement in this regard includes the application of 1 %
solution of 3-aminopropyltriethoxy silane on the substrate which has been found to
improve the adhesion of SWCNTs onto the substrates due to the formation of
cross-linked siloxane on the surface of substrates.

It has been a decade since the application of CNTs as transparent conductors
were recognized, however progress has been slow primarily owing to the chal-
lenges in processing. There is a long way before SWCNTs transparent conductors
can make their way into R2R processing. Reports thus far have demonstrated proof
of principle and the task ahead is to demonstrate a robust processing technique(s)
that is feasible for application in the processing of PSCs and is easily scalable.

3.1.4 Graphene

Graphene is a two-dimensional material consisting of a monolayer of sp2-
hybridized carbon atoms resulting in a hexagonal arrangement. A monolayer of
graphene theoretically would exhibit a reflectance of less than 0.1 % and an
absorbance of 2.3 %, therefore resulting in a theoretical transmission limit of
97.7 %. However, graphene is a zero band gap semiconductor and undoped
graphene sheet has high Rsh values of 6 kX !-1 [54, 55]. Doping is an efficient
method that allows tailoring of various properties of graphene and can be carried
out following various chemical and electrical routes [56]. So far, a Rsh of 30 X !-1
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and a corresponding transmission of 90 % has been observed in doped graphene
sheets, thus making graphene potentially suitable as transparent conductors [57].
Apart from Rsh and transmission, several other properties such as the high
chemical and thermal stability, high charge carrier mobility (200 cm2 V-1 s-1),
high current carrying capacity (3 9 108 A cm-2), high stretchability, and low-
contact resistance with organic materials render graphene a very favorable alter-
native to ITO [58, 59].

In principle, a monolayer of graphene possesses ballistic charge transport due to
delocalization of electrons over the complete sheet, however, in practice defects
are introduced during growth and processing of graphene. Such defects, for
example, lattice defects, grain boundaries, and oxidative traps due to functional-
ization result in high Rsh of graphene [54, 60]. Such a challenge is reflected in its
application as transparent conductors in PSCs. The earlier reports on graphene as
transparent conductors were adopted in dye sensitized and small molecule solar
cells, however, the performance of such devices were limited (PCEs of \1 %)
largely due to the high Rsh of the films which is often in the kX range [60, 61]. The
doping of graphene with AuCl3 is reported to reduce Rsh of graphene by 77 % with
only 2 % decrease in transmission [62]. As such, an improvement of PCE of PSCs
from 1.36 % for undoped graphene to 1.63 % for AuCl3-doped graphene film has
been observed [63]. With high quality CVD-grown multilayer (15 layers) graph-
ene, a PCE of 2.60 % has been observed in a P3HT:PCBM-based PSCs. A strong
dependence of the photovoltaic properties of PSCs on the growth temperature of
high quality CVD-grown graphene has been observed [64]. In addition to the high
Rsh, the poor wetting properties of graphene is yet another hindrance to their
application in PSCs. Graphene is hydrophobic and requires functionalization (e.g.,
UV/ozone treatment or acid treatment) to improve its wetting properties. Such
functionalization in turn creates defects in graphene sheets increasing its Rsh and
therefore limiting the final performance of a solar cell. Noncovalent functionali-
zation improves wetting while maintaining the structural integrity of graphene.
Several routes for noncovalent functionalization have been proposed. For example,
a noncovalent functionalization of graphene with self-assembled pyrene butanoic
acid succidymidyl ester (PBASE) is observed to improve the wetting properties of
graphene toward PEDOT:PSS, thereby, resulting in greater than two-fold increase
in PCE [65]. Other methods include deposition of a thin (20 Å) layer of MoO3 over
graphene which has been seen to improve the wetting properties of graphene
toward PEDOT:PSS as well as tune work function of graphene electrodes [66].
Using MoO3 in PSC in normal architecture (doped graphene/MoO3/PEDOT:PSS/
P3HT:PCBM/LiF/Al), a significant improvement in the device was observed and
resulted in a PCE of 2.5 %. In comparison, ITO-based equivalent cells had a PCE
of 3 %.

These preliminary investigations of graphene transparent conductors in PSCs
are mere proof- of -concept studies. Most graphene transparent conductor film are
reported to have Rsh values seldom lower than 100 X !-1 and are often investi-
gated on very small area devices (often less than a cm2). Such high Rsh may not be
critical in small area devices but will prove detrimental to photovoltaic properties
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upon upscaling. The foray of graphene into large-scale processing will require
significant advancement in large-scale processing.

Currently, high quality graphene is either micromechanically cleaved or grown
by chemical vapor deposition; both of which are not low cost and large-scale
compatible. Defects are more prominent in graphene films processed by solution-
based methods such as liquid-phase cleaving with ultrasonication or by the
reduction of graphene oxide. Although these techniques provide lower cost
alternatives to processing of graphene, however, graphene produced by such
methods exhibit poor properties with Rsh in the kX !-1 range due to structural
defects and poor interlayer contact as a result of vigorous exfoliation and reduction
processes [67]. Several reviews on the properties and processing of graphene are
present elsewhere [59, 68, 69] and a recent review elaborates on the application of
graphene as electrodes in electrical and optical devices [70].

3.2 Transparent Conductor Oxides

Transparent conductor oxides (TCO) are semiconductor materials composed of
binary and ternary oxides containing one or two metallic elements. They have a
wide optical band gap of [3 eV making them optically transparent in the visible
range. The doping of intrinsic semiconductor oxides with metallic elements in a
non-stoichiometric composition results in increasing conductivity without
degrading their optical properties. There is a wide variety of transparent conductor
oxides such as ZnO, In2O3 SnO2, CdO; ternary compounds like Zn2SnO4, ZnSnO3,
Zn2In2O5, Zn3In2O6, In2SnO4, CdSnO3; and multicomponent oxides such as Sn:
In2O2 (ITO) and F:SnO2 [13, 71]. Of these, apart from ITO (Sn: In2O3), AZO and
GZO (Al-and Ga- doped ZnO, respectively) have optical transparency and con-
ductivity similar to ITO and therefore exhibit a figure of merit ratio r=a[ 1 X-1

[13]. AZO is the best candidate for replacement of ITO because of its nontoxicity,
inexpensive materials, and low resistivity.

Transparent conductive materials can be prepared using a wide variety of thin
film deposition techniques, through physical vapor deposition methods such as
evaporation, magnetron sputtering, molecular beam epitaxy; and through chemical
vapor deposition (CVD) techniques such as high-temperature CVD, metal–organic
CVD (MOCVD), atomic layer deposition. Such methods are, however, not suitable
for high throughput production of PSCs. Liquid-based deposition methods are also
employed in the processing of TCO thin films, for example, sol-gel, and chemical
bath deposition. However, films produced by these methods have far inferior
conductivity. For example, the reported resistivity of sol gel-produced films ranges
from 7 9 10-4 to 10 X cm whereas sputtered films have reported resistivity as low
as 1 9 10-4 X cm [72]. The low resistivity is achieved by sintering at high
temperature under vacuum. Furthermore, TCO are brittle materials and hence
flexibility restricting. As such, it is unlikely that TCO will be explored for very
large-scale high throughput production of PSCs. They are, however, more
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attractive in other optoelectronic applications such as flat panel displays and
inorganic solar cells. In PSCs, their application has been limited to buffer layers
that are solution processed or to the use of acceptor material in hybrid solar cells.

3.3 Ultrathin Metal Films

Prior to the discovery and the subsequent dominance of ITO as the material of
choice for transparent conductors over the last four decades [73], very thin metals
usually evaporated were used as semitransparent conductors in optoelectronics.
With the advent of ITO that exhibited far superior properties, these thin semi-
transparent metals were rapidly replaced by ITO. However, the economic and
physical incompatibility of ITO in low-cost applications particularly has led to
revisiting ultrathin metals as a replacement to ITO.

In thin metal films, the surface scattering of free charge carriers causes an
inverse relationship between film resistivity and thickness. As a result, there is a
threshold below which further reduction in thickness leads to dramatic increases in
Rsh of the metal film. This critical threshold thickness is observed to lie between 5
and 10 nm in commonly employed electrode metals such as Al, Au, and Ag as
predicted by Fuchs-Sondheimer (FS)-Mayadas-Shatzes (MS) model and also
experimentally observed [74, 75]. The FS-MS model accounts for surface scat-
tering as well as scattering from the grain boundaries. At a thickness of 10 nm, a
transmission of the Ag film is observed to be *60 % (Fig. 15) [74, 75]. Metals
also exhibit very high reflection. Calculations have shown that while absorption of
10 nm thick silver is merely 3 %, reflections can amount to 63 % [76]. A dielectric
capping layer, similar to antireflection coating, can suppress this reflection and
induce a desired interference pattern enhancing the amount of photons reaching
the photoactive layer in a solar cell. Such a capping layer can be either organic or
inorganic dielectric compounds materials [77]. Coating of a metal electrode with
aluminum hydroxiquinoline (Alq3) in small molecular-based solar cell is reported
to cause an improvement in photocurrent up to 50 % [77, 78].

A very few scientific reports are available on thin metal films as transparent
conductor in the fabrication of PSCs [74, 79, 80]. Nonetheless, ultrathin metal
layer has been adopted as transparent conductors in PSCs in both top-and bottom-
illuminated inverted architectures. In bottom illuminated solar cell with the
structure substrate/ultrathin Au /ZnO/P3HT:PCBM/PEDOT:PSS/100 nm Au, a
PCE of 2.52 % is observed. Such a PCE is nonetheless lower than the ITO-based
reference devices (PCE: 3.53 %). The lower PCE is mainly attributed to the lower
Jsc which in turn is caused by the reduced incoupling of light into the device. In the
same structure when top illuminated realized by using 10 nm thick Au top elec-
trode and 100 nm Au bottom electrode, the lowest PCE 1.75 % is observed and
was attributed due to optical transmission loss due to the presence of PEDOT:PSS
layer [79]. The top illuminated inverted structure has been explored in other
studies and has resulted in poor performance in comparison to that of reference

Indium Tin Oxide-Free Polymer Solar Cells 211



devices. In such a structure, controlling the metal film properties on different
substrates is not an easy task. Film morphology is affected by the type of substrate
and its roughness, the surface treatment of the substrate, and the deposition con-
ditions [75]. Without any morphological control, it is unlikely that small amounts
of Au or Ag can be deposited on PEDOT:PSS can result in continuous films.
Several authors have noticed that Ag has a tendency to coalesce when deposited on
organic layers. Incorporating processing strategies to achieve continuous film
formation of Ag or Au on organic layer may reduce the loss in performance. Such
strategies involve deposition of a work function compatible low-surface energy
metals. For example, MgAg can form very flat semitransparent metal films
at \5 nm thickness while Ag forms island [81, 82].

Ultrathin metal films have been deposited by evaporation. However, recently a
solution processed semitransparent Ag electrode was reported having a Rsh of 5 X
!-1 and a corresponding transmission of 30 % at 550 nm along with a roughness
of 2 nm. When incorporated in the fabrication of a P3HT: PCBM-based solar cell,
a PCE: 1.6 %; FF: * 60 %; Voc: 0.51 V; and Jsc:5.3 mA/cm2 was observed. The
low Jsc is attributed to lower incoupling of light [83].

3.4 Polymers

The most important advantage of polymeric transparent conductors is that they can
be solution processed and are therefore readily processed in an R2R setup using
the plethora of coating and printing techniques available [39]. Poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) or PEDOT:PSS is the most widely

Fig. 15 Thickness dependence of sheet resistance in ultra-thin gold films determined by
simulation based on FS-MS model (solid line) and experimentally verified (dots). Inset shows
visible transmission of ultra-thin Au films with various thicknesses. The dashed line is
absorbance of P3HT:PCBM. � 2013 Elsevier. Reprinted, with permission from Ref. [74]
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used polymeric salt for this application where PEDOT is a conjugated polymer in
its oxidized state carrying a positive charge and PSS is a polymer with deproto-
nated sulfonyl groups carrying a negative charge (Fig. 16). PSS is added to EDOT
during polymerization as a charge-balancing counter ion and to improve the
inherently low solubility of PEDOT in aqueous medium. Several in-depth reviews
on PEDOT:PSS in general are present [84, 85].

PEDOT:PSS was initially and still widely used in antistatic coating where Rsh is
not as critical as when used in PSCs. In earlier reports on PEDOT:PSS as trans-
parent conductor films, a typical conductivity values 1–10 S cm-1 (Rsh of 105 X
!-1) was observed [86, 87]. Such conductivity values were three orders of
magnitude lower than that of ITO ([4,000 S cm-1) at similar transmission (80 %).
Several approaches were subsequently employed to increase the inherently low
conductivity of PEDOT:PSS and many have been successful. Some of these
methods include the addition of high-boiling temperature polar compounds such as
diethylene glycol [88]; ethylene glycol [89, 90]; sorbitol [91, 92]; dimethylsulf-
oxide (DMSO) [88, 93, 94]; glycerol [91, 93, 95]; by different chemistry methods
such as controlling synthetic conditions, fundamental alteration of the polymer
back bone, and by functionalizing the backbone with substituent side groups [87].
Currently, highly conductive formulations of PEDOT:PSS are commercially
available, for example, from Heraeus with the latest generations CleviosTM PH500
and PH1000 having a conductivity of 300 and 850 S cm-1, respectively. This is in
stark contrast to previous generations such as H.C. Stark Baytron P variants having
Rsh of 105 X !-1 or 1–10 Scm-1.

Like TCO, the conductivity of PEDOT:PSS increases with increasing film
thickness reaching saturation at a finite film thickness [85, 96]. However,
increasing thickness leads to decreasing optical transmittance. As a result, a trade
off between transmission and conductivity is required. Hence, particularly in
earlier reports prior to the commercial availability of highly conductive formu-
lations of PEDOT:PSS, such a tradeoff between transmission and conductivity
resulted in poor power conversion efficiencies of ITO-free PSCs and modules.

Fig. 16 Chemical structure
of PEDOT:PSS
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In some cases, PEDOT:PSS having transmission in the range 10–30 %
(350–600 nm) for a comparable Rsh to ITO (10–20 X !-1) has been reported [97].
As a result, often PSC devices-based PEDOT: PSS delivered lower PCE than ITO-
based reference devices [89, 91, 98]. Subsequently, the use of highly conductive
(hc) PEDOT:PSS such as PH500 as transparent conductor has resulted in com-
parable performance to ITO-based control devices. A maximum PCE of 3.27 %,
Voc: 0.63 V, Jsc: 9.7 mA cm-2, FF: 53.5 % have been reported [99].

In the inverted device configuration, a PCE of 3.08 %, Voc: 0.61 V; Jsc:
9.1 mA cm-2; FF: 53.3 % is reported in solar cells based on hcPEDOT:PSS
transparent conductor and evaporated Ag counter electrode. Such a PCE, none-
theless, is lower than ITO reference devices having an average PCE: 4.20 %,
Jsc: 10.25 mA/cm2, FF: 66.6 %, and Voc: 0.62 V. In such a device, the evaporated
Ag counter electrode, can also be replaced with PEDOT:PSS, therefore allowing
the fabrication of an all-solution-processed device [100]. Initially, such a device
showed poor rectification with a performance of PCE: 0.47 %, Voc: 0.31 V, Jsc:
5.94 mA cm-2, and FF: 27.7 % [100]. However, later reports observed good
rectification with improved ZnO buffer films deposited by atomic layer deposition
[101]. With a new generation low-band gap polymer, a PCE of 2.69 % was
observed in a polymer-based solar cell processed with a roll-coated hcPEDOT:PSS
as the front electrode in combination with PEDOT:PSS/Ag as the back electrode
[102]. Nonetheless, all such devices had lower PCE than ITO-based reference
devices. However, PEDOT:PSS electrodes render improve mechanical flexibility
than ITO electrodes where PCE showed a 92 % retention in PEDOT:PSS-based
PSCs while only 50 % of the initial PCE was retained in ITO-based electrode after
300 bend cycle [100].

3.5 Metal grid/PEDOT:PSS Composite Electrode

Despite the development of highly conductive formulations of PEDOT: PSS, its
Rsh values (102–103 X !-1) still remains significantly higher than ITO (10–60 X
!-1) as a result of which stand-alone PEDOT:PSS front electrodes have yielded
lower PCE than ITO-based control devices. By physically reinforcing
PEDOT:PSS with metal grids, conductivity of PEDOT:PSS can be significantly
improved. Such a composite electrode when used in place of ITO in normal
structure solar cells is observed to cause a threefold decrease in series resistance
(Rs) from [ 1 kX in cells with only PEDOT:PSS as electrode to 400 X with
composite electrodes, ultimately resulting in a threefold increase in Jsc [98]. The
challenge for using such a composite electrode is in the optimization required
between shadow losses due to the metal grids and the resistive losses due to the
resistance of the combined PEDOT:PSS/metal electrode. Depending on the Rsh of
PEDOT:PSS films, completely different configurations of metal grid design are
required in the optimization of the cells [103]. Overall, the surface coverage of the
metal grids should be as small as possible so as to minimize loss of incoming
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radiation reaching the photoactive layer. Conductivity can be increasing by
increasing line height while maintaining minimum shading losses [104]. In gen-
eral, for a given PEDOT:PSS, the optimized geometry of the metal grid that results
in minimum shading fractional power losses is simply given by the empirical
relation (W / W + S) where W is the grid width and S is the grid separation [103,
105].

With rigorous optimizations of grid design and PEDOT:PSS thickness, the
composite metal grid and PEDOT:PSS transparent conductor layers have resulted
in a performance similar to ITO-based solar cells in both normal and inverted
device geometries [103, 104, 106] (Fig. 17). Some methods used for deposition of
metal grids in laboratory cells are lithography [103, 107, 108]; thermal evaporation
through shadow masks [109–111]; sputtering in combination with photolithogra-
phy for patterning [112]; microfluidic deposition and nanoimprinting methods
[104]; precision-weaved metalized polymer fabric electrodes [113]; and printing
methods such as screen printing [3]; inkjet printing [107, 114, 115]; and flexo-
graphic printing [115]. Among all these methods, currently only the printing
methods are readily adoptable in a fast large-scale roll-to-roll processing of low-
cost PSC. These methods have been experimentally demonstrated as well.

In a normal structure, the use of screen-printed metal grids in combination with
highly conductive PEDOT:PSS on flexible substrates has shown superior PCE to
equivalent ITO-based cells [106]. Similarly, the use of inkjet-printed metal grid as
well as embedded grids in flexible substrates has also resulted in similar results
with higher reproducibility [107, 114].

Top illuminated inverted structures have been also adopted in the demonstra-
tion of ITO-free large-area PSC modules in a structure: substrate/metal/buffer
layer/photoactive layer/PEDOT:PSS/Ag grid. The PEDOT:PSS/Ag grid forms the

Fig. 17 A photograph of ITO-free PSC (2 9 2 cm2) with screen-printed Ag grid and highly
conductive PEDOT: PSS as front electrode and evaporated Al back electrode (left). The device
comprised of a layer stack schematically shown alongside (right). These devices had similar
photovoltaic performance to ITO. � 2013 Elsevier. Reprinted, from with permission from Ref.
[106]
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front electrode and the metal layer on the substrate forms as the back electrode. A
range of metals has been applied as back electrodes, for example, Ag, Al/Cr, and
Cu/Ti [116–118]. The choice of metal for back electrodes can allow tuning of the
work function of the electrode allowing higher voltage extraction and therefore
higher PCE. This is observed in small devices when Ag grid is deposited by
evaporation which in turn allows PEDOT:PSS layer to be made very thin, ulti-
mately allowing superior light transmission into the device. When Ag grid is
deposited by ambient processing technique such as screen printing, a higher
thickness of PEDOT:PSS because the solvents from screen printing formulation of
Ag ink is observed to diffuse through the underlying PEDOT:PSS layer into the
photoactive layer, thereby destroying it. Consequently, the higher thickness of
PEDOT:PSS leads to poor transmission to the PAL and thereby very poor current.
In early reports on R2R produced screen-printed grids, a transmission as low as
30 % is reported [116–118].

The most recent advancement in ITO-free R2R produced modules were made
in bottom illuminated inverted structures. A vacuum-free all R2R-processed PSCs
employing high conductive PEDOT:PSS/metal grid as a front electrode and
PEDOT:PSS/metal grid as the back electrode in an inverted structure was recently
demonstrated [115]. Metal grids were printed by three R2R methods: R2R thermal
imprinting of embedded grids, R2R inkjet printing, and R2R flexographic printing.
R2R flexographic-printed and R2R-embedded grids delivered similar albeit
unprecedented performance for fully R2R processed vacuum-free large-area ITO-
free cells (active area 6 cm2) under ambient conditions with devices based on flexo
grids having a PCE: 1.82 %, Jsc: 7.1 mA cm-2, Voc:5.1 V, FF: 51.2 %, and
embedded grids with PCE: 1.92 %, Jsc: 7.06 mA cm-2, Voc: 0.50 V, FF: 54.6 %.
The raised topography and relatively poor conductivities in the R2R inkjet-printed
silver grids resulted in significantly lower PCE attributed to the lower FF and Jsc

caused as a result of shunt paths: PCE 0.75 %, Jsc: 4.27 mA cm-2, Voc: 0.50 V,
and FF: 35.1 %. Among all these techniques, flexographic printing emerged to be
the favorable low-cost technique presenting no topography issues and the need for
multiple R2R steps as required in the embedded grids. Flexographic printing has
been recently adopted in producing large-area modules that are produced by all
R2R processing and have delivered PCE comparable to ITO-based devices. This is
discussed in the next section.

4 Roll-to-Roll Processing of ITO-Free Polymer Solar Cell
Modules

To date, almost all polymer solar cells reported in the literature are prepared using
a combination of two laboratory techniques: spin coating and metal evaporation.
However, neither of these techniques can be expected to share a future with PSCs,
where only processes that rely on flexible substrates and the absence of vacuum
steps are expected.
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Solution-based processing is an appealing alternative to vacuum-based depo-
sition approaches. The straightforward comparative advantages of solution meth-
ods include atmospheric pressure processing, which requires significantly lower
capital equipment costs, suitability for large-area and flexible substrates, higher
throughput, and the combination of more efficient materials usage and lower
temperature processing. These approaches can also be readily adapted for simul-
taneously patterning the materials while coating or printing, which eliminates the
need for additional processing steps.

An enormous palette of film-forming techniques has been investigated for
processing one or more of the layers in a PSC, which usually is comprised of five
or six layers. Some of these film-forming techniques investigated are slot die
coating, gravure coating, knife-over-edge coating, offset coating, spray coating,
and printing techniques such as inkjet printing, pad printing, and screen printing.
A complete review on roll-to-roll processing can be found elsewhere [39, 119].

Recently, fully functional large area highly flexible ITO-free modules, reaching
a total area of 180 cm2 were reported [120]. These modules were fabricated on a
60 lm thick barrier substrate on which a flexographic printed silver grid in
combination with printed hcPEDOT: PSS formed the transparent electrode. Such a
composite front electrode exhibits a transmittance of [60 % in the visible region
and printed silver shows a sheet resistance of [1 X !-1. The complete device
stack comprised of Ag grid/hcPEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag is
known as the IOne process. The R2R processing carried out in the preparation of
IOne stack is shown in Fig. 18. Such devices were found to be highly scalable;
single cells of 6 cm2 demonstrated a FF of 51 % while up-scaled modules with an
area of 180 cm2 had a FF of 55 % (Fig. 19). These modules were subjected to
several accelerated lifetime testing conditions and were found to be rather stable
for more than 1,000 h under different operational and storage conditions [120],
thereby attesting to [1 year of lifetime.

The IOne process has been further adopted in the processing of large arrays of
serially interconnected modules, all accomplished in the printing and coating pro-
cessing [122]. Such a structure can ideally be used to produce infinitely interconnected
solar cell modules on an infinitely long flexible substrate and be readily installed for
power generation. Such a concept has been demonstrated on an 80 m foil comprising
of 16,000 serially connected cells delivering a voltage of 8.12 KV under outdoor
conditions. Characterization under overcast conditions at 138 Wm-2 showed a PCE
of 1.6 %, Voc: 874 V, Isc: 5.49 mA cm-2, and FF: 50 % on an area of 11 meters.

5 Summary and Future Outlook

Polymer solar cells present an attractive technology by the sole virtue of its low-
cost processing potential. Research efforts in low-cost processing until now have
shown that very low energy payback time (0.30 years) can be obtained with PSCs
which inevitably would allow the technology can be within the economical reach
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of mass consumers. ITO currently remains the biggest hurdle in reaching this
objective and finding a cost-effective replacement to ITO that can be solution
processed in a vacuum-free environment is crucial for PSCs to witness a com-
mercial reality. While all but ITO layers in a PSC stack are solution based that can
be processed on a roll-to-roll coating and printing line at fast web speeds
([10 m min-1), the processing of a patterned ITO substrate requires multistep
including sputtering and etching, ultimately incurring more than 50 % of the cost

Fig. 18 Photographs of the stepwise R2R printing and coating processes in fabrication of the
modules: a flexography printing of Ag grid; b–d slot die coating of hcPEDOT:PSS,
P3HT:PCBM, and PEDOT:PSS, respectively; e flat-bed screen printing of Ag paste; and f final
module after step e. � 2013 Elsevier. Reprinted, with permission from Ref. [120]
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of a PSC module. Hence, finding an alternative is crucial for the successful
commercialization of PSCs.

While most of the alternatives presented in this review have the potential to
fulfill such requirements (comparative summary of TCE properties of all alter-
natives is shown in Fig. 20), several processing issues have impeded their progress
from laboratory to large-scale production. Particularly, nanomaterials including
CNTs, graphene, and metal nanowires have shown remarkable properties that even
surpass the benchmark that ITO has set.

With the rapid progress in processing of such nanomaterials being reported, it is
not too long before they are commercially utilized as transparent conductors for all

Fig. 20 A summary of
reported properties of TCO
alternatives. Solid lines are fit
according to some figure of
merit equations. The dotted
rectangle shows the target
region for transparent
conductive electrode
application. � 2013 Nature
Publishing group. Reprinted,
with permission from Ref.
[123]

Fig. 19 a An R2R processed highly flexible IOne PSC modules with an area [100 cm2 where
front electrode is metal grid/PEDOT:PSS composite; b IV characteristic of the module shown in
a with different sizes depicting scalability of the structure. � 2013 Elsevier. Adapted, with
permission from Ref. [120]
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optoelectronics in general and organic solar cells in particular. Meanwhile, the
composite PEDOT:PSS/metal grid electrode remains the readily available and
upscalable alternative to ITO.
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Low-Cost Fabrication of Organic
Photovoltaics and Polymer LEDs

Hongseok Youn, Hyunsoo Kim and L. Jay Guo

Abstract Polymer light-emitting diodes (PLEDs) and organic photovoltaics
(OPVs) are considered as next generation electronics due to the low-cost, flexibility,
and lightweight features. However, there are challenges such as large-area processing
technologies, film coating quality, and long-term stability toward scalable and
low-cost polymer electronics. This chapter deals with the various scalable processing
methods and evaluates the coating performance as well as electrical performances in
polymer electronics fabricated by the solution processes. Special attention on coating
instability is elaborated in the context of important material components in
PLEDs and OPVs. Proper coating techniques can be chosen by considering the
thickness requirement of each functional layer with good reproducibility. Addi-
tionally, we will evaluate mechanical/optical characteristics of the polymer anode
for ITO-free electrodes; and introduce the metal mesh in combination with con-
ductive polymers as the ITO-free transparent electrode for large area applications.

1 Introduction to Roll-Coating Techniques

Polymer electronics have great potential toward large-scale, lightweight, and low-
cost devices. Moreover, since polymers can be dissolved in common solvents,
polymer electronics can be fabricated using scalable solution processes such as
roll-to-roll, inkjet, blade, and spray coating methods. In particular, the polymer
solar cells are considered as next generation and sustainable photovoltaic devices.
They are attractive as additional power sources for mobile devices and could
become ubiquitous in the near future. Moreover, the flexible polymer solar cells
could also be applied for building integrated photovoltaics (BIPV) such as walls,
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roofs, and windows as shown in Fig. 1. The manufacturing processes of polymer
solar cells are relatively environmentally friendly due to low-emission and waste
free features. On the other hand, Polymer LEDs are strong contenders for low-cost
and flexible solid-state lighting.

Since the pioneering work of Tang [1], the OLEDs field has witnessed rapid
progress. The introduction of triplet phosphorescence materials by Forrest and
Thompson [2] has enabled commercialization of small molecule-based OLEDs. In
the OPVs area, after the introduction of the bi-layer heterojunction structure by
Tang in 1986, the efficient photo-induced charge transfer between conjugated
polymer and fullerene in the bulk heterojunction (BHJ) structure was reported by
Heeger et al. in 1992 [3]. The power conversion efficiency of the polymer (PBHJ)
solar cells has now increased to over 10 % by employing the low band gap
polymer [4].

To enable large manufacturing, however, there are few reports on high effi-
ciency OPVs devices fabricated by practical processing. There are some consid-
erations for developing fully printable solar cells. First, the materials should be
soluble in common solvents and stable in the air environment. Second, the device
structure should be simple and the film thickness should not be too thin consid-
ering the variability in film thickness in large area fabrication. If the device
structure contains many layers, the limitations and compatibility of solvents for
each functional layer should be considered due to the dissolution or intermixing
problems with the underlying layers. Thinner layers, e.g., of only a few nano-
meters thickness, are very challenging to realize uniform film thickness in the large
area devices. Third, the cost of the process and that of materials and substrates
should not be too expensive. For example, material utilization is low in both
vacuum evaporation and spin-coating deposition methods, and the former also

Fig. 1 Various future applications of the Polymer Solar Cells with a large-scale and flexible
advantages. (The images captured at http://www.solarmer.com/products.html, Copyright �
Solarmer Energy Inc)

228 H. Youn et al.

http://www.solarmer.com/products.html


requires expensive vacuum facility. Thus, to meet the requirements of throughput
and material utilization, various practical and efficient coating methods such as
roll-to-roll, blade coating, spray coating, and slot-die coating are being developed
and reported. Here, we give an estimate of the material cost for making OPVs,
which was calculated per inch2-area device. Because there is little waste of
solution in the blade/slot coating process, the volume of the solution consumption
is 20-fold less than that of spin coating. For instance, the blade coating having an
ink supplying nozzle utilizes 30 ll solution for a 200 9 300 size substrate. On the
other hand, spin coating requires more than 500 ll to cover the same area sub-
strate, clearly not suitable for large-scale manufacturing process considering the
high material cost of electronic materials. Another consideration is the ITO
transparent conductor commonly used for organic electronic devices: even though
it has good transparency and high conductivity, its cost has increased significantly
due to the worldwide demand and production of LCD and OLED displays, and
touch panels along with the fact that the indium is a relatively scarce element on
the planet earth. In fact, ITO coated glass accounts for 12 % (spin coating) and
54 % (slot coating) of the whole device cost as shown in Table 1. Moreover, the
flexible ITO-PET is more expensive than ITO-glass and occupies 35 % in an
electronics device application [5]. To achieve 1$/W target in the polymer solar
cells, the cost of transparent conductors and the active materials during the process
should be reduced.

1.1 Various Printing/Coating Technologies for Polymer
Electronics

Among conventional printing/coating technologies, the roll-to-roll printing, gra-
vure, flexography, and offset printing offer great productivity compared with other
manufacturing technologies (Table 2). However, whether these conventional
printing processes are appropriate for manufacturing polymer electronics should
be considered. For instance, screen printing is a simple printing process but it is

Table 1 The material costs in the polymer solar cells

Spin casting
($/inch2)

Slot/Blade
coating
($/inch2)

Slot/Blade
coating
(ITO-free)
($/inch2)

Slot/Blade coating
(ITO-free and
evaporation-free)
($/inch2)

ITO 0.20 0.20 – –
Ink (PEDOT,

Active, etc.)
0.060 + 1.200 0.003 + 0.060 0.003 + 0.060 0.003 + 0.060 +

0.002 (Ag ink)
Aluminum 0.104 0.104 0.104 –
Total cost (inch2) 1.564 0.367 0.167 0.065
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limited by the requirement of high ink viscosity. Inkjet printing is useful for fine
patterning and thinner film using less viscous solution, but due to its serial process
nature it is not suitable for large area film coating. In terms of large area coating,
roll-to-roll coating has more flexibility to be adapted for the various coating area
and to obtain varied film thickness.

1.2 General Coating Characteristics in Coating Methods:
Thickness Control

This section introduces and compares general coating processes such as spin
coating, knife coating, and slot-die coating. Since film thickness and uniformity
are more important factors for electronics devices than traditional coating indus-
tries, we will examine some equations to get a clear picture of the key parameters
affecting the film thickness. We aim at understanding the general coating char-
acteristics for the practical coating process.

1.2.1 Spin Coating

Spin coating is one of the most popular coating methods as it is simple and easy to
realize the intended film thickness. The solution dispensed on the substrate can be
spread by a centrifugal force and the wet film is thinned down during the spin
process. The film thickness depends on the viscosity and concentration of the
solution. However, the final thickness of the film is mainly controlled by the spin
speed, and thinner film can be achieved at higher spin speed.

In the following equations hw is the wet film thickness, x: rate of the solids
contacting on the substrate, x: angular speed, q: solution concentration, C: con-
stant for the coating gas in the coating chamber, l: viscosity of the solution. The
wet film thickness can be expressed as follows:

hw ¼ x
e

2 1� xð ÞK

� �1=3

ð1Þ

Table 2 The printing parameters and features in conventional printing technologies

Inkjet Screen Gravure Flexo. Offset

Resolution (lm) 16–50 30 20–75 75 30–50
Thickness (nm) \100 [1000 \50 nm \50 nm \1000
Viscosity (mPa s) \20 500–50000 50–200 50–500 20–100 k
Coating speed (m2/s) 0.1 \10 60 10 20
Polymer ink s s s s 9
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where e ¼ C
ffiffiffiffi
x
p

, and K ¼ qx2

3l .

When we consider the evaporation of the solvent during the coating process, the
final film thickness can be expressed as follows:

hf ¼ xhw

and finally [6],

hf / x
l

qx

� �1=2

ð2Þ

Therefore, the film thickness can be precisely controlled by the parameters in
Eq. (2). However, very small amounts of the solution remain on the substrate to
form the film during the spinning process. The rest of the solution is totally wasted.
As a result, material utilization in the spin-coating process is commonly too low,
sometimes less than 5 % of the solution volume. Therefore, spin coating is not
considered as a practical manufacturing process.

1.2.2 Blade (Knife-Edge) Coating

The blade-coating method is commonly used in various coating industries and
generally referred as knife-edge coating. The amount of solution (metered or not
metered) is dispensed ahead of the blade, and the blade moves with a given speed
as shown in Fig. 2. Contrary to spin coating where the film thickness is inversely
proportion to the spin rate, the film thickness in the blade coating increases with
the blade speed (Vblade). The film thickness in blade coating is also related to
viscosity of the solution l, surface tension of the solution, and curvature radius of
the downstream meniscus R [7].

h ¼ 1:34
lVblade

r

� �2=3

R ð3Þ

The downstream meniscus can be expressed with pressure difference between
P1 and P2.

h ¼ 1:34
lVblade

r

� �2=3

ðP2 � P1Þ ð4Þ

Thus, the film thickness in the blade coating increases with blade speed,
because as the blade moves faster, it has less chance to remove the solution on the
substrate with the other parameters fixed. The volume of the moving bead will be
smaller in the high-speed blade coating. Therefore, a large amount of solution will
remain on the substrate after the blade and result in a thicker film. In the same
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manner, if the surface tension is small, a large amount of volume will stay after the
coating. This phenomenon is also known in the dip-coating process, where the
typical film thickness equation is expressed as [8],

h ¼ 0:946
lVblade

r

� �1=6 lVblade

qg

� �1=2

ð5Þ

If the density of the solution q, viscosity l, and surface tensionr are treated as
constants, we can lump them together as a coating constant K. Similar treatment
can be applied to blade coating. Therefore in both cases the film thickness versus
blade speed can be expressed simply as

h ffi K Vbladeð Þ2=3 ð6Þ

In the actual blade-coating experiment, we found that the film thickness of
P3HT:PC61BM blend film used as the active layer (substrate size: 200 9 300) in the
polymer solar cells is well matched with theoretical values as shown in Fig. 3. The
solution consisted of 20 mg P3HT and 16 mg PC61BM dissolved in 1.2 mg
dichlorobenzene.

1.2.3 Slot (Die) Coating

If there is no pumping pressure to deliver the ink from the reservoir to slot nozzle,
the thickness relation is the same as that of blade coating. However, conventional
slot coating uses the static pump to extrude the solution. Therefore, the thickness
depends on the volume-rate of the pumped solution. The thickness can be
expressed as follows:

hw ’
_V

WVslot

ð7Þ

_V: volume flow rate of the pumping, W: coating width of the slot-die, Vslot: coating
speed.

Fig. 2 The schematic
diagram of the blade-coating
process
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1.3 Coating Instabilities

In typical roll-to-roll coating process such as gravure coating, the surface of the
printing rolls has many engraved cells. A picture of the gravure coating system is
shown in Fig. 8. The ink in the engraved cell on the roll surface is transferred to
substrate in the roll-to-roll coating, while there is direct contact between the
gravure roll and the substrate (in comparison with blade or die coating where a
fluid layer exists between the two rolls, and later will be referred as non-contact
coating process). The direct contact mechanism of the ink transfer causes printing/
coating instability, such as in the form of streak patterns in the film as shown in
Fig. 6. The small amount of the ink in the gravure cell moves like an extensional
viscous flow during the ink transfer. The extended viscous fluid causes irregular
streak patterns. An example is shown in Fig. 4 for the emissive polymer solution/
material. This coating instability can be explained by the capillary number, Ca.
This dimensionless number is defined by the surface energy and viscosity of the
solution.

Ca ¼
lV

r
ð8Þ

l: the viscosity of fluid, V : the flow rate (roll speed), r: the surface tension.
Typically, larger Ca will cause coating instabilities, such as ribbing, cascading, and
coating mist, due to the cavitation.

The viscosity of the solution increases for higher molecular weight material.
For instance, the emissive polymer in the light-emitting diodes has relatively high
molecular weight around 1,000,000. Therefore, the coating problem can be more
severe. Generally, viscosity also increases with the solution concentration, which

Fig. 3 The relationship
between the various film
thicknesses of the
P3HT:PC61BM layer and the
blade speeds
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leads to higher capillary number and instability. Reducing the solution concen-
tration, the film quality can be improved as shown in Fig. 5. To improve the film
coating quality, the capillary number should be controlled by, e.g., reduction of
coating speed or viscosity. However, the desired film thickness may not be
achievable. Therefore, the contact coatings causing the extensional viscous flow of
the polymer solution between the roll and substrate have more serious instability
issues. The instability analysis can also apply to the coating processes such as
blade coating where the blade does not have direct physical contact with the
substrate (and hence will be referred to as non-contact coating). Because the blade
or the slot-die coatings do not cause extensional viscose flow, they are frequently
more suitable choices.

In the case of low-band gap polymer semiconductor (iI-T3) [9] dissolved into
dichlorobenzene, because the solution has very low surface tension, the capillary
number depends highly on the coating speed. Coating meniscus can be broken due
to low cohesive energy of the solution under fast coating condition, showing as
irregular patterns due to instability. On the other hand, the coating quality of the
low-band gap polymer will be improved by reducing the coating speed as shown in
Fig. 6.

There is another important parameter to determine the coating instability. It is
the leveling time for the solvent in the wet film to be evaporated after the coating
process. If the solvent evaporates relatively slowly, the film can be self-leveled
under the surface tension, and the irregular coating pattern resulted from the
instability will disappear by the flow itself.

The wet film thickness containing the instability can be considered as a simple
wave with amplitude d and characteristics wavelength (2p/q) as follow (Fig. 7):

e ¼ e0 þ de cosðqxÞ ð9Þ

Fig. 4 The image of the
irregular coating streaks
(yellow patterns) with the
thermally deformed
aluminum cathode (metallic
bubble-like patterns) due to
the leakage current. The
aluminum cathode was
peeled out from the polymer
light emissive layer after the
device test

234 H. Youn et al.



Fig. 5 The irregular coating patterns in the emissive material due to instability with respect to
the solution concentration, 1, 0.75, 0.5 and 0.25 wt%. The lower concentration improves the film
quality, the irregular pattern disappear in the case of 0.25 w%. The other coating condition are
80 m/min, 200 LPI (line per inch), 22 lm of the gravure cell depth

Fig. 6 The irregular coating patterns in iI-T3:PC71BM blend PV material due to instability with
respect to the blade-coating speed, 20, 16, 12 and 8 mm/s. Clearly lower speed removes
instability and leads to uniform film
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The film thickness variation, expressed as d; will be reduced by the self-leveling
flow. We estimate the leveling time s. First the fluid speed (v) can be deduced from
the 1-dimensional Navier–Stokes equation. Then the flow rate Q can be deduced
from Young–Laplace equation:

� op

ox
þ l

o2v

oz2
¼ 0 ð10Þ

Q � e0

l
rq3de sinðqxÞ ð11Þ

Considering the volume conservation,

oQ

ox
¼ �l

oe

ot
ð12Þ

dde

dt
¼ � de

s
ð13Þ

Solving the differential equation yields the leveling time as follows:

s ¼ lk4

re3
0

ð14Þ

If leveling time is smaller than evaporation time, the pattern will disappear due to
the leveling flow. However, if the leveling time is too long or evaporation time too
fast, the irregular pattern will remain. The leveling time depends on the viscosity
and surface tension of the solution. For instance, when the viscosity of the given
polymer solution is 100 mPa s, the surface tension is 25 m N/m, the characteristic
pitch of the stripes is 500 lm, the wet film thickness is 10 lm, and the leveling
time will be 250 s. To remove the irregular patterns, the solvent having higher
boiling temperature should be considered. By choosing a solvent that can evap-
orate slowly beyond the leveling time, flat and uniform films can be produced
(Fig. 8).

Fig. 7 The ideal modeling of the coating ripples of the wet film solution
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Uniform film is important to ensure proper device function. Example, the streak
patterns of the emissive material shown in Fig. 9 can cause electrical shorting
problems under the bias voltage. This unwanted streak pattern can be controlled by
adjusting the printing speed and ink viscosity. The viscosity of the solution can be
reduced by diluting the solution as discussed earlier for the emissive polymer. For
another example, the commonly used conductive polymer PEDOT:PSS solution is
also difficult to form a uniform film on the polymer substrate as shown in Fig. 10.
In this case, since the solution is water-born and hydrophilic solution, it is difficult
to coat uniformly. The irregular pattern of the PEDOT:PSS layer can be controlled
by adding isopropyl alcohol (IPA) solution to reduce viscosity. Dilution with IPA
has better effect than that of adding a surfactant. However, it is hard to obtain an
appropriate film thickness by one time coating using a lower concentration solu-
tion. Therefore, in the case of using the viscous solution, the film quality is
sensitive to the coating instability caused by ink transfer in the contact coating
method. Due to the basic problems of the contact coating process, non-contact
coating methods will be introduced. Slot-die coating as a typical non-contact
coating is a good manufacturing tool for the large scale solar cells.

2 Characteristics of Roll-to-Roll Coated Functional Layers
Toward the Large Scale Devices

This section describes the roll-to-roll/blade-coating process with applications in
large area OPV and OLED devices. We discuss the requirements of the functional
layers (e.g., transparent electrode, hole extraction layer, charge separation layer,

Fig. 8 The gravure coating system and its coating parts
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electron transport layer, and electron extraction layer) in terms of the coating
performances such as coating thickness, uniformity, and electrical properties.

2.1 Roll-to-Roll and Blade-Coating System
as the Noncontact-Coating Methods

Among the various printing processes to make large area polymer PVs and PLEDs,
the roll-to-roll coating system is one of the most favorable candidates. By adding a
facile doctor blade to the roll-to-roll system, a simple, noncontact coating platform
can be constructed, where the blade does not contact the substrate directly but via a
liquid layer. As compared with the slot-die system, it is a valuable tool for fab-
rication of large-sized thin films.

Since the conventional blade-coating system has advantages such as easy
operation, simple structure, and low cost, it has been widely used in not only
laboratory but also industrial scale. Previously, there have been efforts to make
organic electronics using simple blade coating due to these advantages. However,
there is a serious problem in the conventional blade-coating process: because the
ink supplying is not homogeneous, the layer thickness varies: the initial layer
thickness was frequently thicker than the final layer thickness. In addition, the ink
supply in the slot-die coater relies on the use of external pumping, which cannot be

Fig. 9 The irregular streak patterns of the emissive layer in PLEDs with respect to the different
concentrations and coating speeds
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thin enough, e.g., for the electron injection layer using the low-viscous solutions.
To address the nonuniform film thickness problem, a pre-metering mechanism, or
nozzle system should be added like that used in a slot coating. In order to achieve
better film uniformity for much thinner organic layers such as the electron
injection layer in PLED and to solve the fundamental ink supplying problem, we
attach a simple slide glass to the blade surface to meter the solution. The whole
system was developed with 800-based rollers and it is driven by an AC servo-motor.
As shown in Fig. 11 the solution contained in the slit between the glass plate and
the blade flows and created a meniscus in front of the glass, followed by a
homogeneous laminar flow at the back of the blade. This fine laminar flow is the
key to uniformity and better film quality. The control variables of the film
thickness are the blade gap, the slit gap, the blade speed, the ink concentration, and
the surface energy of the substrate, and the slit.

The blade-slit coating method utilizes only the gravity of the solution for the ink
supply, the flow rate can be minimized effectively. The estimated minimal thickness
of the blade-slit coating is around a few nanometers. The minimal wet film thickness
in the slot-die system is around 1 lm, and the estimated dry film thicknesses are few
tens of nanometers. Because the device performance sensitively depends on the film
thickness in the organic electronics, the thickness of each layer should be controlled

Fig. 10 The control of the irregular streak patterns by adding surfactant (Dynol 604, Air product
inc.) and isopropyl alcohol (IPA)
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fairly accurately to optimize the device performance. When designing the various
device structures by the solution coating processes, special consideration should be
given to whether each layer thickness can be realized by the practical coating
method such as the blade/roll-to-roll coating equipment.

2.2 Conventional Device Structure in the PLEDs

We now discuss the roll-to-roll fabrication of PLEDs. A typical PLEDs is indium
tin oxide (ITO)/Hole transporting layer/Emissive layer/electron transporting layer/
metal cathode, poly(3,4-ethylenedioxythiophene)poly-(styrenesulfonate) (PEDOT:
PSS) conductive polymer is a commonly used hole transporting layer. Phenyl
substituted poly(para-phenylene vinylene)—known as ‘‘Super Yellow,’’ (will
simply be referred as S-Y, Merck, PDY-132) will be used as yellow light-emitting
layer. Zinc oxide (ZnO) nanoparticle (NP) is used as electron transporting layer,
and Al as cathode, poly(ethylene oxide) (PEO), and tetra-n-butylammonium tet-
rafluoborate (TBABF4) in acetonitrile (ionic solution) is used to induce a dipole
layer to adjust the work function of the cathode, as shown in Fig. 12 [10].

2.3 Flexible and Transparent Electrode for Large-Scale
PLEDs

2.3.1 Optical and Electrical Property of the Roll-to-Roll Coated
Polymer Electrode

Since indium tin oxide (ITO) has good optical and electrical properties, it has been
commonly used as a transparent electrode in displays and solar cells. However, the
cost of the ITO is expensive and mechanical bending strength is poor due to its

Fig. 11 The schematic diagram of blade-slot coating showing the ink supply and coating flows;
and a 80 0 based roll-to-roll coating system
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brittleness. Moreover, the flexible ITO sputtered on PET substrate has less
transmittance and conductivity than that of the ITO-glass. There are many can-
didates for the alternative transparent electrodes such as metal mesh, silver
nanowire [11], graphene [12], carbon nanotubes [13], and conducting polymer
[14]. The conducting polymer of PEDOT:PSS fabricated by roll-to-roll coating
offers satisfactory optical transparency and electrical conductivity (Fig. 13) as
polymer anode. For example, a 200 nm thick polymer anode (PEDOT:PSS, H.C.
Stock PH1000) can be coated by roll-to-roll blade-slit coating method over large
substrate at one time without wasting of the solution as shown in Fig. 14. In
comparison, spin coating method requires three time coatings and wasting lots of
solutions to cast the same 200 nm thick polymer anode. The sheet resistance of the
polymer anode made by roll-to-roll coating is around 40 X/sq, when the thickness
is 250 nm. The transmittance including PET substrate of the polymer anode is
74 % at 550 nm wavelength. For a thinner, 120 nm thick polymer anode, the sheet
resistance is 110 X/sq and the transmittance is around 85 %.

Fig. 12 Illustration of the multilayer structure and the solutions of the functional layers
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2.3.2 The Mechanical and Stability of the Transparent Polymer
Electrode

The polymer electrode has better bending strength than ITO-PET as shown in
Table 3. The variation of the sheet resistance of the film is less than ITO-PET. The
ITO-PET is vulnerable to the bending stress: extensive cracks are developed if the
ITO surface is subject to just one time excessive bending stress. Thus in the case of
PLED, we could not observe the light emission from the device after the several
bending cycles.

Fig. 13 Comparison of
transmittance between
ITO-PET and R2R coated
PH1000 (42 and 112 X/sq) in
the visible wavelength range.
Reproduced from [15] with
permission of Wiley-VCH
Verlag GmbH & Co. KGaA
� 2013

Fig. 14 The roll-to-roll
coated polymer anode
(PH1000) on the 80 0 flexible
PET substrate
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2.3.3 Coating Evaluations of Functional Layers in the PLEDs

For large-scale devices, the thickness of the blade-only coating is nonuniform in
the coating direction. Accordingly, the layer thickness in the initial state is usually
greater than that in the final state for a large-scale device. Thickness variation is a
serious problem associated with PLEDs, because difference in the functional layer
thickness, in particular the very thin electron injection layer causes variation in the
luminance in different areas. The final thinner area will be brighter than that of
initial thicker area as shown in Fig. 15. Furthermore, an excessively thin area can
even cause electrical shorts in the PLED layers.

Coating of the active layers in PLEDs using the blade-slit coating system can
effectively address the above issues. The coating mechanism is similar to the slot-
die coating. The main difference between the two is the ink supply. Organic
electronic devices such as OPVs, OTFTs, and OLEDs have thin layers (from a few
nanometers to a few hundreds of nanometers). Thus, it requires smaller feeding
capacity of the solution than what typical slot-die coater delivers. Especially in the
PLEDs illustrated above, the ZnO NP layer/Ionic complex layer as the electron
transport/electron injection layer is even thinner: the total thickness of the two
layers is only from 15 to 30 nm. Therefore, it requires less and homogeneous
amount of ink supply. In this effort, we aimed at fabricating not only the hole
injection layer, emissive layer, and electron transport layer but also the much
thinner electron injection layer using the new blade-slit coating method. The
blade-slit coating system we developed does not employ external pumping system,
but utilizes only natural gravity and surface tension of the solution to flow out from
the capillary to the surface of the substrate, which can effectively reduce the flow
rate and the wet film thickness.

The following is a summary of the fabrication process. Each layer was fabri-
cated at a temperature of 45 �C on the hot plate under ambient air conditions. The
blade-slit speed was 15 mm/s. Sputtered ITO glass (15 X/sq) was cleaned
beforehand by ultrasonic treatment in pure water, acetone, and IPA. It was then
subjected to a UV-ozone treatment for approximately 1 h. A PEDOT:PSS layer
(40 nm) was blade-slit coated onto the ITO glass, where the slit gap between the
blade and the slide glass was 70 lm. The yellow light-emitting polymer (S-Y)
dissolved in toluene at 0.6 wt% was then blade-slit coated (approximately 75 nm),
with the slit gap of 210 lm. The ZnO NP layer (approximately 30 nm) was

Table 3 The sheet resistance change of conducting polymer anode and ITO-PET following the
change in bending angle

0� 30� 60� 90� 120� 150� 180�
ITO PET (X/sq) 13.9 17.6 26.1 40.3 52.6 68.2 309.3
Polymer anode (X/sq) 68.8 69.0 69.0 69.1 69.2 69.5 69.7

The sheet resistance of ITO is significantly increased when the bending angle is increased. In
contrast, the conducting polymer shows almost the same sheet resistance. Reproduced from [15]
with permission of Wiley-VCH Verlag GmbH & Co. KGaA � 2013
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blade-slit coated onto the emissive layer, with a slit gap of 210 lm. Finally, the ionic
solution was blade-slit coated onto the ZnO NP layer, with the slit gap of 350 lm.
The ZnO NPs dispersed solution, dissolved in 1-butanol at a concentration of
30 mg/mL, was synthesized according to the method described by Beek et al. [24]
The ZnO NPs appeared rather monodispersed with an average size of approximately
5 nm. The ZnO NPs layer was thin and porous, which allows the ionic solution
containing TBABF4 and PEO to permeate into the porous ZnO NP layer. The alu-
minium cathode (100 nm) was thermally evaporated under 2 9 10-6 torr in this
demonstration, but could be replaced by the blade-coated Ag paste. The film uni-
formity of the emissive layer is easily verified by UV-light exposure as shown in
Fig. 16. However, the other layer should be measured by surface profiler or SEM
image. The amount of the solution for each layer to be coated is only 25 lL in area of
50 mm 9 50 mm. The whole volume of the slit space is 550 lL. In addition, it is
inexpensive and easy to change and clean the nozzle for the different solutions. The
blade-slit coating employs transparent slide glass for the slit capillary, which is quite
useful to observe the fluids flow in the slit nozzle.

2.3.4 Uniformity of the Functional Layers in PLEDs Coated
by Blade-Slit Coating

As stated, the blade-slit coating improved the coating uniformity in the moving
direction. The measured standard deviations of the blade-only coated PEDOT:PSS
(hole injection layer) and Super Yellow (yellow light-emitting polymer, structure
shown in Fig. 17) layers were about 5.7 and 5.7 nm, respectively, representing a
nonuniformity of 7.9 and 9.1 %, respectively, of film thickness. These were cal-
culated from thickness data measured at ten given positions (2 columns and 5
rows, each spaced 25 and 12 mm, respectively) in the area of the coated layer

Fig. 15 The light-emitting images of the blade-coated devices, non-uniformly coated by the only
blade coating (left) and uniformly coated layer utilizing the slit nozzle
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(substrate area: 70 mm 9 80 mm). The lack of the uniformity of the blade-only
coated layers created serious nonuniform luminance when the device was driven
electrically. In comparison, in the blade-slit coated layer the standard deviation
was only 0.68 and 2.3 nm for the PEDOT:PSS and emissive layer S-Y. So non-
uniformity is only 2.1 and 2.2 % of their respective layer thicknesses (Table 4). It
exhibited dramatic improvement in film uniformity compared to the blade-only
coating. The electrical performances of PLED devices made of polymer anode are
discussed in Sect. 3.

Fig. 16 The UV-light irradiation for evaluation of the coating quality in the emissive layer, left
films are spin-coated and right films are blade-coated films

Fig. 17 Molecular structure
of the yellow light-emitting
phenyl substituted
poly(phenylene) vinylene

Low-Cost Fabrication of Organic Photovoltaics and Polymer LEDs 245



T
ab

le
4

F
il

m
un

if
or

m
it

y
of

P
E

D
O

T
:P

S
S

an
d

su
pe

r
ye

ll
ow

la
ye

rs
fo

r
bl

ad
e-

on
ly

co
at

in
g

ve
rs

us
bl

ad
e-

sl
it

co
at

in
g

B
la

de
-o

nl
y

H
ol

e
in

je
ct

io
n

la
ye

r,
P

E
D

O
T

:P
S

S
(n

m
)

A
vg

a
S

D
b

U
c

P
os

d
1

2
3

4
5

6
7

8
9

10
(n

m
)

(n
m

)
(%

)
T

hk
e

73
.1

79
.3

71
.6

76
.7

75
.0

78
.0

73
.3

61
.1

63
.2

73
.1

72
.4

5.
7

7.
9

L
ig

ht
-e

m
it

ti
ng

la
ye

r,
su

pe
r

ye
ll

ow
(n

m
)

P
os

d
1

2
3

4
5

6
7

8
9

10
T

hk
e

71
.3

55
.8

58
.1

55
.9

60
.2

71
.4

60
.9

64
.7

68
.9

60
.2

62
.7

5.
7

9.
1

B
la

de
sl

it
H

ol
e

in
je

ct
io

n
la

ye
r,

P
E

D
O

T
:P

S
S

(n
m

)
P

os
d

1
2

3
4

5
6

7
8

9
10

T
hk

e
32

.9
32

.4
32

.2
33

.3
31

.3
33

.7
32

.6
32

.0
31

.9
32

.0
32

.4
0.

68
2.

1
L

ig
ht

-e
m

it
ti

ng
la

ye
r,

su
pe

r
ye

ll
ow

(n
m

)
P

os
d

1
2

3
4

5
6

7
8

9
10

T
hk

e
10

2.
2

10
0.

0
10

2.
9

10
5.

4
10

4.
3

10
2.

2
10

0.
2

10
0.

1
10

6.
1

10
5.

7
10

2.
9

2.
3

2.
2

R
ep

ro
du

ce
d

fr
om

[1
6]

w
it

h
pe

rm
is

si
on

fr
om

E
ls

ev
ie

r
�

20
12

a
A

vg
:

av
er

ag
e

th
ic

kn
es

s
of

te
n

po
in

ts
(n

m
)

b
SD

:
st

an
da

rd
de

vi
at

io
n

(n
m

)
c

U
:

no
n-

un
if

or
m

it
y

(%
):

(S
D

/A
vg

)
d

P
os

:
m

ea
su

re
d

po
si

ti
on

e
T

hk
:

th
ic

kn
es

s

246 H. Youn et al.



2.3.5 Solution Processable Electron Transport/Injection Layer

Low-work-function metals or compounds such as LiF, CsF, NaF, Cs2CO3, Ca, Ba,
and Mg have often been used as electron injection/extraction layer [17–23]. In
spite of the use of lithium fluoride and aluminium bi-layer cathodes, these alkali or
alkaline-earth metal-halides as electron injection materials are still sensitive to
oxygen and moisture, resulting in degradation of the OLEDs and consequently
shorting their lifetimes. The ZnO NP layer used here is not only a stable electron
injection layer but can also be fabricated by the solution coating process. In
particular, the interface dipole formed by the TBABF4 and PEO ionic liquid
significantly lowers the electron injection barrier. Therefore, the ZnO NP and the
ionic interlayer are appropriate for the solution process [10]. Because the ZnO NP
layers were too thin to evaluate by the surface profiler, the coating thickness, and
uniformity of the film were investigated with scanning electron microscopy
(SEM). The film thickness of the ZnO NP layer was again controlled by the blade
gap distance. The thickness of the ZnO NP layer, using a 30 mg/mL ZnO solution,
was increased from 15.3 to 30.0 nm when the blade gap was increased from 45 to
65 lm. See Table 5. Surprisingly, the very thin ZnO NP layers can also be con-
trollably coated using our blade-slit coating system.

2.4 Experimental Characterization of Polymer
Light-Emitting Diodes

The device structures of the PLEDs are shown in Fig. 12. The device performance
characteristics of the J (current density), V (voltage), L (luminance) curves were
obtained from a Minolta CS-100 luminance meter and a Keithley 2400 source
meter. The measurement process was conducted in ambient air conditions without
encapsulation.

The control PLED devices were also fabricated by the spin coating process
because it is easier to do on a small scale and also offers high efficiency. For a
more accurate and fair comparison of blade-slit coating and spin coating, the layer
thicknesses of the two devices were kept similar. As a result, the turn-on-voltages

Table 5 Thickness variations of layers for blade-slit coating method with respect to gap distance
between the blade and substrate

Super yellow ZnO nanoparticle

Blade gap (lm) Film thickness (nm) Blade gap (lm) Film thickness (nm)

30 60.0 45 15.3
35 75.0 55 20.4
40 91.0 65 30.0

Reproduced from [16] with permission from Elsevier � 2012
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and the maximum luminance voltage of the two devices were almost the same, as
shown in Fig. 19a, indicating the blade-slit coating method can realize the same
coating quality as that of spin coating but easily covers larger areas. In addition,
Fig. 19b compares the performance (in terms of luminescence intensity) between
the spin-coated devices and blade-slit coated devices. Though the blade-slit coated
device was made in the air environment, the luminous efficiency of the blade-slit
coated PLED reached 5.26 cd/A. The luminous efficiency of the spin-coated
device fabricated in the Nitrogen-filled glove-box was 6.30 cd/A. These compa-
rable results support the advantage of the blade-slit coating method, which is easier
and less wasteful for materials for large-sized devices (100 mm 9 50 mm) as
shown in Fig. 18. Furthermore, the luminous efficiency of the PLEDs using the
ZnO and ionic surfactant (6.30 cd/A) are over two-fold higher than that using Ca
transporting layer (3.01 cd/A) as shown in Fig. 19b. The turn-on voltages of the
two devices are almost the same as 2.2 V as shown in Fig. 19a. Since the peak
emission wavelength of the S-Y is 560 nm as shown in the EL-spectra in Fig. 19c,
the optical band gap of the S-Y is calculated at 2.2 eV, the same as turn-on
voltage. This means that the devices have good electrical contact with Al cathode.
In addition, it reveals that the ammonium ions can be effectively incorporated into
the electron injection layer which lowers the electron injection barrier.

2.4.1 Roll-to-Roll Processed PLEDs

In this section, we show that the polymer anode (see Sect. 2.3) is superior to the
ITO-PET in making flexible PLEDs and resulting in higher PLEDs performance.
To evaluate the performance between the two devices, the two type devices were
fabricated using the same process, and with similar film thicknesses. As a result,
the turn-on-voltages and voltages at the maximum luminance of the two types of
devices were very similar (Fig. 20a). It implies that the thickness of each layer in
the two devices is about the same. The maximum luminance of ITO anode PLEDs
was greater than that of polymer anode PLEDs. However, the maximum

Fig. 18 The image of
uniform luminance of the
large-area device (the
substrate size was
50 mm 9 100 mm)
fabricated by the blade-slit
coating. Reproduced from
[16] with permission from
Elsevier � 2012
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luminance is only of secondary importance because commercialized devices are
not driven at the extreme condition such as the maximum luminance. In this case,
the PLED with polymer anode shows high performance in the range of commercial

Fig. 19 a Current density, voltage, and luminance (J-V-L) characteristics with the spin-coated,
the blade-slit coated, and the spin-coated Ca (20 nm)/Al devices. b Luminous efficiency of the
spin-coated, the blade-slit coated, and the spin-coated Ca (20 nm)/Al devices. c The electro-
luminescence spectra at a voltage of 5 V [16]

Fig. 20 The performance comparison of the ITO anode PLED and polymer anode PLED.
a Current density, voltage, and luminance (J-V-L) characteristics with the ITO anode PLED and
polymer anode PLED. b Luminous power efficiency of the ITO anode PLED and polymer anode
PLED. Reproduced from [15] with permission of Wiley-VCH Verlag GmbH & Co. KGaA � 2013
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operation, about 2–6 V. In addition, the leakage current of the polymer anode
PLEDs was lower than that of ITO anode PLEDs. That is because the polymer
anode of PLEDs had improved surface roughness. The luminous power efficiency
was 4.13 lm/W for PLED with polymer anode and 3.21 lm/W for that on ITO as
shown in Fig. 20b. Consequently, the PLED made with polymer anode marked
28 % enhanced performance. This is because the polymer anode represents a
higher transparency than the ITO around the wavelength of 560 nm, which is the
emission peak in the EL-spectra of the SY. Furthermore, greatly suppressed
roughness was important to enhance the device efficiency because it reduces
leakage current between the anode and cathode.

2.5 Large-Scale Polymer Solar Cells

Two typical device structures of the polymer solar cells are shown in Fig. 21. The
left one shows bottom illumination through transparent anode and is referred as
normal type device. Such a device structure is not suitable for roll-to-roll pro-
cessing as both LiF and Al layer will need vacuum deposition due to their high
sensitivity to air and moisture, and LiF layer is extremely thin, of order 1 nm. The
right one is refereed as inverted structure, and is suitable for low-cost fabrication.
The whole functional layers can be fabricated by printing technologies such as
roll-to-roll coating and screen printing.

2.5.1 Uniformity of the Functional Layers in OPVs by Blade Coating

The coating of PEDOT:PSS and ZnO NP layers as a hole extraction layer and
electron transport layer in OPVs is the same as the PLEDs described in the pre-
vious section. The film uniformity by the blade-slit coating show better quality for
the commonly used P3HT:PC61BM (20 mg P3HT and 16 mg PC61BM in 1.2 g

Fig. 21 The schematic diagrams of the two device structures, a bottom illuminated conventional
structure and b bottom illuminated inverted structure
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dichlorobenzens) as described in Table 6. As another example, uniform film of a
low band gap polymer iL-T3 (10 mg iI-T3 [9] and 15 mg PC71BM in 1.0 g di-
chlorobenzens) coated by the blade-slit coating is also shown in Table 6 and
Fig. 22. The thickness data were measured at nine given positions shown in
Fig. 22 over the coated area of 50 mm 9 75 mm. Furthermore, the film quality by
the blade-slit coating is better than that by spin-coating as shown in Fig. 23. Since
the surface quality of the film can affect the device performance such as shunt

Table 6 Film uniformity of P3HT:PC61BM blend film and iI-T3and PC71BMblend film layers
by spin-coating versus blade-slit coating

Spin P3HT:PC61BM Avga SDb Uc

Posd 1 2 3 4 5 6 7 8 9 (nm) (nm) (%)
Thke 350.2 278.8 327.3 337.7 265.7 318.4 328.3 277.8 317.1 311.3 28.1 9.0

Blade P3HT:PC61BM
Posd 1 2 3 4 5 6 7 8 9
Thke 247.1 249.2 252.5 266.1 212.6 236.1 264.7 253.1 287.9 252.1 19.7 7.8
Il-T3(Low-band gap polymer):PC71BM
Posd 1 2 3 4 5 6 7 8 9
Thke 114.2 105.6 125.1 99.2 102.2 118.2 95.3 103.2 110.2 108.1 9.1 8.4

a Avg: average thickness of nine points (nm)
b SD: standard deviation (nm)
c U: nonuniformity (%): (SD/Avg)
d Pos: measured position
e Thk: thickness

Fig. 22 P3HT:PC60BM and low band gap Il-T3:PC71BM blend films by blade-slit coating
method and measuring points by surface profiler
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resistance and the fill factor, the overall power conversion efficiency will depend
on the surface morphology. The film thickness can be controlled by modifying the
coating speed. As discussed in the previous section, the film thickness is well
matched by the theoretical relationship between the blade-coating speed and the
film thickness as shown in Table 7. Higher speed leads to thicker film as shown in
Fig. 24.

2.5.2 Device Performance in the Roll-to-Roll Processed Conventional
Structure in Solar Cells

Conventional OPVs with the structure of ITO-glass/PEDOT:PSS/P3HT:PC61BM/
LiF/Al was fabricated as a control device. Among the functional layers, inorganic
layers such as ITO, LiF, and Al cannot be coated by roll-to-roll process. However,
the ITO can be replaced by polymer anode on PET substrate. The polymer anode
was coated by roll-to-roll coating method. Low conductive PEDOT:PSS (AI4083)
as a hole extraction layer and P3HT:PC61BM donor-acceptor blend as polymer
active layer were then roll-to-roll coated at air atmosphere. The layer thicknesses
were 50 and 200 nm respectively. The LiF (1 nm) and Al (80 nm) were thermally
evaporated in the vacuum chamber at a base pressure of 10-6 mbar.

Fig. 23 The coating quality images of the blade-coated layers versus spin-coated layer. Defects
can be seen in the latter

Table 7 The relationship between the blade speed and thickness of the P3HT:PCBM solution

Blade speed (mm/s) 8 12 16 20 24

Thickness (nm) 174.0 247.1 281.8 351.0 368.9
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Polymer anodes with two different thicknesses were used to make the OPVs.
The device utilizing thinner polymer anode has 50 % higher series resistance than
the thicker anode (200 nm) as shown in Table 8. The power conversion efficiency
of OPVs using thicker anode was 3.43 %, while that using thinner anode (100 nm)
showed less performance due to the series resistance even though it has similar
shunt resistance (Fig. 25). The impact on the device efficiency for large-scale
devices are discussed in detail in Sect. 2.5.6.

2.5.3 Device Performance of the Inverted OPV Structure

The typical inverted OPV structure is ITO-glass/interfacial layer/P3HT:PCBM/
MoO3/Ag. We will examine the electrical performance for the different size
devices. To fabricate the inverted OPVs, first ITO-glass was pre-cleaned by
washing with DI water, acetone, and IPA, followed by O2 plasma treated with
100 W for 1 min. The PEIE as the interfacial layer [27] and P3HT:PCBM layer
was blade-slit coated except for the small area (1 mm diameter) control device
which was spin-coated in the air atmosphere. The amino-groups in the PEIE
polymer form an interfacial dipole between ITO and active layer, which can lower
the work function of the ITO and collectively act as the cathode of the solar cell.
The target layer thickness of the active layer was 250 nm, similar to that in the
small area control device. The 6 nm MoO3 and then 80 nm Ag were thermally
evaporated under 10-6 mbar base pressure. From Table 9, the power conversion

Fig. 24 The images of the blade-coated layers on the glass substrate (50 mm 9 75 mm) with
respect to the different coating speeds

Table 8 The performance of OPVs fabricated by the roll-to-roll coating

Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Rs (X cm2) Rp (X cm2)

50 X/sq -13.63 0.59 36.71 2.26 30.00 174.06
150 X/sq -10.59 0.59 42.66 3.43 20.07 196.25
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efficiency is reduced when the device size is increased. This is the result of a
number of factors, including reduced fill factor, increased series resistance, and
reduced shunt resistance. The blade-coated device showed better efficiency than
the spin-coated device. The spin coated samples have lots of voids and aggregated
particles in the polymer film as shown in Fig. 26. The shunt resistance of the spin
coated device in the Table 10 is significantly reduced in device sized in 6 cm2.
This causes the lower fill factor and then lower efficiency.

2.5.4 Non-conventional Fabrication Methods Toward All-Solution
Processed Polymer Solar Cells

As mentioned earlier materials such as ITO, MoO3, and Ag have to be replaced
with soluble materials to enable all-solution processes. Here we aim to replace the
layers by polymer cathode, PEDOT:PSS and Ag nanoparticle ink, respectively, all
in solution phase. To realize all-solution processable OPVs using these materials,
the work function of the polymer anode should be modified with interfacial layer
to create interface dipole and lower the work function [10]. Among the various
materials, ammonium/amino-based organic surfactant is appropriate for the solu-
tion process such as roll-to-roll process. In addition, the PEDOT:PSS should has a

Fig. 25 The J-V characteristics of the roll-to-roll processed devices utilizing different thickness
polymer anodes

Table 9 The device performances with respect to the device size which was fabricated by the
roll-to-roll coating

Jsc (A/cm2) Voc (V) FF (%) PCE (%) Rs (Xcm2) Rp (Xcm2)

0.00785 cm2 11.57 0.58 53.64 3.60 8.66 468.9
4 cm2 10.79 0.58 36.94 2.31 23.59 154.62
6 cm2 10.66 0.58 38.94 2.41 22.87 181.56
12 cm2 10.01 0.55 29.08 1.60 33.87 79.07
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good coat-ability on the hydrophobic polymer active layer. Moreover, the Ag
nanoparticle ink should not affect the underlying layers during the coating process.
Unfortunately, because the PEDOT:PSS is water-based polymer solution, it is
unable to be coated on the polymer active layer. In addition, the Ag nanoparticle
ink is easy to infiltrate and contaminate the underlying layer. To avoid these
problems, we used nonconventional methods such as lamination or transfer
technique to make the OPVs: the two layers will be coated on a separate substrate
at first, and then the dried layers will be transferred to be laminated on the surface
of the polymer active layer. After lamination, the contact between the two parts
such as PEDOT:PSS and active polymer layer are not perfect. Thus, thermal
annealing can improve the contact between the layers.

2.5.5 All-Solution Processed Lamination Technique

As a proof-of-concept experiment, the ITO-PET and ITO-glass were used to verify
the feasibility of the lamination technique as an alternative process. The brief
fabrication process is as follow (Fig. 27). The ZnO nanoparticle solution was

Fig. 26 The coating quality images of the blade-coated layers versus spin-coated layer. The
circles indicate the voids on the P3HT:PC61BM layer. The images were captured with X5
magnification rate

Table 10 The device performances of the blade-coated device and spin-coated device

Jsc (A/cm2) Voc (V) FF (%) PCE (%) Rs (X cm2) Rp (X cm2)

Blade, 6 cm2 10.66 0.58 38.94 2.41 22.87 181.56
Spin, 6 cm2 11.21 0.50 35.27 1.98 22.17 95.06
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spin-coated on the ITO-PET or ITO-glass. The P3HT:PC61BM was spin-coated on
the ZnO nanoparticle layer. On a separate PET substrate, the Ag nanoparticle ink
was spin-coated, and then the PEDOT:PSS was spin-coated over the silver film.
Finally, the two parts were laminated together on the hot plate at 130 �C for 5 min.
The Ag electrode was patterned previously to have a role of the anode. Figure 35
shows the proposed continuous process to produce large area OPVs by using
lamination technique. Because the metal film could not infiltrate through the voids
or defects in the active layer, the lamination process is helpful to maintain the high
shunt resistance in the large-scale devices. Moreover, the PET substrate acts as a
barrier film preventing the oxygen and moisture from diffusing into the Ag layer
and the active polymer layer.

The power conversion efficiency of the laminated device is 2.76 % using the
ITO glass in the small area device (1 mm diameter, Fig. 28) as summarized in
Table 11. The device performance of the ITO-glass is better than the ITO-PET,
because the sheet resistance of the ITO-glass was 10 X/sq and the ITO-PET was
20 X/sq.

For larger device low-band gap polymer (iI-T3) was used. The ZnO nanopar-
ticle layer and polymer active layer was blade-coated to 30 and 100 nm thickness
respectively. The device performance is promising for the large area devices
(2 and 3 cm2). Generally, when the device size is increased, shunt resistance is
decreased. The shunt resistance of the lamination processed device is higher than
that of the evaporated device. In the large-size device, the efficiency of the opti-
mized device was 2.27 % for 3 cm2 devices as shown in Table 12. The series
resistance was reduced after the thermal annealing (Table 14), due to improved
contact at the laminated interface.

Fig. 27 Schematic diagram of the ideal lamination process and embedded images of the
patterned Silver layer (left) and Laminated device (right)
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2.5.6 Influence of Series Resistance in Large Area Solar Cells

We have already seen the impact of series resistance in large area device to the
achievable OPV efficiency. Practical large area solar cell devices suffer more from
resistive losses, which should be minimized to maintain the performance of the
devices. We will quantify the effect of series resistance, RS by computing the
resistive power loss. In small area devices, organic semiconducting active layers
contribute more to the resistive power loss than other factors. However, as the size of
the devices increases, the RS of the transparent electrodes become the main factor of
the resistive loss [17]. The total resistive power loss per unit area is given by

PR ¼
RS JmaxAð Þ2

A
¼ RSAJ2

max; ð15Þ

where PR is the total resistive power loss per unit area, RS is the series resistance in
the device, Jmax the current density, and A the area of the devices. RS in organic
solar cell contains the resistances of the anode, active layer, contacts, and cathode:

RS ¼ Ranode þ Ractive þ Rcontacts þ Rcathode; ð16Þ

where Ractive and Rcontacts are the series resistances of active layer and contacts of
each layer, respectively. When we assume the conventional structure of organic
solar cell, cathode side is the reflective metal and the anode side is the transparent

Fig. 28 The device
performance of the laminated
devices using ITO-glass and
ITO-PET

Table 11 The device performances fabricated by the lamination process

Device Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

ITO-PET 9.21 0.56 40.95 2.11
ITO-glass 10.87 0.55 46.1 2.76
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electrode. Ractive and Rcontacts does not increase with area scaling since they are
vertical components in the cell which have the same carrier travel distance
regardless of cell area. Furthermore, the metal cathode has negligible series
resistance compared to transparent anode electrode such as ITO, with typical
conductivity ratio of *100:1 [18]. Therefore, the main factor that determines the
resistive loss with increasing device size is the resistance of transparent electrode.
Figure 29 shows each component inside the cell graphically.

The effect of the series resistance can be studied in more detail with the non-
ideal equivalent circuit model, which is widely acceptable for both inorganic solar
cells and organic solar cells [19]. With the parasitic resistances included, the diode
equation becomes

J Vð Þ ¼ J0 e
q V�J Vð ÞRSAð Þ

nkT � 1

� �
þ V � J Vð ÞRSA

RshA
� Jph; ð17Þ

where J0 is the reverse saturation current, V is the applied voltage, J is the current
density of the cell, n is the diode ideality factor, k is Boltzmann’s constant, T is
temperature, RS is series resistance, Rsh is shunt resistance and Jph is the photo-
current generated by the cell. The parameters J0, n, RS, Rsh, and Jph can be obtained
by fitting the diode model to the experimental J–V data from actual OPV devices
under illuminated and dark conditions. Servaites et al. [20] showed the impact of
RS on the performance of large area P3HT:PCBM BHJ OPVs using ITO anode.

Table 12 The performances in the large-scale device fabricated by the lamination process

Jsc (A/cm2) Voc (V) FF (%) PCE (%) Rs (X cm2) Rp (X cm2)

Non 3.62 0.73 37.59 0.99 93.26 516.62
100 �C, 5 min 6.58 0.71 44.94 1.50 34.53 506.63
100 �C, 10 min 7.04 0.69 46.71 2.27 21.59 371.70

Fig. 29 Description of series resistance components inside conventional OPV cells
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Figure 30 shows the effect of RS variation on the J–V curves for the P3HT:PCBM
test cell. In the graph, RS is the only parameter that changes and all the other
parameters in Eq. (16) are kept constant. The results show that the resistive losses
due to RS remain negligible with cell areas under *0.1 cm2. However, as cell area
increases over 0.2 cm2, the efficiency starts to drop significantly due to steep
increase of anode series resistance. Figure 30b shows the relationship between
anode conductivity and cell area on power conversion efficiency of the
P3HT:PCBM device, illustrating the importance of the anode conductivity as the
cell size increases.

2.5.7 Design Strategy of Transparent Electrode for Low Series
Resistance

To reduce the series resistance of the transparent electrode of the large area OPVs,
metal grid patterns can be added to the anode side to reduce the resistive loss.
Deliberate design of electrode geometry is imperative. Several strategies have
been employed to reduce the negative effect of the series resistance on OPVs
including bus bar design [17], ring type design [21], stripe type design [22], and
deep trench type metal grating design with conductive polymer [23]. Stripe design
of the large area OPVs is the most popular type due to its simplicity and adapt-
ability to roll-to-roll process. The resistive losses from relatively high resistance of
the transparent electrode can be minimized by reducing the travel distance of the
photo-generated charges at the transparent electrode. The simplest way to achieve
this is by putting at least one side of metal lines as close as possible to the regions
of photocurrent generation. In other words, the width of the PV cell stripe should
be kept narrow with the contacts put on the long sides while the length of the stripe
does not matter as long as each layer of the solar cell device has no defects or
discontinuities. The effects of the width of the stripe in organic solar cells were

Fig. 30 a The effect of RS variation on projected J–V characteristics for the P3HT:PCBM test
cell. b The effect of anode conductivity and cell area on cell power conversion efficiency for the
P3HT:PCBM test cell. Reproduced from [20] with permission of Wiley-VCH Verlag GmbH &
Co. KGaA � 2010
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investigated by Lungenschmied et al. [24]. They calculated theoretical power
conversion efficiencies of a P3HT:PCBM BHJ cells with two cases of ITO sheet
resistance, 15 and 60 X/sq. As shown in Fig. 31, the rapid decrease of the power
conversion efficiency with increasing width of the rectangular solar cell can be
observed while the length of the device kept same, indicating that the performance
of stripe typed large area OPV devices are mainly affected by the width of the
stripes as a result of the series resistance of the transparent electrode.

Another effective way to reduce the RS of transparent electrode is the combi-
nation of metal mesh and PEDOT:PSS to serve as transparent electrode [25]. By
increasing the metal width and reducing the mesh period, the sheet resistance can
be made smaller than the conventional ITO electrode. A trade-off between the
optical transmittance and electrical conductivity still exists, though much smaller
than that of ITO [25]. This trade-off can be further compensated by embedding
high aspect-ratio metal mesh into conductive polymer, which eliminates the low
optical transmittance problem without sacrificing the conductivity. Kuang et al.
[23] fabricated a nanoscale metallic grating with optical transparency over 80 %
and low electrical resistance under 2.4 X/sq. To make the structure, a polyurethane
(PU) grating structure was prepared for oblique metal deposition and argon ion
milling process to get the metal layers on the PU sidewalls. The typical sheet
resistance of the patterned structures with gold and silver were 9.6 and 3.2 X/sq,
respectively, which are lower than the sheet resistance of ITO for typical appli-
cations of OPVs and OLEDs.

2.5.8 Fine Metal Mesh Design for Transparent Electrode

Previously, we demonstrated normal type OPVs by using fine transparent metal
mesh electrodes (TME) made by nanoimprinting [25] and transfer-printing [26]
techniques. Recently, we fabricated TME by conventional photolithography

Fig. 31 Calculated power
conversion efficiency of a
P3HT:PCBM-based single
rectangular organic solar cell
as a function of the width of
the electrode. Two cases are
shown, an ITO sheet
resistance of 15 X/sq (solid
line) and 60 X/sq (dashed
line). Reproduced from [24]
with permission from
Elsevier � 2007
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technique and successfully fabricated inverted type OPVs with the TMEs using
aluminum and silver with 150 lm cell size and 5 lm line width (Fig. 32). The
thickness of the patterned TMEs for both metals was 50 nm. Figure 33 shows the
UV–vis transmittance spectra from 200 to 1100 nm wavelength range of the TME.
The transmittance of Ag TME substrate was 85 %, which is comparable to ITO
glass. The transmittance of Al TME was 80 %, which is slightly lower than ITO
glass and Ag TME substrate. Inverted solar cells were fabricated with structure
shown in Fig. 34. On the TME substrates, PEDOT:PSS was spun-coated to
planarize the TME patterns. Polyethylenimine ethoxylated (PEIE) solution was
coated subsequently to reduce the work-function of the PEDOT:PSS for it to
function as a cathode for extracting electrons [27]. Both P3HT:PC61BM and a low
band gap polymer PIDT-phanQ:PC71BM [28] bulk heterojunction system were

Fig. 32 a The fabricated transparent metal electrode on glass. b The optical microscope image
of the fabricated transparent silver electrode. The line width of silver is 5 lm and the distance
between lines is 150 lm

Fig. 33 UV–Vis
transmittance spectra of bare
glass, ITO glass, and the
transparent Ag, Al mesh
electrodes
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used to fabricate the solar cells. MoO3 and silver were deposited sequentially for
the anode formation.

To compare the performance of the TME substrates for organic solar cell
application two PEDOT:PSS materials with different conductivity, pristine PH500
r = 0.2 S/cm) and PH1000 (r = 0.4 S/cm) purchased from HC Starck, were used
to compare the performance of Al and Ag TME electrodes. The current density
versus voltage characteristics are shown in Fig. 35. The figures of merits are
summarized in Table 13. When we compare the P3HT:PC61BM BHJ device with
Al TME and Ag TME (Table 13), the OPV with Ag TME showed superior per-
formance than Al TME due to the higher conductivity of Ag. In Table 14, the Ag
TME-based OPV devices were compared with ITO based OPV devices for the
PIDT-phanQ:PC71BM BHJ system. The OPV with Ag TME showed the best
performance with higher current density and fill factor compared to the OPV with

Fig. 34 The device structure of the inverted TME solar cell for a P3HT:PCBM bulk
heterojunction. b PIDT-phanQ:PCBM bulk heterojunction

Fig. 35 J-V characteristics of organic solar cells fabricated using different transparent metal
electrodes. a P3HT:PCBM BHJ inverted cells with Al TME/PH500, Al TME/PH1000, and Ag
TME/PH500. b PIDT-phanQ:PC71BM BHJ inverted cells with ITO glass/PH500, Al TME/
PH500 and Ag TME/PH500
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Al TME and ITO electrode. One of the reasons is that Ag TME with PH500 show
the lowest RS. Once again these results show the importance of RS in determining
the OPV overall efficiency.

3 Conclusions and Discussion

This chapter described various coating methods that can be used for large area
PLED and OPVs. The coating mechanisms and instability issues in practical
solution process have been examined. Using the various coating process such as
roll-to-roll coating, blade coating, blade-slit coating, and spin coating, the coating
performance was compared in terms of the film uniformity and controlling the
coating instabilities. The blade and roll-to-roll coating are more favorable for the
large-scale device in terms of the device performance and the manufacturing cost.
Metal mesh structures in combination with conductive polymers was introduced as
the ITO-free transparent electrode. Finally, nonconventional process such as
lamination and transfer techniques was used to improve the shunt resistance and
the series resistance in the large-scale and vacuum-free processed devices. How-
ever, several other issues remained to be overcome such as the lifetime stability
and environmentally friendly solvents, and materials costs for the realization
toward $1/W OPVs. The polymer electronics are growing fields, more research
efforts are needed to improve the device performance, lifetime, process-ability,
and large area manufacturing, which will bring the bright future of the polymer
electronics to reality.

Table 13 Device characteristics of solar cells fabricated by transparent metal mesh of (a)
P3HT:PCBM BHJ inverted cell

P3HT:PCBM Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Rs (X cm2) Rsh (X cm2)

Al TME/PH500 7.90 0.63 52.46 2.62 19.52 3588.17
Al TME/PH1000 8.20 0.63 56.22 2.89 11.85 767.65
Ag TME/PH500 9.01 0.64 61.57 3.53 6.29 1932.42

Table 14 Device characteristics of solar cells fabricated by transparent metal mesh of PIDT-
phanQ:PC71BM BHJ inverted cell

PIDT-phanQ:PC71BM Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Rs (X cm2) Rsh (X cm2)

ITO/PH500 8.53 0.87 59.62 4.41 5.95 1320.41
Al TME/PH500 9.66 0.88 46.90 3.99 32.10 591.74
Ag TME/PH500 10.54 0.88 61.49 5.68 4.14 1927.38
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Low-Cost Nanomaterials
for Photoelectrochemical Water Splitting

Gongming Wang, Xihong Lu and Yat Li

Abstract Hydrogen represents a clean and high gravimetric energy density
chemical fuel that could potentially replace fossil fuels and natural gas in elec-
tricity generation and powering vehicles. Central to the success of hydrogen
technology and economy, the sustainability, efficiency and cost of hydrogen
generation are the major factors. Industrial hydrogen is currently obtained from
steam methane reforming and water-gas shift reaction, however, this method still
relays on fossil fuels. Therefore, it is important to develop efficient, low-cost, and
scalable method to produce hydrogen in a sustainable manner. Photoelectro-
chemical (PEC) water splitting to produce hydrogen is one of most promising and
sustainable approaches. The development of low-cost and efficient nanostructured
photoelectrodes is the key to achieve this goal. In this chapter, we will give a brief
background on PEC water splitting and review the recent advancement of
developing low-cost nanostructured photoelectrodes.

1 Background of Photoelectrochemical Water Splitting

Photogeneration of hydrogen by water splitting has attracted a lot of attentions,
because water is the most abundant source of hydrogen carrier on the earth [23, 25,
42, 65, 89, 92, 96, 105]. However, water splitting is known to be an uphill reaction:

H2O(l)! H2 gð Þ + 1/2O2 gð Þ DG ¼ � 237:2 KJ/mol:

This process can be achieved via electrolysis with applied external potentials and a
minimal potential of 1.23 V is needed to drive this reaction. Due to the
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overpotential on anode and cathode electrodes, practical potential needed to drive
water splitting is larger than 1.8 V. A promising solution is using renewable
energy to split water, for example photoelectrolysis [11]. There are two approaches
to utilize solar energy for electrolysis. For instance, electrolyzer can be coupled
with photovoltaic (PV) cells, which provide photovoltage for water electrolysis
[11]. However, the relative high cost of PV cells and electrolyzer could limit its
practical application. Alternatively, water splitting can be achieved in a photo-
electrochemical (PEC) cell [11]. PEC cells are consisted of semiconductor pho-
toelectrodes for harvesting solar light. The photogenerated electrons and holes can
reduce and oxidize water to produce hydrogen and oxygen gas, respectively. In
order to compete with PV/electrolyzer system, the key of this approach is to use
low-cost semiconductor materials as photoelectrodes.

The concept of PEC water splitting was first demonstrated by Honda and
Fujishima in 1972 [17]. Figure 1 shows the schematic diagram of PEC cell that
consists of an n type semiconductor as photoanode and counter electrode [23].
Upon light illumination, photoexcited electron-hole pairs will be generated in the
photoelectrode. The electron-hole pairs will be separated due to the band bending
at the electrolyte/semiconductor interface and/or the application of external bias.
The holes and electrons will oxidize and reduce water to produce oxygen and
hydrogen, respectively. The reaction can be described by the following equations:

Photanode: H2O + 2hþ ! 2Hþ + 1/2O2 Eo
ox¼ ffi 1:23 V

Cathode: 2Hþ + 2effi ! H2 Eo
red¼0 V:

According to the Nernst equation, a minimum energy of 1.23 V is needed to drive
water electrolysis. Therefore, in order to achieve hydrogen evolution and oxygen
evolution reactions simultaneously under light illumination, the band-gap energy
(Eg) of the semiconductor photoelectrode must be larger than 1.23 eV and the
band-edge potentials (conduction band and valence band) should straddle the
electrochemical potentials of Eo(H+/H2) and Eo(O2/H2O). Moreover, a favorable
semiconductor photoelectrode should able to absorb a significant portion of solar
light, and has low kinetic overpotential for water oxidation and reduction, good
corrosion resistivity, and electrochemical stability in aqueous solution [92].

In order to properly evaluate the performance of photoelectrodes, it is critical to
define the parameters to characterize solar to hydrogen (STH) conversion effi-
ciency. The PEC properties of photoelectrodes are typically studied in a three
electrode electrochemical cell system, which consists of a working electrode
(photoelectrode), a reference electrode, and a counter electrode. For the reference
electrode, the internationally accepted primary reference is the standard hydrogen
electrode (SHE) or reversible hydrogen electrode (RHE), which has all compo-
nents at unit activity [(Pt/H2 (a = 1)/H+ (a = 1, aqueous)]. However, this kind of
reference electrode is impractical, and therefore other reference electrodes such as
saturated Ag/AgCl or saturated calomel electrode (SCE) are normally used in the
measurement. In this case, the experimentally obtained potentials should be
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converted to the potential versus RHE for calculating the solar conversion effi-
ciency. The conversion equation is expressed as followed [36]:

ERHE ¼ EAg=AgCl þ 0:059 pH + Eo
Ag=AgCl

where ERHE is the potential against RHE; EAg/AgCl is the applied potential versus
Ag/AgCl reference electrode, pH is the pH value of the electrolyte solution and
Eo

Ag=AgCl is the potential of reference electrode (Ag/AgCl) versus RHE electrode.

Platinum (Pt) structures (e.g., wire, plate, mesh) are typically used as counter
electrode, because Pt has the lowest overpotential for hydrogen evolution. The
most common parameter to evaluate the PEC performance of photoelectrodes is
the photocurrent density obtained under standard one sun illumination (AM 1.5G,
100 mW/cm2. However, the photocurrent density can vary based on the power and
the model of solar simulator and filters used for the experiment. Alternatively, the
electrode performance can also be evaluated by incident photon to current con-
version efficiency (IPCE). IPCE measurement presents the photoactivity of the
electrode as a function of monochromatic incident light wavelength. It can be
calculated with the following equation:

IPCE ¼ ð1240 eV � nmÞ � ðI lA/cm2Þ
ðk nmÞ � ðJ lW/cm2Þ

� 100 %

where I is the photocurrent density obtained under the illumination of the
monochromatic light, k is the wavelength of the monochromatic light, J is the
power density of the monochromatic light. The equation shows that the IPCE

Fig. 1 Principle of operation
of photoelectrochemical
water splitting cells based on
n type semiconductors.
Reproduced with permission
from [23]
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measurement is independent of the power and model of the light source. Moreover,
by integrating the IPCE spectrum with the standard solar spectrum, a simulated
photocurrent density can be obtained. The simulated value should be close to the
experimentally determined value if the light coming from the solar simulator is
closely matched with the standard solar spectrum.

Furthermore, STH efficiency can be estimated based on the simulated photo-
current density using the following equation:

g ¼ Ið1:23ffi VbiasÞ
Jlight

� 100 %

where I is the photocurrent density under AM 1.5G light illumination; 1.23 is the
theoretical value of voltage is needed for water splitting; Vbias is the applied
external bias versus RHE and Jlight is the power density of the AM 1.5G white
light. This calculation is based on the assumption of faradic efficiency of water
splitting is 100 %, which is practically difficult to be achieved. Therefore, the most
precise way to calculate the STH efficiency is based on the hydrogen production
rate and the power density of solar light.

1.1 Low-Cost Metal Oxide Nanomaterials: Promising
Photoelectrodes for Water Splitting

Nanostructured electrodes have potential advantages over their bulk counterparts.
Nanomaterials provide not only extremely large surface area for oxidation and
reduction reactions, but also a short diffusion length for minority carriers that can
improve the charge separation efficiency and reduce the loss through electron-hole
recombination. Moreover, nanostructured electrodes could increase light scattering
and absorption, compared to planar structure. With such potentials, nanostructured
materials could open up new opportunities in improving the performance of
photoelectrodes.

A number of semiconductor nanomaterials have been studied as photoelectrodes
for PEC water splitting, including metal oxides, metal chalcogenides, and III-V
compounds. Figure 2 shows the band edge positions of common semiconductors in
aqueous electrolyte with pH 1 [23]. However, not a single semiconductor material
can meet all the technical requirements discussed above. For example, metal
chalcogenides such as CdS and CdSe are photocorrosive. Hole scavengers such as
Na2S and Na2SO3 have to be added to protect the photoelectrode from self-oxidation
[28, 50, 94, 102, 103]. Likewise, electrochemical instability is also a major concern
for III-V semiconductor materials [112]. Additionally, the cost of III-V materials
such as GaN ($1,900 for 2 inch bulk GaN wafer) and GaP ($50/g) is relatively high,
which could limit their applications [87, 93]. In terms of chemical stability and
materials cost, metal oxides hold great promise as photoelectrode materials for
PEC water splitting. Metal oxides such as TiO2 ($2–3/Kg), ZnO ($1–3/Kg),

270 G. Wang et al.



WO3 ($40–60/Kg), and Fe2O3 (less than $1/Kg) have been extensively studied
[23, 96]. In this chapter, we will focus on the synthesis with low-cost techniques and
discuss their application in PEC water splitting.

2 Low-Cost Synthetic Methods

During the last two decades, a number of methods have been demonstrated for the
synthesis of metal oxide nanomaterials. Among these methods, hydrothermal and
solvothermal synthesis, sol–gel, electrochemical deposition, and anodization
method show great promise as low-cost and scalable approaches to prepare
nanomaterials for photoelectrodes, as these methods require simple equipment and
mild synthetic conditions. In this section, we are going to give a brief overview of
these low-cost synthetic methods.

2.1 Hydrothermal and Solvothermal Method

Hydrothermal synthesis is one of the most extensively used approaches to prepare
metal oxide nanomaterials such as TiO2 [97, 101], WO3 [33, 85, 99], ZnO [24,
102, 111] and Fe2O3 [47, 48]. Hydrothermal synthesis is typically performed in a

Fig. 2 Band edge positions of several semiconductors in contact with aqueous electrolyte at
pH 1 with energy scale versus vacuum level and the normal hydrogen electrode (NHE).
Reproduced with permission from [23]

Low-Cost Nanomaterials 271



closed system such as autoclave filled with precursor solution. By heating the
autoclave, the chemical reaction can be carried out under controlled temperature
(typically \300 �C) and pressure. The reaction temperature, pressure, and con-
centration of reactants play important roles in determining the material properties
of the products such as dimension, morphology, and crystal phase. For example,
Greene et al. developed a facile seed-mediated hydrothermal method for the
preparation of vertically aligned ZnO nanowire arrays [24]. As shown in Fig. 3,
the entire 4-inch wafer can be covered with a highly uniform and densely packed
array of ZnO nanowires. Importantly, this is a general strategy to grow ZnO
nanowire arrays on virtually any substrates. The seed-mediated hydrothermal
method has also been used to grow other metal oxide materials. For example,
Hoang et al. prepared vertical rutile TiO2 nanowire arrays on FTO substrates by a
simple seed-assistant hydrothermal method. These single-crystalline TiO2 nano-
wires have average diameter of *5 nm and length up to *4.4 lm [31]. Grimes
et al. fabricated WO3 nanowire arrays directly on FTO substrate by a seed-med-
iated solvothermal method [85]. WO3 nanowires and nanoflakes with hexagonal
and monoclinic structure could be readily obtained by adjusting the precursor
composition. Moreover, hydrothermal methods have also been used to grow metal
oxide nanomaterials without the need of seed layer [33]. For instance, Lee et al.
synthesized WO3 nanocrystals using a hydrothermal process as a precursor and
studied the effect of annealing temperature on their morphology and photocatalytic
performance [33]. Zhong et al. utilized a solvothermal method to synthesize 3D
flower-like hematite nanostructure by using an ethylene glycol-mediated self-
assembly process [125]. In comparison to other gas-phase synthetic methods such
as chemical vapor deposition, atomic layer deposition, solution-based hydrother-
mal methods are simpler, cheaper, and more scalable, which offer significant
advantages for large scale production of photoelectrodes for water splitting.

2.2 Sol–gel Methods

Sol–gel methods typically involve either dip-coating or drop-coating colloidal
precursors directly onto conductive substrates, followed by calcination at various
temperatures. They are well-developed growth techniques and are known for
convenience and environmental friendliness. For example, the sol–gel spin-coating
process provides a simplified fabrication route for nanolayers, as it eliminates the
need of vapor-phase deposition equipment.

Various metal oxide thin films with different morphologies, have been prepared
using sol–gel techniques. Laberty-Robert et al. fabricated transparent a-Fe2O3

mesoporous films via a template-directed sol–gel method coupled with the dip-
coating approach, followed by thermally annealing at various temperatures from
350 to 750 �C in air [26]. The crystallite size is about 14 nm at 400 �C and
becomes two times larger at 500 �C (30 nm) due to the thermal aggregation. It has
been found that the heat treatment has an obvious effect on the optical property of
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the film. Mesoporous films heat-treated below 300 �C appeared yellow, compared
to the red films obtained after annealing at higher temperatures. Prochazka et al.
synthesized the exceptionally dense TiO2 films via dip-coating from a sol con-
taining poly(hexafluorobutyl methacrylate) as the structure-directing agent [72].
The TiO2 films can be deposited on glass, F-doped SnO2, and crystalline silicon
(111) faces. Noriyuki et al. fabricated ZnO/Zn0.85Mg0.15O heterostructure thin
films by sol–gel spin-coating method on sapphire (0001) substrate [66]. The
bottom ZnO layer was prepared from zinc acetate dissolved in 2-methoxyethanol.
And, monoethanolamine was added to the solution until reaching the same molar
ratio with Zn ions. Its solution was deposited onto sapphire substrate by spin-
coating process, and then annealed in air at 280 �C for 1 min to remove the
solvent. Likewise, Elfanaoui et al. used a very simple and low-cost sol–gel syn-
thesis technique to prepare granular TiO2 film [12]. Thin films of TiO2 were
deposited by the method of spin coating in air at room temperature, on corning
glass as substrate. The films were dried at 100 �C for 1 h and annealed at 300, 350,
and 400 �C in air during 1 h. They investigated the effect of the number of
coatings and the annealing temperature on the films as well.

In comparison to sol–gel spin-coating techniques, doctor-blading of thin films is
an even more simple and convenient method for creating ordered and mesoporous
nanostructures [1, 34, 75, 83]. Films that are 10 lm thick can be fabricated with
relative ease using this method. For example, Kabre et al. prepared a Tin-doped
TiO2 photoanodes with a thickness of 2 mm and a resistance of 8 X/sq on a
2.5 9 2.5 cm of FTO glass [34]. A TiO2 slurry was prepared by grinding 2 g of
Degussa P25 TiO2 powder in 3 mL of 10 % acetic acid for 30 min, followed by
addition of 1 drop of an aqueous 10 % Triton-X solution. The slurry was then
deposited on the conductive side of the glass plate using the doctor blade technique
with a mask made of 3 M tape applied to three sides of the plate. After air drying

Fig. 3 ZnO nanowire array
on a 4-inch (ca. 10 cm)
silicon wafer. At the center is
a photograph of a coated
wafer, surrounded by SEM
images of the array at
different locations and
magnifications. These images
are representative of the
entire surface. Scale bars,
clockwise from upper left 2,
1 mm. 500 and 200 nm.
Reproduced with permission
from [24]
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for 20 min, the coated glass was subjected to a sintering process. The resulting
mesoporous semiconducting thin films were utilized as a photoanode in dye-
sensitized solar cells (DSSC). Furthermore, Sivula et al. synthesized mesoporous
hematite (Fe2O3) photoanodes on FTO substrate by doctor-blading and reported
their enhanced PEC properties [83]. The Fe2O3 colloid solution containing the
porogen was coated onto the FTO substrate via doctor-blading with a 40 lm
invisible tape (3 M) as a spacer. The original size of the Fe2O3 nanoparticles was
about 10 nm before annealing (Fig. 4a). After annealed at 400 �C, the film became
porous with necked particles of 30 nm (Fig. 4b). Porous films with larger feature
size of the necked particles ca. 60 and 75 nm were obtained after subsequent
sintering at 700 and 800 �C (Figs. 4c and d), respectively. These porous Fe2O3

films yield water-splitting photocurrents of 0.56 mA/cm2 under standard condi-
tions (AM 1.5G 100 mW/cm2, 1.23 V vs. reversible hydrogen electrode, RHE)
and over 1.0 mA/cm2 before the dark current onset (1.55 V vs. RHE).

2.3 Electrochemical Deposition Methods

Electrochemical deposition is a powerful approach for the fabrication of nanom-
aterials on conductive substrates due to its simplicity, ease of scale-up, low cost,
and environmental friendliness [55, 56, 58]. Nanomaterials grown directly on
conductive substrates can facilitate the transport of electrons and electrical signals,
which will broaden their applications in sensors, solar cells, electronic and elec-
trochemical devices [18]. Moreover, the morphology and composition could be
easily tuned by adjusting the electrochemical deposition parameters such as
applied potential, current density, temperature, electrolyte, substrate, etc.

The growth of various metal oxides, with different morphologies such as
nanowires, nanorod arrays, nanodendritic structures, and thin films, using elec-
trochemical deposition have been achieved. For instance, Mao et al. have used an
electrochemical deposition method to deposit iron into AAO template channels
and subsequently removed the AAO template using a NaOH solution, followed by
thermal oxidation converting the as-prepared iron nanorod arrays into Fe2O3 [58].
Lu et al. recently reported the controllable growth of ZnO nanostructures such as
nanowire arrays, hierarchical architectures on FTO glass substrates using elec-
trochemical deposition [55, 56]. The morphology and size of ZnO nanostructures
can be readily controlled by adjusting the electrochemical deposition parameters
such as reaction temperature and the concentration of electrolyte [55, 56]. Verti-
cally aligned and single-crystalline ZnO nanowire with an average diameter of
*200 nm and length of *2 lm were grown directly on a FTO glass substrate by
cathodic electrochemical deposition [56]. Furthermore, Gan et al. recently syn-
thesized vertically aligned In2O3 nanorod arrays on FTO substrate via a template-
and surfactant-free electrochemical deposition method from aqueous solution [18].
Moreover, Mao et al. synthesized three-dimensional (3D) hierarchical Cu2O stars
on FTO substrates using a rapid and facile electrochemical deposition approach
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from aqueous solutions at room temperature [58]. The multifaced 3D structure act
as a light-scattering layer, which can significantly improves the photocurrent by
reducing the loss via surface light reflection.

2.4 Electrochemical Anodization Method

Electrochemical anodization of metal foils is a simple and convenient method for
creating ordered and self-oriented porous metal oxide nanostructures perpendic-
ular to the substrate with controllable pore size and length, especially for nanotube
arrays (NTAs) [21, 60, 70, 71, 104]. Anodization of metal foils is usually con-
ducted in a conventional two-electrode electrochemical cell with a platinum foil as
cathode at a constant potential. A schematic diagram for the anodization of metal
foils is illustrated in Fig. 5.

A type example is electrochemical anodization of Ti foil to prepare vertically
and highly ordered TiO2 NTAs. In 2001, Grimes and co-workers first reported the
formation of TiO2 NTAs via electrochemical anodization of Ti foil in a hydro-
fluoric electrolyte [21]. Further studies focused on the precise control the mor-
phology of TiO2 NTAs such as pore size, length, and wall thickness. Electrolyte
composition plays a critical role in determining the morphology and structure of
TiO2 NTAs. So far, TiO2 NTAs with various diameter and length are easily

Fig. 4 2 Scanning electron micrographs of mesoporous hematite films prepared on SiO2/F:SnO2

substrates after different heat treatments: a As deposited with porogen b After 10 h at 400 �C,
and c After 20 min at 700 �C and d 800 �C. Reproduced with permission from [83]
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obtained by anodic oxidization in aqueous or organic electrolytes containing
fluoride ions. For example, Cai et al. investigated the effect of electrolyte com-
position on the fabrication of TiO2 NTAs. By adjusting the pH of electrolyte
using different additives, TiO2 NTAs with different lengths ranging from 300 nm
to 6.4 lm were formed in an aqueous electrolyte containing potassium fluoride
[4]. Schmuki et al. synthesized TiO2 NTAs with a length of up to 4 lm in a
neutral fluoride solution containing phosphate [20]. Due to the high chemical
dissolution rate in an aqueous solution containing fluoride ions, the length of the
prepared TiO2 NTAs was short. In comparison to aqueous electrolytes, much
longer TiO2 NTAs can be formed in polar organic electrolytes due to low
chemical dissolution rate resulting from low water content. The most commonly
used organic electrolyte is ethylene glycol [77], glycol [57], acetic acid [91],
formamide (FA) [81], and dimethylsulfoxide (DMSO) [116]. By using organic
electrolyte, the length of TiO2 NTAs could be extended to up to 100 lm under
the proper anodization conditions in organic electrolyte [70, 71]. Grimes and co-
workers have widely explored the organic electrolytes in preparing the TiO2

NTAs and have made significant progress. Recently, they prepared highly
ordered TiO2 NTAs of over 1,000 lm in length and aspect ratio about 10,000 by
potentiostatic anodization of Ti foils in an ethylene glycol electrolyte containing
NH4F and H2O [70]. The length and the wall thickness of the TiO2 NTAs were
readily controlled by adjusting the electrochemical parameters such as the
anodization duration, the composition and temperature of the electrolyte, and the
anodization voltage. Besides TO2 nanotube, other metal oxide nanotube and
nanoporous nanostructures have developed such as Fe2O3 [39, 109], WO3 [118,
120], Nb2O5 [19], and Ta2O5 [15, 40] via the same electrochemical anodization
method. These research works have demonstrated electrochemical anodization to
be an effective approach to fabricate high surface area metal oxide
nanostructures.

Fig. 5 a A schematic diagram of a two-electrode electrochemical cell for anodization. b SEM
images of TiO2 NTAs prepared by potentiostatic anodization of Ti foils in an ethylene glycol
electrolyte containing NH4F and H2O. Reproduced with permission from [70]
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3 Low-Cost Nanomaterials for PEC Water Splitting

Metal oxide semiconductors such as TiO2, ZnO, Fe2O3 and WO3 are the most
common materials used for photocatalytic and PEC water splitting, due to their
excellent chemical stability, low cost, and suitable band edge positions; however,
each metal oxide has its own limitations as photoelectrode for PEC water splitting.
Various techniques have been developed, such as morphology engineering, ele-
ment doping, and surface modification in order to solve these limitations. In this
section, we will review the recent research progress on these popular and low-cost
metal oxide nanomaterials for PEC water splitting and the strategies have been
used to solve their limitations.

3.1 TiO2 and ZnO Nanomaterials for PEC Water Splitting

Since the first demonstration of PEC water splitting on TiO2 by Honda and
Fujishima in 1972 [17], TiO2 has been widely studied as photocatalyst [2, 49] and
photoelectrodes [101, 117] for water splitting. In comparison to bulk materials,
nanostructures could provide larger surface area and further facilitate charge
separation at the interface between semiconductor and electrolyte [42]. Various
nanostructured TiO2 such as nanoparticle films [14, 110], nanowire arrays [16,
101, 108], branched nanowire arrays [7], and nanotube arrays [43, 127] have been
developed and implemented as photoelectrodes for water splitting. For instance,
Shankar et al. used electrochemical anodization method to synthesize TiO2

nanotube arrays and applied them for PEC water splitting [80]. They systemati-
cally studied the effects of the anodization voltages, times, nanotube lengths, and
annealing temperatures on the PEC performance [70, 71, 80]. Rutile TiO2 nano-
wire arrays grown on FTO glass have also been used for PEC water splitting [16,
101]. Compared to the polycrystalline TiO2 nanotube arrays, the single crystal
nanowires could have better charge transport property. Besides, the rutile TiO2 has
a relative smaller band-gap of 3.0 eV than anatase TiO2 (3.2 eV), which allows it
to utilize longer wavelength light in the solar spectrum. The large band-gap energy
is still the major limitation for TiO2 materials for solar energy conversion. The
theoretical solar energy conversion efficiency for rutile TiO2 should be *2.5 %,
depends on its band-gap energy [62]. However, the reported STH conversion
efficiencies were much lower than this theoretical value. For example, *0.7 % of
STH conversion efficiency was obtained on pristine TiO2 nanowire arrays [16]. It
suggests that the conversion efficiency of TiO2 is also limited by another factor,
which is believed to be the rapid electron-hole recombination.

To reduce the electron-hole recombination loss, the charge separation and
collection efficiencies should be improved. Wang et al. reported that hydrogen
thermal treatment improves charge transport of TiO2 nanowire arrays by con-
trolled incorporation of oxygen vacancies [101]. Figure 6 shows the PEC and
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electrochemical properties of TiO2 before and after hydrogen treatment. The
photocurrent densities of TiO2 nanowire were significantly increased in the entire
potential windows after hydrogen treatment (Fig. 6a). IPCE studies further showed
that the increased photocurrent density was mainly due to the enhanced photo-
activities in the UV region (Fig. 6b). The results suggested that the enhanced
photocurrent was due to the improved charge collection efficiency and hydrogen
treatment did not narrow the band-gap of TiO2. STH conversion efficiency was
calculated to be around 1.1 %, by integrating IPCE spectra with standard solar
spectrum shown in Fig. 6c; which was the highest efficiency obtained on TiO2

nanostructure. Mott-Schottky studies confirmed the carrier densities of hydrogen
treated TiO2 were significantly enhanced by orders of magnitude (Fig. 6d). The
enhanced PEC performance was attributed to increased oxygen vacancies and
hydrogen impurities, which work as shallow donors for TiO2. The increased donor
density could facilitate charge transport in the semiconductor and charge separa-
tion at the interface between semiconductor and substrate.

Furthermore, other chemical modification methods such as element doping [22,
37, 64] and sensitization [28, 103] have been used to increase visible light
photoactivity of TiO2. Element doping is a typical approach to extend light
absorption spectrum of TiO2 into visible light region. Various impurity elements
such as Fe [13, 86], C [37, 64, 68], P [22], and N [9, 31, 61] have been reported to
increase visible light absorption of TiO2. For instance, Hoang et al. reported
nitrogen-doped TiO2 nanowire arrays and used them for PEC water oxidation [31].
Nitrogen doping was achieved by nitridation of TiO2 in ammonia gas flow at
temperature of 500 �C. Nitrogen-doped TiO2 nanowire photoanode was light
yellow in color and IPCE studies showed that it exhibited obvious photoactivity in
the visible region from 400 to 500 nm (Fig. 7). The visible light photoactivity is
attributed to the introduction of N impurity states in the electronic band structure
of TiO2, which narrows its band-gap. Hoang et al. further demonstrated that
hydrogenation of nitrogen-doped TiO2 could further increase their performance of
TiO2 for PEC water splitting, due to a synergistic interaction between nitrogen
dopant and the oxygen vacancy (Ti3+) in the TiO2 [30].

Sensitization is another common method used to increase visible light photo-
activity of large band-gap semiconductor metal oxides. For example, TiO2 sen-
sitized with small band-gap semiconductors such as CdS and CdSe have been
reported [28, 50, 103]. As shown in Fig. 8, upon light illuminated, electron and
hole pairs will be generated in both TiO2 and the sensitizer CdSe quantum dot. By
forming a type II heterojunction between TiO2 and the sensitizer, the photogen-
erated electrons in the sensitizer can efficiently transfer to TiO2 (Fig. 8) In this
case, the sensitized TiO2 composite structure can utilize visible solar light.
However, the major drawback of this approach is the instability of chalcogenides.
Hole scavengers such as sodium sulfide should be added into the electrolyte
solution to avoid the self-oxidation of CdS and CdSe, because the oxidation
potential of CdSe and CdS is much lower than water oxidation [28, 103]. As a
result, although the excited electrons are used for water reduction to produce
hydrogen, the overall reaction is no longer water splitting.
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Fig. 6 a Linear sweeps of pristine TiO2 and hydrogen treated TiO2 (denoted as H-TiO2)
nanowire arrays in 1.0 M NaOH aqueous solution. b IPCE spectra of TiO2 and H-TiO2 at
different temperatures. c Integrating solar to hydrogen efficiencies of TiO2 and H-TiO2 nanowire
arrays. d Mott-schottky plots of TiO2 and H-TiO2 collected under dark condition at the frequency
of 10,000 Hz. Reproduced with permission from [101]

Fig. 7 IPCE spectra of TiO2

and nitrogen doped TiO2

with/without cobalt catalyst
modification, collected at the
potential of 1.4 V versus
RHE. Reproduced with
permission from [31]
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Zinc oxide (ZnO) has similar band-gap and band-edge positions as TiO2, which
is also a suitable semiconductor material for PEC water splitting [76, 88, 107, 111,
126]. Although the chemical stability of ZnO is not as good as TiO2, due to the
dissolution in basic and acidic solution, the electron mobility of ZnO is typically
10–100 folds higher than that of TiO2 [27, 111], which is favorable for charge
transport and PEC application. Nanostructured ZnO such as nanoparticle film
[107], nanowire film [111], 3D nanotree film [88], and nanotube arrays [8] have
been developed and studied for PEC water splitting. For instance, Wolcott et al.
fabricated nanostructured ZnO thin film using three different deposition strategies:
normal pulsed laser deposition, pulse laser oblique-angle deposition and electron-
beam glancing-angle deposition [107]. They found that the thin film morphologies
played significant effect on their PEC properties. Normal pulsed laser deposition
produced densely packed particle films with *200 nm grain sizes; oblique-angle
deposition produced nanoplatelets with a fish scale morphology thin film; while
glancing-angle deposition generated a highly porous, interconnected nanoparticle
network. The highly porous thin film by glancing-angle deposition exhibited the
best PEC water splitting performance, among these three kinds of ZnO thin films.
The high PEC properties of ZnO by glancing-angle deposition were attributed to
the better crystallinity and higher surface area [107].

ZnO is also a large band-gap semiconductor, which limits the solar light
absorption and therefore STH conversion efficiency. Element doping and small
band-gap semiconductor sensitization have also been used to increase the light
absorption of ZnO [38, 44, 63, 73, 79, 102, 111]. For example, Yang et al. grew
single crystal ZnO nanowire arrays on ITO glass using a seed-mediated hydro-
thermal growth; nitrogen doping was carried out in a home-built CVD system with
ammonia as nitrogen source. XPS measurement revealed that nitrogen dopant
concentration can be controlled by varying the doping treatment time [111]. PEC
studies demonstrated that nitrogen doped ZnO show more than one magnitude
increase in photocurrent density, compared to pristine undoped ZnO nanowire
arrays. Importantly, IPCE studies shows the enhancement of photoactivity in vis-
ible light region, indicating nitrogen doping is an effective method to modify the
optical and photocatalytic properties of ZnO. Besides, Wang et al. demonstrated to
use quantum dot sensitization method to further increase the visible light absorption

Fig. 8 The schematic
illustration of the band
structure of CdSe sensitized
TiO2. The photoexcited hole
in CdS transfer to the
interface between
semiconductor and
electrolyte to oxidize S2- to
Sn

2-; the excited electron is
injected into TiO2
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of ZnO [102]. They designed a novel double-sided CdS and CdSe quantum dot co-
sensitized ZnO nanowire arrays and used them for PEC hydrogen evolution. The
double-sided design represents a simple analog of tandem cell structure to maxi-
mize light absorption. This double-sided architecture enabled direct interaction
between quantum dot and nanowire, which could improve charge collection effi-
ciency, compared to single sided co-sensitized structure. A maximum photocurrent
density of *12 mA/cm2 at 0.4 V versus Ag/AgCl was obtained on the double-
sided quantum dot co-sensitized ZnO nanowire arrayed photoanode [102].

Although enormous efforts have been devoted to develop more efficient ZnO-
and TiO2-based photoelectrodes, the overall efficiency is still limited by relatively
poor visible light absorption due to their large band-gap energies. Therefore, it is
still necessary and important to develop new method to modify their optical and
electronic properties and improve their performance for PEC water splitting.

3.2 WO3 Nanomaterials for PEC Water Oxidation

In comparison to TiO2 and ZnO, WO3 has a relatively small band-gap
(2.5–2.8 eV) that allows it to capture about 12 % of the solar spectrum and is more
favorable for visible light absorption [62]. In addition, WO3 also has a moderate
hole diffusion length (*150 nm) and good electron transport property. These
features make it a very promising photoanode material for PEC water oxidation
[51, 53]. Considerable efforts have been devoted to develop various WO3 films as
photoanodes for water oxidation [10, 29, 54, 78, 84, 85, 99], since Hodes et al. first
demonstrated the possibility of using WO3 as a photoanode for water splitting [32].
However, WO3 also has its own limitations. First, the energy level of its con-
duction band is more positive than the potential for water reduction. As a result,
water splitting can be only achieved with the application of additional external
bias. Second, WO3 is an indirect band-gap semiconductor that requires a relatively
thick film for increasing light absorption. However, a thick layer of active elec-
trode material usually cause significant electron–hole recombination loss and
decrease photoactivity of WO3 [99]. Nanostructured materials have large surface
area and short carrier diffusion distance, which could potentially address this issue.
Recently, various nanostrcutured WO3 such as nanowire [85], nanoflake [74] and
nanoparticle film [78] have been reported for PEC water oxidation. For instance,
Cristineo et al. synthesized the wormlike WO3 nanostructured photoanodes on
tungsten foils using potentiostatic anodization method in high dielectric constant
organic solvents [10]. The highest photocurrent density obtained was approxi-
mately 3.5 mA/cm2 at 1.5 V (vs. SCE) in 1.0 M H2SO4 solution under an incident
power of 150 mW/cm2 and was more than 9 mA cm-2 under incident light power
of 370 mW/cm2. Qin et al. fabricated vertically aligned WO3 nanoparticulate
flakes that have both high surface area and sufficient film thickness for good light
absorption, using a simple surfactant-free hydrothermal growth in a mixture of
concentrated nitric acid and hydrochloric acid, followed by sintering at 500 �C in
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air [74]. Recently, Chen et al. prepared large area and high-quality WO3 photonic
crystal photoanodes with inverse opal structure [6]. This 3D-photonic crystal
design is used to enhance light absorption and further increase IPCE of WO3

photoanodes. The photonic stop-bands of these WO3 photoanodes can be tuned
experimentally by variation of the pore sizes of inverse opal structures. It was
found that when the red-edge of the photonic stop-band of WO3 inverse opals
overlapped with the electronic absorption edge of WO3 at Eg = 2.6-2.8 eV, a
maximum of 100 % increase in photocurrent intensity was observed under visible
light irradiation (k[ 400 nm), in comparison with a disordered porous WO3

photoanode [6]. When the red-edge of the stop-band was tuned well within the
electronic absorption range of WO3, noticeable but less amplitude of enhancement
in the photocurrent intensity was observed. It was further shown that the spectral
region with a selective IPCE enhancement of the WO3 inverse opals exhibited a
blue-shift in wavelength under off-normal incidence of light, in agreement with the
calculated stop-band edge locations. (Fig. 9) The enhancement was attributed to a
longer photon–matter interaction length as a result of the slow-light effect at the
photonic stop-band edge, thus leading to a remarkable improvement in the light-
harvesting efficiency. This method can provide a potential and promising approach
to effectively utilize solar energy for visible light responsive photoanodes.

Additionally, WO3 is known to be thermodynamically unstable in electrolyte
solution with pH [ 4 due to OH--induced chemical dissolution and photocorrosion
induced by the peroxo species created during water oxidation [106]. In order to
suppress the formation of peroxo species, oxygen evolution catalyst has been used to
modify the surface of WO3 [52, 78]. For example, Seabold et al. demonstrated the
photo-oxidation reactions and photostability of electrochemically prepared WO3

can be improved by coating with Co–Pi OEC catalyst (Fig. 10) [78]. When a bare
WO3 photoanode was used, a significant portion of the photogenerated holes (ca.
39 %) were used to form peroxo species and dissolve WO3; therefore, the accu-
mulated peroxo species on the WO3 surface result in a gradual loss of photoactivity.
In contrast, when a thick Co–Pi OEC layer ([1.5 lm) was deposited on the WO3

electrode, most photon-generated holes were used for O2 production and suppress
the formation of peroxo species. The suppression of the peroxide species not only
increases O2 production, but also improves the long-term photostability of WO3.
Alternatively, Wang et al. also demonstrated that oxygen-deficient tungsten oxides
are resistive to the peroxo species-induced corrosion [99]. They showed that the
photostability and photoactivity of WO3 for water oxidation can be simultaneously
enhanced by self-doping with oxygen vacancies via hydrogen treatment. The
improved photoactivity was believed to be due to the increased donor densities,
which could facilitate charge transport. Importantly, the photocurrent of hydrogen
treated WO3 was stabilized for at least 7 h without substantial loss, while pristine
WO3 lost 80 % of initial photocurrent in the first two hours. The results proved that
hydrogen treatment is an effective method to improve and stabilize the photoactivity
of WO3.
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3.3 a-Fe2O3 Nanomaterials for PEC Water Oxidation

Hematite (a-Fe2O3), as one of the most prevalent metal oxides on earth, has
attracted extensive attentions for PEC water splitting, due to its favorable band-
gap, natural abundance, low cost, and superior chemical stability in aqueous
solution [35, 45, 59, 82, 89, 105]. However, hematite has a few severe drawbacks
that limits its application as photoelectrode. First, the conduction band of hematite
is more positive than the water reduction potential, as a result, a large external bias
is needed to drive water splitting. Furthermore, hematite has a very short excited
state lifetime (*10 ps) and a short hole diffusion distance (2–4 nm), which cause
significant loss via electron-hole recombination [47, 48, 100]. In this regard, very
thin layer of hematite is required to reduce the diffusion length for minority carrier
and facilitate charge separation. Nanostructured materials open up new opportu-
nity to address this issue by providing extremely large surface area, as well as short
hole diffusion distance. For instance, Lin et al. reported the fabrication of ultrathin
hematite thin films on TiSi2 nanonet using atomic layer deposition technique
(Fig. 11) [46]. This core shell structure has several advantages over bulk structure.
The TiSi2 scaffold provides large surface area and the TiSi2 is also highly con-
ductive, which is beneficial for charge transport. Besides, the ultrathin hematite

Fig. 9 a–c SEM top view of WO3 inverse opals with 200, 260 and 360 nm pore size.
d photograph of the inverse opal WO3-200, WO3-260 and WO3-360. e–g SEM images of the
cross-section view of WO3-200, WO3-260 and WO3-360, respectively. h–i linear sweep
voltammograms of all the WO3 electrodes under chopped UV light illumination and visible light
illumination. Reproduced with permission from [6]
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film offers short hole diffusion distance to minimize electron-hole recombination
loss. Figure 11 shows the PEC performance of a-Fe2O3-TiSi2 core shell nanonets
and a-Fe2O3 planar structure. The photocurrent density of a-Fe2O3-TiSi2 nanonets
is three times larger than that of planar a-Fe2O3 and the IPCE spectra is almost the

Fig. 10 a SEM image of the cross-section of Co–Pi oxygen evolution catalyst (OEC) modified
WO3 film. b The comparison of photocurrent density versus time of WO3 and OEC modified
WO3 film. Reproduced with permission from [78]

Fig. 11 a Schematic illustration of the TiSi2/Fe2O3 core shell nanonet structure and
corresponded TEM studies. b Linear sweep voltammograms of planar hematite film and TiSi2/
Fe2O3 nanonet film collected in 1.0 M NaOH solution, under 100 mW/cm2 AM 1.5G simulated
solar light. c The comparison of the external quantum efficiency (IPCE) with/without TiSi2
nanonet structure. Reproduced with permission from [46]
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same as the absorbed photon conversion efficiency (APCE), indicating the benefits
of the nanostructure in the charge collection and transport [46].

Although the ultrathin nanostructure can improve the charge separation, hematite
is an indirect band-gap material that requires a thick layer of active material for
increasing light absorption. Nevertheless, thick hematite films will lead to signifi-
cant electron-hole recombination loss. Therefore, it is also important to modify the
intrinsic electronic property of hematite, with a goal of increasing charge transport
and suppressing the electron-hole recombination. Element doping is the most
common method to modify the electronic property of hematite. A number of ele-
ment dopants including titanium [100, 119], silicon [5, 36], and tin [41, 48] have
been studied for hematite. These dopants function as electron donors and can sig-
nificantly enhance the electrical conductivity of hematite by increasing its donor
density. Gratzel and co-workers developed silicon-doped hematite by spray pyro-
lysis and atmospheric pressure chemical vapor deposition (APCVD) [5, 36]. These
silicon-doped hematite achieved the best photocurrent density of 2.3 mA/cm2 at
1.23 V versus Ag/AgCl, without the need of catalyst modification [36]. Recently, Sn
doping has also been demonstrated to be an effective dopant for hematite. Upon high
temperature annealing, Sn can diffuse into hematite film from fluorine-doped tin
oxide (FTO) glass substrate. Sn-doped hematite can also be achieved by inten-
tionally mixing Sn precursor with Fe precursor during hydrothermal synthesis of
hematite [48]. Sn doping treatment could activate hematite nanowires for PEC water
splitting. Moreover, Wang et al. also reported that Ti-doped hematite can be
achieved by a drop-annealing method using titanium butoxide as dopant precursor
[100]. Electrochemical impedance studies showed that the donor density of Ti-
doped hematite was significantly enhanced by orders of magnitude, indicating the
element doping is a good strategy to increase the electrical conductivity of hematite.

Alternative to the incorporation of extrinsic dopants into hematite, Ling et al.
also demonstrated a new method to improve the electrical conductivity of hematite
by creating intrinsic defects such as oxygen vacancies [47]. Oxygen vacancies
(Fe2+) function as a shallow donor for hematite, playing a similar role as extrinsic
dopants such as silicon, titanium, and tin. Ling et al. annealed FeOOH nanowires
in an oxygen-deficient condition to create the oxygen vacancies [47]. They found
that this method could activate hematite nanowires at relatively low activation
treatment of 550 �C [48]. A maximum photocurrent density of 3.37 mA/cm2 at
1.5 V versus RHE, was obtained for the oxygen-deficient hematite nanowire
photoanode. Mott-Schottky studies showed that the carrier density was improved
by an order of magnitude, as a result of the creation of oxygen vacancies (Fig. 12).
This work demonstrated a simple and effective method to prepare highly photo-
active hematite nanowire for PEC water splitting application, at relatively low
activation temperature without the need of extrinsic dopants.

Furthermore, the large overpotential for water oxidation is another major issue
limiting the performance of hematite for PEC water splitting. Water oxidation
catalyst modification has been proved to be an effective method to suppress water
oxidation overpotential. A variety of catalysts such as Co–Pi [3, 122–124], CoOx

[36], NiOx [98] and IrOx [90] have been previously reported. Co–Pi is the most
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common water oxidation catalyst. Zhong et al. deposited Co–Pi on silicon doped
hematite film by electrochemical deposition method [122–124]. The catalyst
modified hematite showed a negative shift of photocurrent onset potential, indi-
cating the suppression of water oxidation overpotential. Iridium oxide is another
promising water oxidation catalyst, although the cost is relatively higher than Co–
Pi catalyst. Tilley et al. used IrO2 nanoparticle to modify silicon hematite and
studied their PEC performance (Fig. 13). A dramatic shift in the onset photocur-
rent potential was observed from 1.0 to 0.8 V versus RHE and plateau photo-
current density was enhanced from 3.45 to 3.75 mA/cm2, which achieved a new
benchmark photocurrent for hematite photoanode for PEC water splitting [90].

Fig. 12 a Linear sweep
voltammograms collected for
air annealed hematite
(A-hematite) and hematite
annealed in N2 (N-hematite)
at a scan rate of 10 mV/s in
1.0 M NaOH aqueous
solution, under
100 mW/cm2 AM 1.5G
simulated solar light. b Mott-
Schottky plots measured for
A-hematite and N-hematite
nanowire films. Reproduced
with permission from [47]
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3.4 Other Low-Cost Nanomaterials for PEC Water
Oxidation

In addition to these binary metal oxides, ternary metal oxides such as SrTiO3 [67,
117] and BiVO4 [113–115, 121] have also been studied for PEC water oxidation.
Ternary metal oxides could provide new opportunities in developing photoelec-
trode, as their electronic bands are formed by atomic orbitals from more than one
element and the modulation of the stoichiometric ratio of the elements could finely
tune the potentials of valence and conduction bands as well as the band-gap energy
[95]. SrTiO3 has favorable band-edge positions that straddled the water oxidation
and reduction potentials. However, the large band-gap SrTiO3 (3.75 eV) limits its
efficiency for water oxidation. Zhang et al. used a hydrothermal method to fabricate
SrTiO3 nanocrystals modified TiO2 nanotube arrays for PEC water splitting [117].
They found that the incorporation of SrTiO3 could shift the flat band potential of
TiO2 to a more negative value, and thus, improve its PEC performance. BiVO4 has a
favorable band-gap of 2.3 eV for efficient absorption of solar light. Furthermore, its
conduction band is close to 0 V versus RHE at pH = 0, as a result of the overlap of
empty Bi 6p orbitals with anti-bonding V 3d-O 2p states, which can reduce the need
for external bias for PEC water splitting. However, charge transport and interfacial
charge transfer have been found to be key limiting factors for PEC water splitting. A
number of methods have been demonstrated to improve their charge transport
efficiency and further improve their PEC performance. For example, Mo- and W-
doped BiVO4 have been demonstrated to increase the solar energy conversion
efficiency for PEC water splitting by improving their carrier densities with W and

Fig. 13 Photoelectrochemical performance of the unmodified hematite photoanode and the same
anode modified with IrO2 nanoparticles under AM 1.5G 100 mW/cm2 simulated sunlight. The
dashed line is the photocurrent for the former state-of-the-art hematite photoanode. Reproduced
with permission from [90]
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Mo as n type dopants [69, 113–115, 121]. Recently, Wang et al. also demonstrated
that hydrogen treatment increased the carrier density of BiVO4 and improved its
photoactivity for PEC water oxidation.

4 Conclusion

In this chapter, we have highlighted the recent research achievements in devel-
oping low-cost metal oxide nanomaterials for PEC water splitting. In comparison
to bulk or planar structure, nanostructured materials exhibit larger surface area,
shorter carrier diffusion distance, and lower light reflectivity; all these advantages
make nanostructures to be more promising photoelectrodes for PEC water spitting
application. A number of strategies, such as morphology engineering, element
doping, sensitization, and chemical modifications have been developed to address
the intrinsic limitations of metal oxides in light absorption, charge separation, and
transport. Although significant process has been made in the past decades, there
are still several outstanding challenges remain in order to commercialize the
photoelectrodes for PEC water spitting. The cost, efficiency, and long-time sta-
bility are still the most important issues that need to be further improved. To date,
the overall efficiency of metal oxides for PEC water splitting is still relatively low
(\2 %); and there is not a single semiconductor material could meets all the
requirements for a high efficient photoelectrode. A possible solution to the prob-
lem is to develop new nanomaterials and device architectures. It is promising to
develop semiconductor alloys such as ternary or quaternary metal oxide nano-
structures, which allow the band-gap and band-edge positions to be engineerable
for maximizing the efficiency for water splitting. Additionally, it is equally
important to develop simple and low-cost synthetic methods to fabricate these
nanostructures with controlled optical and electronic properties.
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Magnesium and Doped Magnesium
Nanostructured Materials
for Hydrogen Storage

Daniel J. Shissler, Sarah J. Fredrick, Max B. Braun
and Amy L. Prieto

Abstract Hydrogen is an attractive fuel for many applications because of its high
energy density as molecular hydrogen, as well as the clean exhaust produced when
burned with oxygen. One significant challenge to the widespread adoption of
hydrogen, for mobile applications in particular, is the inability to efficiently store
large amounts of readily accessible hydrogen in small volumes at ambient tem-
perature and pressure. This chapter describes the current research on one particu-
larly interesting candidate for hydrogen storage, nanostructured magnesium. The
synthetic methods currently used to control the size and shape of nanostructured
magnesium are described, as are the measured kinetics of hydrogen storage, the
modeling used to explain the observed kinetics, and theoretical models that can be
used to guide experimental efforts.

1 Introduction

Hydrogen is a very attractive fuel for many applications because it is the most
abundant element on earth (although less than 1 % is present as molecular hydro-
gen), the gravimetric energy density is three times higher than liquid hydrocarbons
(142 MJ/kg versus 47 MJ/kg), and when burnt in oxygen the only exhaust is water.
One significant hurdle to the widespread adoption of hydrogen-burning vehicles,
however, is the development of new materials that can absorb and desorb large
amounts of hydrogen safely at low pressures and ambient temperatures. The
Department of Energy has set ambitious goals for the capacity, cycle life, and
delivery pressures required to make hydrogen a viable fuel for mobile applications
(Table 1). There are no current materials that can meet these goals to date.
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Current research in the storage of hydrogen is focused on several areas,
including the synthesis of new materials with high porosity and controllable
functionality, [1] the adsorption of H2 in zeolites and carbonaceous materials
including carbon nanotubes, [2] and the modification of existing metal hydride
systems [3]. A comparison of a range of materials as a function of their volumetric
and gravimetric hydrogen storage is shown in Fig. 1. Among these research areas,
metal hydrides containing light elements such as MgH2 offer high density storage
at low cost.

The significant advantage to light metal hydrides such as MgH2 is the poten-
tially high hydrogen capacity in small volumes at ambient pressures and tem-
peratures. However, essentially all of the target compounds are plagued by slow
kinetics for the hydrogenation and dehydrogenation reactions, which means that
they are currently cycled at elevated temperatures (typically near 300 �C) and low/
high pressure for the dehydrogenation/hydrogenation reactions. The compounds
that can cycle at or near room temperature are hindered by low mass density for
hydrogen (such as Pd, which converts to PdH0.6) [3]. A fundamental understanding
of the structure and properties of complex hydrides would be extremely helpful in
decoupling the challenges in terms of thermodynamic stability of the relevant
phases as well as the kinetics. Without an understanding of the interplay among
structure, bonding, and diffusion in these materials, optimization to improve the
kinetics at lower temperatures and ambient pressures relies on trial and error. For
that reason a portion of this chapter is dedicated to theoretical predictions that are
guiding current research.

A reasonable argument can be made that only light hydrogen storage materials
with high gravimetric capacities will be able to achieve the DOE targets. For that
reason, Mg, doped Mg, and Mg alloys are promising materials for hydrogen storage

Table 1 Targets set by the Department of Energy (released in 2009)

Storage parameters Units 2010 2015 Ultimate

System gravimetric
capacity

kWh kg-1 1.5 1.8 2.5

kg H2 kg-1 system 0.045 0.055 0.075
System volumetric capacity kWh L-1 0.9 1.3 2.3

kg H2 L-1 system 0.028 0.040 0.070
Min/max delivery

temperature
�C -40/85 -40/85 -40/95–105

Cycle life (1/4 tank to full) Cycles 1,000 1,500 1,500
Min/max delivery pressure

for fuel cell
Bar (abs) 5/12 5/12 3/12

Min/max delivery pressure
for internal combustion
engine

Bar (abs) 35/100 35/100 35/100

Onboard reversible system
efficiency

% 90 90 90

System fill rate kg H2 min-1 1.2 1.5 2.0

Used with permission by Chen 2012
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due to their high theoretical hydrogen storage capacities (e.g., 7.6 wt.% for MgH2)
[3, 4]. Pure Mg particles can store 1 kg of H2 in 6.9 L of solid metal hydride.
However, bulk Mg is less than ideal as a hydrogen storage material due to the slow
kinetics and high temperatures required for hydrogen absorption/desorption.

One common approach to mitigating the sluggish kinetics for bulk magnesium
is to increase the surface area to volume ratio of the material. The reaction of bulk
Mg and molecular hydrogen first involves the adsorption of molecular hydrogen
onto the surface of the magnesium, the breaking of the hydrogen–hydrogen bond,
and then the diffusion of the atomic hydrogen into the magnesium. Once a critical
concentration is reached, MgH2 nucleates and grows (shown in Fig 2). One can
imagine that by reducing the physical dimensions of the material to the nanoscale,
the diffusion length required for hydrogen to diffuse by solid-state diffusion
from the surface of the material to the center is dramatically reduced, which can
reduce the time necessary for hydrogenation (and the same effect should be true for
the reverse reaction, removing hydrogen from the hydride).

Recent studies have shown that hydrogen storage properties can be greatly
improved by preparing these materials with nanocrystalline grain sizes, often
achieved by mechanical ball-milling, and/or by alloying Mg with other metals [3–5].
Previous studies have shown that reducing the particle size of metal hydrides such as
Mg2Ni significantly increases the kinetics of hydrogen absorption [4]. The increase
in the kinetics for hydrogen absorption may be a result of a decrease in the diffusion
length for hydrogen due to the small sizes of the particles (as mentioned previously),
but the lack of control over the size and homogeneity of the samples has made it
difficult to determine this conclusively. The synthetic methods used (such as ball
milling [4] and hydrogen plasma–metal reactions [6]) can produce samples that are

Fig. 1 A comparison of a range of materials as a function of stored hydrogen per volume and per
mass. Reproduced with permission from Schlapbach 2001
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inhomogeneous, poorly crystalline, and with ill-defined particle size. An important
but unanswered question is still whether or not the increased kinetics observed for
nanostructured materials are due purely to increased surface area, or if grain
boundaries and trace impurities or catalysts are important for the hydridation
reaction.

This chapter will provide an overview of the synthesis of nanostructured
magnesium-based materials, the resulting kinetics of these materials (and how
these kinetics are currently modeled) as well as theoretical predictions of what can
be obtained using different approaches toward magnesium. For the purposes of
brevity, we have focused on nanostructured magnesium, as well as doped mag-
nesium, but we have not included a discussion of composite materials where
magnesium is not the major component. The references contained herein are meant
to be as comprehensive as possible, to provide the reader with reasonable
resources with which to read further about this fascinating material.

2 Synthesis

In order to optimize the performance of any material, a deep understanding of the
effects of the synthesis of the material on the resulting properties is imperative. For
hydrogen storage materials in particular, it is important to fully understand the
sorption kinetics for these systems and how the kinetics depend on the quality of

Fig. 2 Schematic model of a metal structure with H atoms in the interstices between the metal
atoms, and H2 molecules at the surface. Hydrogen atoms are from physisorbed hydrogen
molecules on the left-hand side and from the dissociation of water molecules on the right-hand
side. Reproduced with permission from Schlapbach 2001
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the material as made. The challenge with magnesium-based materials in particular
is that elemental magnesium is very easily oxidized. Any synthetic method that is
designed to produce zero valent magnesium will need to be carried out under inert
conditions, and if the precursors are common magnesium salts, under fairly
reducing conditions. For the purpose of studying the effects of parameters such as
particle size and the incorporation of dopants (common variables that are tuned for
magnesium as a hydrogen storage material), a synthesis that allows for fine control
and manipulation of these variables is desired. The general goals of modern
synthetic methods for magnesium are to control the size and morphology of the
particles and/or to controllably incorporate dopants.

2.1 Undoped Magnesium Nanocrystal Syntheses

There are two general strategies for synthesizing magnesium for hydrogen storage.
The first is to start with bulk elemental magnesium, and then either ball mill the bulk
material to reduce the grain size, or to use vapor transport reactions to create
nanostructures. For the purposes of clarity, a distinction must be made between
nanostructured magnesium and nanocrystalline magnesium; while one can be both
nanostructured (wherein the physical features of the particles are on the nanoscale)
and nanocrystalline (where the grain sizes composing the particles are on the
nanoscale), the other may be nanocrystalline but microstructured (Fig. 3) [7, 8]. This
is an important distinction because different synthetic methods are required to control
the physical dimensions of the particles versus the physical dimensions of the grains
contained within a particle. The second general method for synthesizing magnesium
for hydrogen storage is to start with magnesium precursors where magnesium is
present in the +2 oxidation state, and then reduce the precursor in solution (either
chemically or electrochemically, see Fig. 4) to form neutral magnesium.

The most prevalent synthesis in the current literature for reducing the grain
sizes of bulk magnesium to micro or nanocrystalline grains is that of mechanical
milling, or ball milling [7, 9]. In addition to standard ball milling, high energy
mechanical milling (under either high pressure or high temperature) has been used
by many for the synthesis of magnesium nanocrystals [10]. This technique can be
utilized under hydrogen pressure to directly make MgH2 [11–14] rather than
making the pure metal and hydriding it post-synthesis. Mechanochemical milling
has also been used to produce magnesium nanocrystals in a similar fashion [14].
Another mechanical method for producing nanocrystalline magnesium is the
method of cold rolling and cold forging to reduce grain sizes [15]. Although these
types of mechanical milling are effective in reducing grain size and incorporating
dopant materials (to be discussed in Sect. 2.2), they offer little control over
nanocrystal size distribution, shape, and impurity phases (Fig. 3b).

Plasma reactions [16, 17] have been demonstrated to be effective in producing
nanoscale magnesium; however, impurity phases such as oxides can also be a
problem in these systems. Gas-phase condensation of metallic magnesium into
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nanocrystalline powders has been shown to be effective and have the advantage of
in situ hydriding, [8, 18] but the high temperatures and/or pressures required for
this synthesis make it less than ideal. Alternatively, vapor transport has been
used to grow magnesium nanowires also used for hydrogen storage studies [19].

Fig. 3 Comparison of a TEM micrograph of nanostructured magnesium synthesized by gas
phase condensation reaction and b SEM micrograph of nanocrystalline magnesium microstruc-
tures. Reproduced with permission from Zaluska 1999 and Friedrichs 2007

Fig. 4 SEM image a of the nanowires obtained by electrochemical reduction of EtMgCl b high
resolution SEM and c size distribution of the diameters of the nanowires obtained by this method.
Figure used with permission from Viyannalage 2012
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Direct decomposition of Grignard reagents in the presence of hydrogen was shown
to give pure magnesium hydride that can be used for dehydrogenation studies,
however purity varied among samples [20]. A recent example of a solvated metal
atom dispersion method followed by digestive ripening with organic surfactants
produced small (2–4 nm in diameter), monodisperse nanocrystals [21]. This syn-
thesis is arguably the most effective at making ultrasmall clusters of magnesium
that are expected to show the fastest kinetics at lower temperatures as well as
improved thermodynamics.

The solution-phase synthesis of nanoparticles has emerged as an elegant and
rational method which can yield a high level of control over size [22], shape [23,
24], surface properties [25], and connectivity [26]. Synthetic methods such as
electrochemical reduction from solution result in small particles exhibiting
improved kinetics, but are not amenable to the controllable addition of catalyst
particles [27]. Mg nanoparticles synthesized from solution have been tested for
hydrogen storage properties, but the early preparation methods were not designed
to control particle size, and the average size and surface composition of these
nanoparticles were not investigated, therefore, not providing a good description of
how much particle diameter can influence the material’s properties [28]. Mg
nanowires have been synthesized in high yield, and show enhanced kinetics for
hydrogen sorption [29]. As mentioned previously, ball-milled Mg nanoparticles
show even faster kinetics, although there is a large size distribution in these
samples [30]. A solution-phase synthesis would provide a route toward narrow size
dispersion, high quality nanoparticles.

In a push toward lower energy methods for producing nanoscale magnesium,
there have been several recent reports of solution synthesis methods. The low
reduction potential of magnesium has allowed for electrochemical reduction to
produce magnesium nanocrystals out of THF [31]. A similar synthesis has pro-
duced both nanoparticles and nanowires, [32] and there is no indication that
impurities were a byproduct. Direct chemical reduction of magnesium salts to
magnesium metal in glyme at near-room temperature has been shown [33]. This
method has also demonstrated control over particle size with corresponding
enhanced kinetics. The powder X-ray diffraction characterization of this material
showed pure, crystalline magnesium, with significant peak broadening indicative
of the small size (Fig. 5). One final example of a solution method not only reduces
magnesium salts to magnesium metal at room temperature, but also encapsulates
the nanoparticles in a polymer matrix, which keeps the highly pyrophoric mag-
nesium air stable for weeks in air (Fig. 6) [34].

2.2 Doped Magnesium Nanocrystal Synthesis

In addition to reducing particle size, dopants can be incorporated into the pure
magnesium nanocrystals to enhance the poor sorption kinetics of magnesium.
This chapter will not specifically address magnesium-based composites such as

Magnesium and Doped Magnesium Nanostructured Materials 303



MgH2–LiAlH4, but rather will focus on dopants in small percentages (10 % or
less). Information on composites can be found elsewhere [35–38]. A variety of
dopants can be incorporated through many of the previously mentioned synthesis
methods. Several papers have been written on a series of transition metals [5, 39–
43] or transition metal oxides [44–46] while others have focused on specific
elemental dopants, the most common being Al, [47, 48] Si, [47, 49] Ti, [50, 51] V
and its corresponding oxides, [52, 53] Cr, [54] Fe, [50, 55–57] Ni, [17, 50, 58–63]
Ge, [64] Nb and corresponding oxides [52, 54, 57, 60, 65–68], and Pd [59]. More
discussion of these dopants and their effects on sorption kinetics will be discussed
in Sects. 3 and 4.

3 Evaluating the Kinetics of Hydrogen Sorption
and Desorption

There are several different methods by which the kinetics of hydrogenation and
dehydrogenation can be determined. Non-isothermal methods, also known as
Temperature Programmed Desorption (TPD), involve the use of either Thermo-
gravimetric Analysis (TGA) or Differential Scanning Calorimetry (DSC). Iso-
thermal approaches include the measurements of Gravimetric-Composition-
Isotherms (GCI) and Pressure-Composition-Isotherms (PCI’s). GCI measure the
change in mass of a sample under constant temperature and pressure conditions.
Conversely, a Sievert’s apparatus is used with dynamic pressure and constant
temperature to measure PCI’s [69, 70]. This is a volumetric method which
determines the amount of hydrogen absorbed or desorbed by a sample through the
ideal gas law, PV = nRT, by measuring the change in pressure in a system with
known volume and temperature [71].

A downside of TPD methods is that they can only be used to analyze desorption
of hydrogen from a material, not the adsorption. However, since the measurements
are done with a TGA or DSC instrument, common facility instruments,

Fig. 5 X-ray diffraction
patterns of magnesium
nanoparticles with varying
sizes. Reproduced with
permission from Norberg
2011
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TPD methods are employable without an apparatus specifically built for hydro-
genation/dehydrogenation purposes. Also, the data analysis is more flexible than
that of the isothermal methods, i.e., PCI and GCI.

3.1 Non-isothermal Methods

When using TGA or DSC, the hydrogen desorption kinetics of different materials
can be qualitatively characterized by comparing the initial onset of transformation
in the materials. For example, in TGA, a characteristic plot of weight percent
versus temperature (Fig. 7) [72] displays an onset of weight loss, corresponding to
loss of hydrogen at different temperatures, for an assortment of materials. This
onset can be observed at lower temperature for the various catalyzed materials
than for that of the non-catalyzed MgH2. Similarly in DSC, where a quantitative
endotherm or exotherm signifies a phase change as different temperatures are
scanned, it can be seen that hydrogen desorption for the nickel-catalyzed sample
occurs at a much lower temperature with respect to that of the non-catalyzed
sample (Fig. 8) [40].

For the purposes of hydrogen storage, the better performing material will
exhibit an onset of desorption at a lower temperature. However, due to the vari-
ation within experimental procedure and instrument calibration, if the performance
of a material is to be compared to that of the other literature, an activation energy
for desorption should be determined. The activation energy can be calculated by
analyzing TGA and DSC data with one of the two following equations:

Fig. 6 Mg/polymer composite hydrogen storage material. Here Mg nanoparticles are encapsu-
lated in PMMA, a gas-permeable polymer. Reproduced with permission from Jeon 2011
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where b is the ramp rate, Ea is the activation energy, R is the gas constant, and A is
the pre-exponential factor of the Arrhenius equation. The kinetic function, f( a), is
dependent on the fraction of converted material at a given time over the maximum
converted material [73]. These two variables will be discussed further in later
sections. Determining the activation energy with Eq. (1) is known as the Ozawa–
Flynn–Wall (OFW) method [74, 75]. Alternatively, the Kissinger–Akahira–Sunose
(KAS) method can be used to find the activation energy with Eq. (2) [76]. By
varying the ramp rates of several TGA or DSC scans, a linear relationship can be
observed by plotting ln(b) versus 1/T or ln(b/T2) versus 1/T, depending on which
method is used. The slope of the plot can then be used in correlation with Eq. (1)
or (2) to calculate the activation energy. Different data sets are obtained in TGA
than with DSC. As can be seen in the TGA data shown in Fig. 9 [74], different
fractions of completion can be chosen prior to analysis. From here, the different
values of ramp rates and corresponding temperatures can be used to form, for the
purpose of repetition, several linear plots. Alternately with DSC, the various ramp
rates are plotted with the temperature at which the reaction rate is greatest (Fig. 8)
[40]. There has been much debate about which method, OFW or KAS, should be
utilized due to the accuracy of the calculated value. However, the discrepancies
between the methods are small enough that a semiquantitative comparison of
activation energies can be done to compare the kinetics [73, 77]. The advantage of
using these methods to study kinetics of desorption is that an activation energy
may be calculated without the difficulty of fitting the desorption curve to an
appropriate kinetic function, f(a). However, this is not the case for the PCI or GCI
methods, which have the added advantage of being able to study both the hydrogen
adsorption and desorption kinetics.

Fig. 7 TGA measurements
on magnesium hydride with
and without different
nanocomposites. Reproduced
with permission from Sabitu
2012
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3.2 Isothermal Methods

Both GCI and PCI techniques require a reaction chamber that can be evacuated
and highly pressurized, as well as a sample holder that can be thermally regulated.
In order to calculate the activation energies using these methods, kinetics rate
constants are used in association with the Arrhenius equation. However, to find the
kinetic rate constant, the sorption curves must be fit to the modeled function, f(a),
of the appropriate kinetic mechanism. As will be explained, the GCI and PCI
methods differ by the manner in which the fraction of completion, a, is determined.

MgH2+Ni Pure MgH2

Fig. 8 Thermal desorption mass spectra of hydrogen under various heating rates 1, 5, 10, 20 �C/
min (a), (b), (c), and (d), respectively, for the pure MgH2 milled for 15 min at 200 rpm and the
2 mol% Ni catalyzed MgH2 composite prepared by milling for 15 min at 200 rpm. The
intensities of the longitudinal axes indicate the amount of hydrogen desorption per unit time.
Adapted with permission from Hanada 2005

Fig. 9 Residual fraction versus temperature for three different rates of heating (left). Log (b)
versus 1/T for different degrees of conversion, C. Adapted with permission from Flynn 1966
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The method of determining PCIs, also known as Sievert’s method, requires a
chamber of known volume [69]. When a sample is exposed to hydrogen, the
change in pressure can be accounted for absorption of hydrogen. Alternatively,
when a hydrogenated sample is exposed to vacuum, or a pressure lower than the
desorption equilibrium pressure, the pressure change can be attributed to desorp-
tion of hydrogen [78]. The recorded change in pressure, P, with the known vol-
ume, V, and temperature, T, of the chamber, can be applied to the ideal gas law,
PV = nRT, to determine the molar amounts, n, of absorption or desorption of
hydrogen (R is the gas constant). From this calculation, a percent hydrogenation
can be determined:

Percent Hydrogenation ¼ mass H2

mass Mgþmass H2
ð3Þ

which can then be used to calculate a, where

a ¼ H2 weight%
Maximum H2 weight%

ð4Þ

which can then be used in kinetic fittings.
Using a similar apparatus to the one used in Sievert’s method, with the addition

of a microbalance, a GCI method measures the change in weight of the material
that is a result of the absorption and desorption of hydrogen [20, 79]. Another main
difference in the method lies in the fact that because the change of mass is mea-
sured and not the change of pressure, the pressure of the chamber can be held
constant. This proves advantageous when a kinetic constant is calculated and
applied, for reasons explained later. Despite this mentioned advantage, corrections
must be made to the recorded mass to account for buoyancy effects from the
differences in air density within the chamber and the surroundings [79].

As mentioned earlier, for PCI and GCI data, the activation energy can be found
by plotting ln k versus 1/T. This plot is based on the Arrhenius equation:

ln kð Þ ¼ �Ea

R

1
T
þ lnðAÞ ð5Þ

Before this can be done, however, the kinetic rate constant has to be deduced for
various temperatures.

The kinetic rate constant is found by fitting the experimental data with different
model equations, f(a) (Table 2) [80]. Each function has a different rate-deter-
mining step, which is mentioned in the description in Table 2. The best function
will produce a plot that is linear, with the slope that is equal to the rate constant,
k (Fig. 10) [79, 80]. However, because of the high surface area-to-volume ratio of
nanoscaled materials, fitting kinetic data to kinetic models based on bulk materials
proves arduous, if not impossible [81, 82]. The two most common models used are
the Johnson–Mehl–Avrami (JMA) model of Nucleation and Growth (NG) [83–86]
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and Contracting Volume (CV) [87] model (Fig. 11). Both models make assump-
tions that may not be valid during growth of differing phases of nanoparticles. For
instance, the CV model makes the assumption that nucleation of the secondary
phases are instantaneous (the nucleation of MgH2, for example) and that the core/
shell morphology is quickly reached. As a result of the model not accounting for
the initial nucleation and growth, the fitting will likely have discrepancies for low
a values. In contrast, the fitting for JMA will likely have discrepancies for the high
a values. This is because the JMA model does not account for the overlap of the
growing phase that is likely to occur once, most of the material is transformed to
MgH2 [70, 88]. Due to the many assumptions made by these models, the exper-
imental data rarely fit well for a whole data set [70]. However, even though an
entirely acceptable fit may not be made, the nature of the mechanism can be
inferred through characterization of a portion of the full data set [70, 81].

As mentioned earlier, the GCI method can be performed at constant pressure,
which is advantageous because pressure changes add even more complexity to
isothermal measurements. In addition to the difficulty of fitting the data, the PCI

Table 2 Kinetic equations used for fitting experimental sorption data

Model equation Description

a ¼ kt Surface-controlled reaction with chemisorption being the RDS

½� ln 1� að Þffi1=3 ¼ kt JMA nucleation and growth: three-dimensional growth of existing
nuclei with constant interface velocity

½� ln 1� að Þffi1=2 ¼ kt JMA nucleation and growth: two-dimensional growth of existing
nuclei with constant interface velocity

1� 1� að Þ1=3¼ kt CV: three-dimensional growth with constant interface velocity

1� 1� að Þ1=2¼ kt CV: two-dimensional growth with constant interface velocity

1� 2a
3

� �
� 1� að Þ2=3¼ kt CV: three-dimensional growth with decreasing interface velocity

Adapted with permission from Barkhordarian 2006

Fig. 10 Different kinetic
curves based on the equations
in Table 1 for magnesium
catalyzed with 1 mol%
Nb2O5 and milled for 100 h
(T = 100 �C). Reproduced
with permission from
Barkhordarian 2006
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method calls for data correction due to the kinetic behavior being dependent on
both the temperature and pressure. It has been shown that as the change in pressure
is measured, which is how the data is collected, the driving force for the exchange
of hydrogen is altered [89]. This driving force is dependent on the equilibrium
pressure, which is defined as the pressure at which the system must be above or
below, in order for hydrogenation or dehydrogenation to proceed. The change in
driving force is not significant if the process is performed with a pressure con-
siderably higher or lower than the equilibrium pressure, depending on which
process is monitored. However, if this is not the case, the deviation of the driving
force can be corrected by plotting F(a)/F(P) versus t, where F(P) is the pressure
dependence function [68, 89]. Common F(P) functions can be found in Table 3
[89]. Proper methods for determining the pressure dependence function can be
found in the work of Sanchez et al. [90]. P is the measured pressure at time t, Pbr is
the reaction bed pressure (described in detail in reference) [89], and Peq is the
equilibrium pressure of the Mg +H2 ? MgH2 reaction. Peq values can be deter-
mined by performing the pressure sweep method [91] or estimated by utilizing
values reported in the literature [68, 92]. Again, the slope of the new plot, F(a)/
F(P) versus t, is the kinetic rate constant.

Quantitative characterization of the sorption kinetics of nanoscaled materials
has proven difficult if not unattainable. However, with the methods that have been
developed thus far, at least qualitative comparison of catalytic ability is possible.
As will be evident in the next section, the lack of activation energy values reported
in the literature makes the comparison of hydrogenation and dehydrogenation
kinetics elusive, and with respect to mechanism, arduous to fully understand.

4 Doping Studies

As mentioned earlier in Sect. 2.2, in addition to reducing the grain size of mag-
nesium-based hydrogen storage materials, researchers have attempted alloying or
‘‘doping’’ Mg nanostructures with small amounts, less than *10 %, of various

Fig. 11 Schematic picture of phase growth according to a JMA and b CV models. The dark
areas represent the transformed phase. Reproduced with permission from Barkhordarian 2006
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metals and metal oxides as catalysts to improve kinetic performance. Under-
standing the physical nature of the dopants in the magnesium requires an under-
standing of the structure, size, and shape of the nanoparticles. Using techniques
such as x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM) among
others, researchers have attempted to understand the physical nature of these do-
pants. Having said that, the following sections will mainly concern themselves
with understanding the kinetic and mechanistic abilities of the different dopants.
Although direct comparison of the results is inherently difficult because of dif-
ferences in the apparatuses, methods and calculations, and kinetic modeling (or
lack thereof), the effects of additional chemical species on sorption kinetics are
undoubtedly apparent. In light of the inability to directly compare the results of
different doping papers with respect to each other, this section will attempt to
highlight the findings in this area.

4.1 Dopant Effects on Hydrogen Sorption Kinetics

One of the earliest reports on the effects of alloying (*15–30 % Cu) on the
hydrogen storage properties of sub-bulk, micron-sized, magnesium was in 1979
when Karty et al. studied the hydrogen sorption kinetics of a Mg/Mg2Cu micro-
structured eutectic alloy via a pressure sweep method. Using the Johnson–Mehl–
Avrami–Kolmogorov equation, an adapted version of the JMA equation discussed
earlier, they were able to obtain suggestive evidence that the alloying of Mg with
Cu reduced both the hydrogen desorption and adsorption activation energies with
respect to measured activation for the pure Mg system. They propose that the
Mg2Cu’s role in decreasing these activation energies is through offering an
alternative pathway for diffusion of hydrogen into and out of the magnesium [91].

Table 3 Different pressure dependence functions, F(P), used by investigators

F(P) F(P)

Peq�Pj j
P0

; P0 ¼ 1 atm
Peq�P

P0

h in
; P0 ¼ 1 atm

Ln Peq

P

ffi �
Ln P

Peq

ffi �
P

ffiffiffi
P
p

Peq�Pð Þ
Peq

Peq�Pbð Þ
Peq

P1=2 � P
1=2
eq for bulk P

1=2
0 � P

1=2
eq ; P0 ¼ initial pressure

Peq � P P� Peq

F Peq

P

ffi �n
;F P

Peq

ffi �n Peq � P for surface control

Reproduced with permission from Ron 1999
P system pressure; Pb reaction bed pressure; Peq desorption/absorption equilibrium pressure; Not
all forms of F(P) that have been suggested are presented here
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Twenty years later, the next notable study, from Liang et al., compared the
sorption kinetics of MgH2 that was ball milled with different transition metals
(MgH2 5 % at. TM where TM = Ti, V, Mn, Fe, and Ni) [5]. Using the CV model
equation (Table 2), they were able to plot the desorption kinetics curves at dif-
ferent temperatures and obtain activation energies for the desorption (Fig. 12) [5].
They were, 62.3, 67.6, 71.1, 88.1, and 104.6 kJ mol-1 for the MgH2—vanadium,
iron, titanium, nickel, and manganese nanocomposites, respectively. These values
are much lower than the calculated pure balled milled MgH2 desorption activation
energy of 120 kJ mol-1. They did not calculate the adsorption activation energies;
however, they report increased rate of absorption compared to pure ball-milled
MgH2, for all nanocomposites at 10 MPa pressure and temperatures of 473, 373,
and 303 K. A mechanism of catalysis was not specified, but they ruled out changes
in the Mg–H bond thermodynamics by measuring PCIs for all systems [5, 68].

Oelerich and coworkers investigated a series of MgH2/MexOy nanocomposites
that were synthesized through high energy ball milling (MexOy = Sc2O3, TiO2,
V2O5, Cr2O3, Mn2O3, Fe3O4, CuO, Al2O3, and SiO2). Only the transition metal
oxides acted as catalysts in the hydrogen adsorption/desorption processes
at *573 K. As a result, the authors suggest that the ability of a metal to take on
different oxidation states may play a part in the role of the catalyst. The best
performing catalysts were Fe3O4 and Cr2O3 which allowed for rapid adsorption at
room temperature and pressure of 8.4 bar, and desorption at *473 K and pressure
of 0 bar [45, 46, 53]. The team also compared the catalytic activity of V, V2O5, VC,
and VN. They found that the vanadium already bonded with oxygen, nitrogen, or
carbon resulted in the best performance, again supporting the theory that the oxi-
dation state plays an important role. Additionally, they found that exposure of the
MgH2–V to small amounts of oxygen increased the catalytic activity of the vana-
dium. This further evidences that oxygen, or more specifically the oxidation state of
vanadium is also playing a role in the catalytic mechanism [53]. Not long after,
Barkhodarian et al. compared alloying NbO, NbO2, and Nb2O5 with those resear-
ched by Oelerich et al. (Fig. 13) [80]. They found that 0.5 mole% Nb2O5 was a
superior catalyst in both adsorption and desorption of hydrogen, with a tentative
(based on JMA) lowered desorption activation energy of 62 kJ mol-1. In their
numerous papers on the subject, Barkhordarian et al. present thorough discussion on
the differences in the kinetic models that can be used. While using the different
approaches discussed in Sect. 3 to analyze their kinetics, they ultimately conclude
that the mechanism of the catalytic process is unclear, but they agree with Oelerich
and coworkers [45, 46, 53] that the ability of the transition metals to take on different
electronic states must play a major role. It was proposed that the transition metal
goes through electronic exchange reactions with the hydrogen molecule, which
could accelerate the overall reaction. They claim there are five distinct steps in the
reaction of metals with hydrogen: physisorption, chemisorption, surface penetra-
tion, diffusion, and hydride formation. The slowest of these steps will be the one that
causes slow kinetics; they found that the rate limiting step changes with varying
amounts of their catalyst, Nb2O5 [80]. Tentatively, the different transition metal
catalysts were concluded to influence both the chemisorption and diffusion steps.
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Around the same time, Hanada et al. also performed kinetic studies on nano-
composites of MgH2 with iron, cobalt, copper, nickel, and Nb2O5 [80, 93–95].
They found that each of these catalysts improves kinetics, with nickel and Nb2O5

performing the best at 2 and 1 mol%, respectively. Using the JMA equation to
model their kinetics and TDMS, they were able to effectively apply the Kissinger
method [76] to estimate the activation energies to be 323 ± 40, 94 ± 3, and
71 ± 3 kJ molH2

-1 for the non-catalyzed Mg–H2, nickel-catalyzed, and Nb2O5

catalyzed hydrogen desorption reaction, respectively. The difference in the acti-
vation energy of the pure MgH2 desorption process compared to that found by
Liang et al. [5] highlights the difficulty in comparing the capabilities of different
catalysts to improve sorption kinetics. As with others, Hanada et al. conclude the

Fig. 12 Hydrogen adsorption curve of Mg–TM composites at a 273 K and b 373 K. Adapted
with permission from Liang 1999

Fig. 13 Catalytic effect of
different transition metal
oxides on the hydrogen
desorption reaction rate of
magnesium hydride at
T = 300 �C. Reaction rates
were calculated between 20
and 80 % of the respective
maximum capacity. Adapted
with permission from
Barkhordarian 2006
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absolute mechanism of catalysis is elusive; however, they propose the surface
reaction is a first order process and that must take into account certain surface
conditions prior to modeling [40, 66]. In their paper, Kalisvaart et al. describe a
neutron reflectometry experiment that studies the effects of vanadium and chro-
mium doping on Mg hydrogenation kinetics. It was found that with pure thin film
Mg, the deuterium forms an MgD2 blocking layer on the surface of the film, which
slows the kinetics of hydrogenation. With the addition of catalysts, no such layer
formed, and the deuterium was able to diffuse into the film without inhibition.
Although this study was performed on thin films in the micrometer range, it further
confirms the surface role of different catalysts is highly important [54]. The ability
for the catalyst to remain on the surface may also come into play. Although
discussion about the surface condition does not take place, Lillo-Rodenas et al.
found that carbon-supported nickel had superior kinetics to pure nickel. The role of
the carbon is unclear, but based on their DSC measurements they surmise that the
carbon support may stabilize the catalytic role of nickel over many cycles (i.e., no
degradation in catalytic activity) [61]. More recently, Callini et al. performed an
in-depth investigation on magnesium nanoparticles decorated with nickel by
thermal evaporation. The nanoparticles were exposed to oxygen in order to form a
protective MgO layer, which was suggested not to hinder diffusion of H2. Using
in situ powder XRD during different simultaneous annealing and hydrogen
exposure experiments, they were able to confirm the presence of the nickel in the
form of Mg2Ni prior to hydrogenation and Mg2NiH4 after hydrogenation. The
increased rate of the hydrogen sorption kinetics was clearly attributed to the for-
mation of Mg2Ni from Mg2NiH4. Nonetheless, a lowered hydrogen capacity of
4.4 % was a definite downside of this doped material, attributed to the formation of
the Mg2NiH4 (3.6 wt.% hydrogen) and MgO (0 wt.% hydrogen) [96].

With regards to MgO formation, Ares-Fernandez et al. investigated the possible
catalytic effect of MgO addition prior to milling. They found that the MgO
addition resulted in smaller Mg particle formation, referring to MgO as a lubricant
for the sliding tribological interfaces. They rule out the possibility that MgO, as
have others, [97] is acting as a catalyst in the sorption processes, confirming it
actually decreases sorption kinetics [98]. With this confirmation, they suggest that
the main reason for increased sorption rates for the particles is a result of particle
size; contrarily, a recent theoretical paper by Shevlin et al. has proposed that
nanostructuring does not decrease dehydrogenation enthalpies unless the nano-
cluster contains less than three magnesium atoms, much smaller than those
reported by Ares-Fernandez et al. This particular paper will be discussed more in
the next section [99]. Another 2013 paper written by Ma et al. formulates a
niobium gateway model to explain the superior catalytic ability of Nb2O5 in MgH2

dehydrogenation. The gateway model begins by NbH2 (confirmed by XRD of a 50
wt.% XRD) decomposing rapidly because of its thermodynamic instability. This is
followed by formation of Nb, which then instigates diffusion of hydrogen to form
an NbHx solid solution. This solid solution allows for the flow of hydrogen from
MgH2 to the outside of the particle until MgH2 is exhausted. They rule out the
possibility of NbO acting as a catalyst by investigating Nb2O5, Nb, and
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NbO-doped samples. They found that both Nb2O5 and Nb formed NbH2, which
allows for the Nb gateway to take place; however, the NbO-doped samples did not
yield the same kinetic rates or NbH2 species. This study is one of the more recent
studies that straightforwardly attempts to characterize the mechanism of catalysis
for doped Magnesium. However, as mentioned earlier, most of the niobium phases
confirmed to be present in this study were confirmed by XRD of a 50 wt.% dopant
sample, much more than that used in most kinetic studies. Nonetheless, this paper
gives insight into possible mechanisms for catalysis; further proposing the
hypothesis that destabilization of the hydride phase occurs through bond formation
between the catalyst and hydrogen itself [96]. Many other groups have worked
with doping magnesium with nickel and Nb2O5 as well as their effects on the
hydrogen sorption kinetics. For example, many of them have tried investigating
the physical nature with high resolution micrographs (Fig. 14), [60, 67] and the
others can be sought out for more information than already mentioned [13, 61, 62,
65, 67]. As with nickel and Nb2O5, more studies have since been conducted in
order to further investigate the effects of adding various metals and metal com-
posites to Mg, e.g., Ti, Fe, Ge, Si, Al, and Fe, however, very little new insight has
been given into the nature and mechanism of these catalysts besides reconfirmation
of their respective abilities to improve sorption kinetics [17, 48, 50, 51, 55, 57, 64,
100–104].

4.2 Theoretical Modeling Studies on Nature of Dopants

In attempt to investigate and characterize the kinetics and mechanism of the
hydrogen sorption reactions, many groups have tried using different theoretical
approaches to elucidate the nature of the reactions, both catalyzed and non-cata-
lyzed. Song et al. carried out theoretical calculations to explore the effects of
alloying Mg with Cu, Ni, Al, Nb, Fe, and Ti. Using the full-potential linearized
augmented plane-wave method [based on density functional theory (DFT)], they
found that alloying the magnesium should destabilize the MgH2 by weakening the
Mg–H bond, with increasing effect from Ti, Fe, Nb, Al, Ni to Cu [105]. This is
contrary to what Liang et al. had previously reported [5], however, the calculations
were not necessarily taking into account particle size [105]. Similarly, Cleri and
coworkers did extensive electronic structure and DFT calculations on the effects of
doping with small amounts of Cu, Ni, Fe, Ti, Zr, Pd, Co, Al, Cr, and Nb. Com-
paring their results with experiment, they were able to establish a trend, with a few
exceptions [39]. Additionally, Moser et al. studied the stability of Mg-transition
metal hydrides, where TM = Ti, Zr, Hf, V, Nb, and Ta. Their DFT calculations
suggest the H is more strongly bonded to the transition metal, causing a stepwise
dehydrogenation process [41]. Kelkar et al. also carried out a computational
study on the effects of pure and aluminum and silicon-doped alpha-, gamma-, and
beta-MgH2 hydrogen sorption kinetics. They did this using ab initio plane
wave pseudopotential method based on DFT, similar to Song et al. [47, 105].
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More recently Zeng et al. used a similar method to characterize another group of
3d transition metals, with a few different considerations taken into account [43].

As stated earlier, most of the above stated theoretical papers do not take into
account the effects of nanostructuring. More recently, Shevlin et al. used DFT and
many different exchange-correlation functionals, i.e., LDA, PBE, and PBESol, to
investigate the thermodynamics of nanostructuring and transition metal doping.
They found that unless the magnesium cluster contains less than three magnesium
atoms, it will have a higher dehydrogenation enthalpy than the bulk. Thus, for all
the experiments discussed thus far, all increased performance through nanostruc-
turing is purely kinetic. However, they did find that nickel doping is highly
effective in decreasing both dehydrogenation thermodynamics and kinetics [99].

Fig. 14 Top Bright field
TEM micrograph suggesting
that most of the Nb2O5

particles are embedded in the
MgH2 matrix (darker areas).
Bottom TEM micrograph of
the MgH2-Ni nanostructured
composite with (1) being
87.5 % Ni and (2) being only
5.2 % Ni by EDX.
Reproduced with permission
from Porcu 2008 and Hanada
2008

316 D. J. Shissler et al.



In summary, the effects of adding small amounts of dopants have been high-
lighted and briefly discussed. The mechanism and nature of these catalysts is still
relatively unclear, however, with the development of new kinetic models, and the
incorporation of theoretical analysis, a deeper understanding of these catalysts is
on the horizon. Clearly, the catalysts play an important role in multiple steps of the
hydrogen sorption process, and with more research, proper utilization of these
catalysts may make the practicality of Mg nanostructures for hydrogen storage, a
potentially realizable goal.

5 Conclusions and Outlook

Bulk Mg itself is not likely to be a viable hydrogen storage material due to the
slow kinetics at ambient temperatures and pressures. However, there are strong
indications from experiments as well as theory that nanostructured magnesium
particles doped with low percentages of other elements spanning the periodic table
exhibit enhanced kinetics at lower temperature, but efficient hydrogenation and
dehydrogenations at room temperature is a goal that has still not been achieved.
Significant challenges in the field are structurally characterizing the doped mate-
rials effectively, so that an iterative loop between synthesis, structural character-
ization, evaluation of kinetics, and modeling can be achieved.
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1D Pd-Based Nanomaterials as Efficient
Electrocatalysts for Fuel Cells

Yizhong Lu and Wei Chen

Abstract Since the first experiment conducted by William Grove in 1839, fuel cell,
a device that converts the chemical energy stored in fuels into electricity through
electrochemical reactions with oxygen or other oxidizing agents, has attracted
worldwide attention in the past few decades. However, despite extensive research
progress, the widespread commercialization of fuel cells is still a big challenge
partly because of the low catalytic performance and high-cost of the Pt-based
electrocatalysts. In addition, the hydrogen storage is another critical issue for the
commercialization of hydrogen-powered fuel cells. Among the metal catalysts, Pd
has been found to be a promising alternative because of its excellent catalytic
properties and lower cost than Pt. Moreover, Pd-based materials exhibit high
hydrogen storage capabilities. In this chapter, we summarize recent progress in the
synthesis of one-dimensional (1D) Pd-based nanomaterials and their applications
as electrocatalysts on both anodic and cathodic sides of fuel cells, and their appli-
cations in hydrogen storage. We demonstrated here that various 1D Pd-based
nanomaterials, such as nanorods, nanowires, and nanotubes have been successfully
prepared through different synthetic routes. The nanostructured 1D Pd-based
materials exhibit high catalytic performance for electrooxidation of small organic
molecules and oxygen reduction reaction (ORR). Moreover, high capacities for
hydrogen storage have also been reported with 1D Pd-based nanomaterials.

Y. Lu � W. Chen (&)
State Key Laboratory of Electroanalytical Chemistry, Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences, Changchun 130022, Jilin, China
e-mail: weichen@ciac.ac.cn

Y. Lu
University of Chinese Academy of Sciences, Beijing 100039, China

Z. Lin and J. Wang (eds.), Low-cost Nanomaterials, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6473-9_12, � Springer-Verlag London 2014

321



1 Introduction

Due to the increasing worldwide energy demand and environmental concerns, much
effort has been devoted to the seeking for efficient and clean energy sources to
replace the traditional fossil fuels such as gasoline and diesel [1]. Fuel cell, a device
that converts the chemical energy stored in fuels into electricity through electro-
chemical reactions efficiently without pollution, has been attracting increasing
research interest as a new power source for portable applications due to their high
energy-conversion efficiency and relatively low operating temperature [2, 3]. Based
on the operating temperature and the type of used electrolyte, fuel cells are usually
classified into phosphoric-acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs),
alkaline fuel cells (AFCs), molten-carbonate fuel cells (MCFCs), polymer exchange
membrane fuel cells (PEMFCs), and direct-methanol fuel cells (DMFCs) [4]. While
all types of fuel cells work on the similar principle: hydrogen or other fuels oxidation
at anode and oxygen reduction at cathode. Among different types of fuel cells, the
PEMFCs and DMFCs are especially promising for automotive and portable elec-
tronic applications owing to the low operation temperatures [5, 6]. It should be noted
that despite extensive research progress, there are still many scientific and tech-
nological challenges to realize the widespread commercialization of fuel cells. For
instance, the reactions on both anode and cathode need electrocatalysts with high
catalytic performance. To improve the efficiency and durability, and to reduce the
cost of fuel cells, the conventional Pt catalysts have to be replaced by novel nano-
structured electrocatalysts with high electrocatalytic activity, high stability, and
low-cost. For fuel cells, platinum has been regarded as the best electrocatalyst
because of the highest electrocatalytic activity among the metal catalysts for elec-
trooxidation of small organic fuels and for oxygen reduction [7]. However, with
platinum as an anode catalyst, its surface is usually heavily poisoned by CO
intermediates produced during the oxidation of organic fuels, resulting in the
lowering of catalytic performance. On the other hand, the state-of-the-art cathode
electrocatalysts, Pt nanoparticles (2–5 nm) supported on amorphous carbon mate-
rials (Pt/C), usually suffer from poor durability caused by the fast and significant loss
of platinum electrochemical surface area (ECSA) over time during fuel cell oper-
ation. Moreover, the high price and the limited global supply of Pt largely drive up
the cost of fuel cells. To reduce the cost and minimize the self-poisoning of catalysts,
Pt-based electrocatalysts alloyed with other transition metals (Fe, Co, Ni, Cu, Mn,
Ir) with controlled surface composition and structures have been extensively studied
in recent years [8–17]. Compared to pure platinum, Pt-based electrocatalysts exhibit
higher performance and a reduced sensitivity toward CO poisoning because of the
so-called bifunctional mechanism [18–20] or ligand effect [21, 22]. For instance,
Pt-Ru alloys have shown enhanced electrocatalytic activity for fuel cell anode
reactions and the enhancement could be well explained by the ligand effect and the
bifunctional mechanism [23, 24]. Based on the ligand effect, the presence of
ruthenium was proposed to alter the electronic properties of Pt, resulting in less
strongly CO adsorption on the catalyst surface. While according to the bifunctional

322 Y. Lu and W. Chen



mechanism, ruthenium provides oxygen-containing species, which could then
oxidize CO on the adjacent platinum sites at more negative potentials than pure
platinum. Due to the large surface area, various Pt-based bimetallic nanostructures
have been synthesized and applied to both anode and cathode catalysts. For
example, Xia and co-workers [25] synthesized Pd–Pt bimetallic nanodendrites,
which exhibited enhanced catalytic activity for oxygen electro-reduction. Recently,
Stamenkovic et al. [12] demonstrated that extended single crystal surfaces of
Pt3Ni(111) exhibit an enhanced ORR activity that is 10-fold higher than the cor-
responding Pt(111) surface and 90-fold more active than the current state-of-the-art
Pt/C catalysts for PEMFCs. Such a remarkable activity was attributed to the unusual
electronic structure (d-band center position) and arrangement of surface atoms in
near-surface region. For the anode reaction, Yang et al. [10] have found that the
(100) facet-terminated Pt3Co nanocubes are much more active than the Pt nano-
cubes due to the weaker and slower CO adsorption.

In recent years, to further reduce the loading of Pt, intensive studies have
focused on low-Pt or non-Pt electrocatalysts [26–37]. Among the studied non-
platinum electrocatalysts, Pd-based nanomaterials have become hot research
topics as electrocatalysts in fuel cells because of their similar intrinsic properties to
platinum, such as the valence band structure and lattice parameters [38, 39]. More
significantly, compared to Pt, Pd is cheaper and exhibits higher electrochemical
stability. Recent research progress in Pd-based catalysts has revealed that Pd can
catalyze the oxidation of formic acid and alcohols at the anode of polymer elec-
trolyte membrane fuel cells (PEMFCs) with greater tolerance to CO than Pt cat-
alysts and comparable activity toward the cathode oxygen reduction [40–50].

For catalysts on nanoscale, their catalytic efficiency, selectivity and reaction
durability are highly dependent on the size, shape, composition, and surface
structure [8, 26, 41, 51–54]. Similarly to Pt-based nanoalloys, Pd-based alloy
nanomaterials have also shown enhanced electrocatalytic activities compared to
pure Pd catalyst due to the synergistic effect or the modulation effect [55, 56].
Recent investigations have found that alloying Pd with some transition metals,
such as Au [57], Ag [58], Fe [59], Co [60], Ti [55, 61], Ni [62], Sn [63], etc., is an
effective way to improve the catalytic activity of Pd metal. At the same time, some
of Pd alloys exhibited comparable activity and stability to those of Pt catalysts.

Among various Pd or Pd-based nanomaterials, one-dimensional (1D) nano-
structured electrocatalysts, such as nanowires (NWs) [64–72], nanorods (NRs)
[44, 73], nanoleaves (NLs) [74], and nanotubes (NTs) [75–80], have attracted more
and more attention in recent years due to their unique structures and high surface
area. From a structural perspective, 1D Pd nanomaterials possess largely pristine
surfaces with long segments of crystalline planes, as compared with their corre-
sponding 0D morphologies. Additionally, the anisotropic growth of 1D structured
materials typically results in the preferential surface display of low energy crystal
facets in order to minimize the surface energy of the systems [81]. In the previous
studies on 1D Pd nanostructures, high resolution transmission electron microscopy
(HRTEM) and selected-area-electron diffraction patterns (SAED) showed that the
surfaces of the Pd nanowires are enclosed by {111} and {200} planes, suggesting

1D Pd-Based Nanomaterials as Efficient Electrocatalysts 323



the\110[growth direction of the nanowires [82]. It is well known that the catalytic
activities of metal nanomaterials are strongly dependent on their exposed surface
facets. Earlier studies have shown that the Pd(100) plane exhibits the highest cat-
alytic activity for formic acid oxygen among the three low-index faces Pd(111),
Pd(100), and Pd(110) [83, 84]. On the other hand, the single-crystalline 1D
nanomaterials with structural anisotropy contain fewer surface defect sites in
comparison with the corresponding zero-dimensional nanoparticles. When used as
electrocatalysts, the electron transport properties of catalyst materials are of
importance for the electrochemical reactions. Compared to metal nanoparticles, 1D
nanomaterials can provide more efficient electron transfer, thus lowering the elec-
tronic resistance and enhancing the fuel oxidation or Oxygen reduction reactions
[76, 85]. Meanwhile, for nanoparticle-based electrocatalysts, the electrochemical
scanning process may lead to the particle aggregation, dissolution, and Oswald
ripening, which is one of the biggest challenges in designing efficient fuel cell
electrocatalysts. However, for 1D nanomaterials, the asymmetric structure nature
can effectively prevent their structure destruction from aggregation, dissolution, and
ripening [75, 86, 87]. From above, the large surface area, high electrochemical
stability, efficient electron transport, and excellent CO-tolerance of 1D Pd-based
nanomaterials would be highly advantageous for their applications in fuel cells as
anode and cathode catalysts.

Among the fuels fed to the anode of fuel cells, hydrogen is considered to be one of
the most promising clean energy carriers due to its light weight, high energy density,
and no harmful chemical by-products from its combustion. Hydrogen can be gen-
erated from renewable sources, such as water splitting via photolysis [88–92]. For
hydrogen powered fuel cells, despite prodigious efforts, how to develop a safe and
easy storage method is still a remaining significant challenge for the widespread
application of hydrogen as the fuel of choice in mobile transportation. The efficient
and safe storage of hydrogen is crucial for promoting the ‘‘hydrogen economy’’. The
safety and cost issues of conventional hydrogen storage as compressed gas or liquid
largely limit the practical use of these methods. Other developed methods for
hydrogen storage by physical adsorption on materials with large surface area or
formation of chemical bonds have been proved to be efficient, convenient, and safe
approaches [93]. Among the hydrogen storage materials, Pd-based nanomaterials
exhibited excellent storage capacity and their storage properties are strongly related
to the morphologies, composition, and size of the nanostructures [94].

In this chapter, we highlight the recent progress of one-dimensional Pd-based
nanomaterials, including the synthetic techniques and their application in fuel cells
as electrocatalysts on both anode and cathode sides. With different preparation
routes, various structured nanomaterials with different surface morphologies can be
realized. Since the composition and surface structure of Pd-based alloy materials
play decisive roles in determining their electrocatalytic properties, the structure and
properties of 1D Pd materials can be manipulated by changing synthetic conditions
to meet the scientific and technological demands of fuel cell catalysts. In addition,
the application of one-dimensional Pd-based nanomaterials in the hydrogen storage
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is also discussed here due to their importance in fuel cells. Finally, a brief conclusion
and an outlook will be given on the future research directions of 1D Pd-based
nanomaterial as efficient electrocatalysts and hydrogen storage materials.

2 One-Dimensional Pd-Based Nanomaterials as Effective
Cathode Electrocatalysts

From the previous studies, the ORR is considered to proceed by the efficient four-
electron pathway or the less efficient two-step pathway, depending on the elec-
trolyte and the catalytic activity of the cathode materials [95].

A. Direct 4-electron pathway:
In alkaline solutions

O2 þ 2H2O þ 4e� ! 4OH� ð1Þ

Acid solutions.

O2 þ 4Hþ þ 4e� ! 2H2O ð2Þ

B. Peroxide pathway:
In alkaline solutions

O2 þ H2O þ 2e� ! HO�2 þ OH� ð3Þ

followed by either the further reduction reaction

HO�2 þ H2O þ 2e� ! 3OH� ð4Þ

or the decomposition reaction

2HO�2 ! 2OH� þ O2 ð5Þ

In acid solutions

O2 þ 2Hþ þ 2e� ! H2O2 ð6Þ

followed by either

H2O2 þ 2Hþ þ 2e� ! 2H2O ð7Þ

or

2H2O2 ! 2H2O þ O2 ð8Þ
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On the basis of the mechanism of ORR, O2 molecules are firstly adsorbed on
the surface of catalysts, and then electrochemically reduced either directly to water
or indirectly to intermediate of H2O2. According to the previous studies on the Pd
and Pt-catalyzed ORR, the adsorption energy (AE) of O adsorption can serve as a
good descriptor for the catalytic activity of the catalyst surface toward the ORR
[56, 96]. Therefore, it would be of great interest to develop a robust and practical
Pd or Pd-based catalysts with low AE toward O species. Recently, Abruna et al.
[44] succeeded in tailoring the morphology of the deposited Pd from nanoparticles
to nanorods by simply adjusting the precursor concentration in the electrochemical
deposition of Pd. They found that the surface-specific activity of Pd nanorods (Pd
NRs) toward ORR is not only higher than that of Pd nanoparticles (Pd NPs), but
also becomes comparable to that of bulk Pt catalysts under fuel cell operating
potentials. It can be seen from Fig. 1a, b that, under the experimental conditions of
1 9 10-5 M PdCl2 precursor and 3000 s electrochemical deposition time, only Pd
nanoparticles were formed with the size range from 5 to 10 nm. However, when
the PdCl2 concentration increased to 3 9 10-4 M and deposition time decreased
to 100 s, uniform Pd nanorods can be produced with an average diameter of 5 nm
and an aspect ratio of *8. By comparing the electrocatalytic activities of the
formed Pd NPs, Pd NRs, and bulk Pt for ORR as shown in Fig. 1c, the half-wave
potential (E1/2) obtained from Pd NRs shifts positively by 85 mV compared to that
of Pd NPs and approaches that of bulk Pt catalyst. Figure 1d demonstrates that the
kinetic current density (jK) of the Pd NRs approaches that of bulk Pt and is 10-fold
higher than that of the Pd NPs at +0.85 V (a practical operating potential of a
PEMFC cathode). The superior ORR activity of Pd NRs was attributed to the
exceptionally weak interaction between the exposed Pd(110) facet of Pd NRs and
the adsorbed O atoms, which was confirmed by the CO stripping experiments and
density functional theory (DFT) calculations. This study indicated that 1D Pd
nanostructures could be an efficient and cost-effective cathodic electrocatalysts for
PEMFCs.

By taking advantage of the higher activity offered by certain platinum alloys,
Yan and coworkers [75] reported that unsupported PtPd nanotubes (PtPdNTs)
exhibited much enhanced mass activity toward ORR as fuel cell cathode elect-
rocatalysts. In the study, Pt and PtPd nanotubes were prepared through a galvanic
replacement reaction between the pre-synthesized silver nanorods and Pt or Pd
precursors. Figure 2 shows the SEM and TEM images of the as-synthesized PtPd
NTs. It can be clearly seen that the PtPd NTs display uniform diameter (45 nm),
wall thickness (7 nm), and length (10 lm). The ORR activity and durability test
are shown in Fig. 3. From Fig. 3b, it can be seen that the half-wave potential of the
PtPdNTs (0.851 V) is higher than that of the synthesized Pt nanotubes (PtNTs)
(0.837 V), platinum black (0.817 V), and Pt/C (0.828 V). The shift to more
positive potentials suggests clearly that the overpotential of ORR can be effec-
tively reduced by using the bimetallic system. Moreover, the calculated mass- and
specific-activity of the PtPd nanotubes are 1.4 and 1.8 times higher than those of
the platinum black, respectively. Figure 3a shows the ECSA change with number
of cyclic voltammetry (CV) cycles at three electrocatalysts. After 1000 cycles,
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Fig. 1 SEM images of two typical morphologies of Pd obtained by adjusting the precursor
concentration and deposition time: a Pd nanorods (Pd-NRs), 3 9 10-4 M PdCl2, 100 s; b Pd
nanoparticles (Pd-NPs), 1 9 10-5 M PdCl2, 3000 s. ORR data for Pd-NR, Pd-NP, and bulk Pt,
obtained in an O2 saturated 0.1 M HClO4 solution at a rotation rate of 900 rpm and a scanning
rate of 10 mV s-1. c Normalized ORR profiles and d Tafel plots. The diffusion limited current
(jL) has been normalized to the geometric surface area (GSA), while the kinetic current density
(jK*) has been normalized to an electrochemical surface area (ESA) corresponding to a roughness
factor (RF) of 10. Reprinted from Ref. [44] with permission by the American Chemical Society

Fig. 2 a SEM image of PtPd nanotubes. b TEM image and electron diffraction pattern (inset) of
the PtPd nanotubes. Reprinted from Ref. [75] with permission by Wiley-VCH
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platinum-black and Pt/C catalysts lose about 51 and 90 % of their ECSA,
respectively. However, the Pt nanotubes only lose about 20 % of its ECSA,
indicating the enhanced electrochemical stability of the unsupported nanotubes. In
addition, the durability tests indicated that the ECSA of PtPd NTs is 5.8 times
higher than that of the Pt/C and 1.5 times higher than that of the Pt NTs. Such
enhanced activity and durability of PtPd NTs toward ORR can be ascribed to the
change of electronic structures induced by the addition of Pd into the platinum
lattice.

The electrocatalytic results obtained from the Pt and PtPd nanotubes clearly
indicated that the catalytic performance of 1D nanomaterials can be improved by
decorating another metal. Recently, Alia et al. [79] synthesized Pt-coated Pd
nanotubes (Pt/PdNTs) with a wall thickness of 6 nm, outer diameter of 60 nm, and
length of 5–20 lm via the partial galvanic displacement of Pd nanotubes with Pt.
ORR on Pt/PdNTs, Pt nanotubes (PtNTs), Pd nanotubes, and supported Pt nano-
particle was studied to evaluate their electrocatalytic activities as PEMFCs

Fig. 3 a Loss of
electrochemical surface area
(ECSA) of Pt/C (E-TEK),
platinum-black (PtB;
E-TEK), and PtNT catalysts
with number of CV cycles in
Ar-purged 0.5 M H2SO4

solution at 60 �C (0–1.3 V
vs. RHE, sweep rate
50 mV s-1). b ORR curves
(shown as current–voltage
relations) of Pt/C, platinum
black (PtB), PtNTs, and
PdPtNTs in O2-saturated
0.5 M H2SO4 solution at
room temperature (1600 rpm,
sweep rate 5 mV s-1). Inset
mass activity (top) and
specific activity (bottom) for
the four catalysts at 0.85 V.
Reprinted from Ref. [75]
with permission by Wiley-
VCH
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cathodes. It was found that the Pt/PdNTs with Pt loading of 9 wt% (PtPd 9)
produced an ORR mass activity 95 % of PtNTs. Taking account of the reduction
of Pt loading in PtPd 9, the Pt mass activity of Pt/PdNTs is actually significantly
higher than PtNTs. Compared to the dollar activity target (9.7 A $-1) of the
United States Department of Energy (DOE), the calculated dollar activity of PtPd
9 (10.4) exceeds that of DOE by 7 %. On the other hand, the area activity of Pt/
PdNTs outperformed the DOE target by greater than 40 %.

In a recent paper, Koenigsmann et al. [97] reported the synthesis, character-
ization, and electrochemical performance of novel 1D ultrathin Pt monolayer
shell-Pd nanowires core catalyst. They found that the UV ozone-treated nanowires
exhibited outstanding area and mass specific activities of 0.77 mA cm-2 and
1.83 A mgPt

-1 toward ORR, respectively, which were significantly enhanced as
compared with conventional commercial Pt nanoparticles, core-shell nanoparti-
cles, and acid-treated nanowires. This study also indicated that the methods to
remove the organic residue on the surface of nanomaterials can affect their sub-
sequent catalytic activity. In another report by Koenigsmann et al. [66] they
successfully synthesized a series of bimetallic Pd1-xAux and Pd1-xPtx nanowires
with control over composition and size through an ambient, template-based
technique. In their report, the as-synthesized 1D alloy nanowires (ANWs) maintain
significantly enhanced activity toward ORR as compared with commercial Pt
nanoparticles and other 1D nanostructures. Specifically, the Pd9Au and Pd4Pt
nanowires possess ORR activities of 0.49 and 0.79 mA cm-2, which are larger
than the analogous value from commercial Pt nanoparticles (0.21 mA cm-2).

Recent studies have demonstrated that Pd catalysts can produce high ORR
activity when combined with appropriate transition metals, such as Co, Fe, Mo, etc
[59, 61, 98]. By an organic phase reaction of [Pd(acac)2] and thermal decompo-
sition of [Fe(CO)5] in a mixture of oleyamine and octadecene at 160 �C, Li et al.
[73] synthesized PdFe nanorods (PdFe-NRs) with tunable length. The morphology
of the PdFe products can be tuned by altering the volumetric ratio of oleyamine
(OAm) and octadecene (ODE) surfactants during the synthesis. As shown in
Fig. 4a, under the OAm/ODE ratio of 1/3, there is only PdFe nanoparticles for-
mation with an average particle size of 2–4 nm. With the ratio increasing to 1/1,
PdFe nanorods with a diameter of 3 nm and length of 10 nm were formed
(Fig. 4b). If only OAm was used in the synthesis, long PdFe nanorods with a
length of 10 nm can be produced. Interestingly, around 20–40 PdFe nanorods were
self-assembled to ‘‘flower’’-like bundles (Fig. 4c, d), and the distance between two
nanorods is around 2–4 nm. It was proposed that this bundle structure is likely to
form a thin and dense catalyst layer in a membrane-electrode assembly (MEA),
which can facilitate the mass transport of reactants. In the following electrocata-
lytic investigations, the as-synthesized PdFe-NRs demonstrated a better PEMFC
performance than commercial Pt/C in the practical working voltage region
(0.80–0.65 V), which can be attributed to their unique 1D morphology, high
intrinsic activity toward ORR, reduced cell inner resistance, and improved mass
transport.

1D Pd-Based Nanomaterials as Efficient Electrocatalysts 329



In another report, Li and co-workers [74] reported the preparation and char-
acterization of PdFe nanoleaves (NLs) for ORR. The novel nanoleaf-structured
materials were synthesized through a wet chemical reduction method with the
presence of oleylamine, and the composition of the final products can be tuned by
changing the precursors of Pd(acac)2 and Fe(CO)5. It was found that the Fe
concentration largely affects the morphology of the as-synthesized nanostructures.
From the TEM images shown in Fig. 5, the nanoleaves are actually composed of
Fe-based nanosheets and Pd-rich nanowires embedded in the sheets. Lower Fe
content results in the formation of 1D Pd nanowires with shorter lengths and larger
diameters. The high resolution TEM (HRTEM) images in Fig. 5g shows that the
side surfaces of these Pd-rich nanowires are composed of Pd(111) planes, while

Fig. 4 TEM images of the PdFe nanoparticles (a) and nanorods with a length of 10 nm (b),
50 nm (c), and 50 nm in one bundle (d). Reprinted from Ref. [73] with permission by Elsevier
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Fig. 5 TEM images of the PdxFey nanoleaves (NLs): a, b Pd1Fe1-NL, c, d Pd2Fe1-NL, e,
f Pd5Fe1-NL, and g HRTEM image of Pd1Fe1-NL. Reprinted from Ref. [74] with permission by
the American Chemical Society
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the tips and ends are predominated by Pd(110) and Pd(100) facets. The mor-
phology of PdFe-NLs is distinctively different from the Pd nanorods with larger
diameter (5–10 nm) prepared using PVP as a stabilizer. The varied Pd nano-
structures suggest that the different synthesis conditions, i.e., different surfactants,
presence/absence of Fe, etc., can affect the growth mechanisms of 1D nanoma-
terials. By etching away the enveloping Fe-rich sheets using an organic acid, the
Pd-rich NWs are exposed on the surfaces of the nanoleaves, and they demonstrated
high reactivity toward electrocatalytic reduction of oxygen in a 0.1 M NaOH
electrolyte. The ORR polarization curves obtained from different catalysts are
shown in Fig. 6. It can be observed that the Pd-NLs show a remarkable
improvement in ORR activity with the half-wave potential shifting positively by
*38 mV, compared to commercial Pt/C catalyst. Moreover, the mass activity of
Pd1-NL and Pd2-NL are 0.159 and 0.157 A mgPd

-1, respectively, which are twice
higher than that of Pd/C (0.0735 A mgPd

-1) and *2.7 times higher than that of Pt/C
(0.0585 A mgPt

-1) at 0 V versus Hg/HgO. For the specific activity, the Pd1-NLs and
Pd2-NLs at 0 V are 312 and 305 lA cmPd

-2, respectively, which are higher than that
of Pd/C (207 lA cmPd

-2) and Pt/C (103 lA cmPt
-2). The enhanced electrocatalytic

activity of Pd NLs may be attributed to the unique nanoleave structure, which
provides more Pd(111) facets, a large surface area, and more resistance to oxide
formation.

More recently, Xu et al. [77] prepared a novel PdCu bimetallic nanotubes with
hierarchically hollow structures via a galvanic displacement reaction by using
dealloyed nanoporous copper as both a template and reducing agent and found
that the PdCu nanocomposites exhibit enhanced ORR activity. In this study,
three-dimensional nanoporous copper (Fig. 7a, b) was firstly synthesized by
dealloying Cu/Al alloy foils in NaOH. PdCu bimetallic hollow structures were
then produced through a galvanic replacement reaction between nanoporous
copper and K2PdCl4. The SEM and TEM measurements (Fig. 7c–f) show that the

Fig. 6 ORR polarization
curves of commercial Pt/C
(black curve), Pd/C (self-
prepared by EG method, red
curve), Pd1-NL/C (green
curve), and Pd2-NL/C (blue
curve) in oxygen saturated
0.1 M NaOH (conditions:
10 mV s-1, 2500 rpm, and
room temperature). Reprinted
from Ref. [74] with
permission by the American
Chemical Society
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formed PdCu bimetallic nanocomposites display nanotubular mesoporous nano-
structures. The electrochemical polarization curves of the nanotubular mesoporous
PdCu (NM-PdCu) revealed that the half-wave potential of the NM-PdCu for ORR
was 0.840 V, which was 60 mV more positive than that of the commercial Pd/C
catalysts. Moreover, the NM-PdCu catalyst is also superior to the commercial Pt/C
(0.825 V) catalyst with more positive half-wave potential. The calculated specific
activity of NM-PdCu at 0.8 and 0.85 V is 1.5 and 1.4 times that of the Pt/C catalyst
at the respective potentials. From the Koutecky-Levich curves in rotating disk
voltammetry measurements, a nearly complete reduction of O2 to H2O on the
NM-PdCu surface via an efficient four-electron reaction process was obtained.
More importantly, based on the experimental results, NM-PdCu catalyst showed
enhanced methanol tolerance as compared with the commercial Pt/C and Pd/C
catalysts. The enhanced ORR activity, stability, and methanol tolerance were
ascribed to the presence of sublayer Cu atoms, which provide an electronic mod-
ification for the topmost Pd layer by a surface strain effect or an alloying effect. This
effect could provide unique surface sites for the adsorption of O2 molecules and be
beneficial for their subsequent electro-reduction. Furthermore, the unique three-
dimensional bicontinuous spongy structure and various hollow channels provide
good transport channels for medium molecules and electrons, which may greatly
facilitate the reaction kinetics of ORR on the catalytic surfaces.

Fig. 7 SEM and TEM (HRTEM) images of nanoporous copper (a, b) and nanotubular
mesoporous PdCu bimetallic nanostructure (c–f), respectively. Reprinted from Ref. [77] with
permission by the American Chemical Society
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3 One-Dimensional Pd-Based Nanomaterials as Effective
Anode Electrocatalysts

3.1 Electrocatalysts for Alcohol Oxidation

Although Pt-based alloy catalysts, especially nanostructured PtRu, have been
widely used as anode electrocatalysts in DMFC, the effectiveness and wide
application of these catalysts are still largely limited due to their relatively low
electrochemical stability and low tolerance to CO poisoning [99]. To address the
disadvantages suffered from Pt-based catalysts, recent efforts have been devoted
to the development of more efficient catalysts with high stability and high
CO-tolerance. Recently, Pd-based nanomaterials have been found to exhibit high
CO tolerance and superior electrocatalytic activity toward CO oxidation [38, 100],
methanol oxidation [101, 102], and ethanol oxidation [69]. However, there are still
obstacles in utilizing Pd nanoparticles because they often experience irreversible
aggregation during electrocatalytic cycles, leading to a significant loss of catalytic
activity and durability. Thus, 1D Pd-based nanomaterials have emerged as a
potential electrocatalysts owing to their unique anisotropic structure. In particular,
the ordered surface structure of one-dimensional nanostructured catalysts could
affect the electrochemical and electrocatalytic properties. Among various synthetic
approaches for one-dimensional nanostructure arrays, an anodic aluminum oxide
(AAO) membrane-based method has received increasing attention because its
uniform and reproducible porous structure as an ideal template can produce highly
ordered nanotube or nanowire-type arrays.

Cheng et al. [71] prepared highly ordered Pd nanowire arrays (NWAs) using a
porous AAO template by pulse electrodeposition method. It can be clearly observed
from Fig. 8b–d that the Pd nanowires templated by AAO are highly ordered with
uniform diameters of about 50 nm and length of 850 nm. Meanwhile, the
as-prepared Pd NWAs retain the size and near cylinder shape of the pores of the AAO
template as shown in Fig. 8a. More interestingly, the as-synthesized Pd NWAs
exhibit good electrocatalytic activity toward isopropanol and methanol oxidation at
room temperature. By using a similar AAO template-electrodepositon method and a
subsequently magnetron sputtering techniques, Cheng’s group also prepared highly
ordered Pd/Pt core-shell nanowire arrays (Pd/Pt NWAs) [72]. In the method, Pd
NWAs were first synthesized in AAO template. After removing the template in
NaOH solution, Pt film was then coated on the surface of Pd NWAs through mag-
netron sputtering. Figure 9 shows the SEM images of the as-synthesized Pd and
Pd/Pt NWAs. By using AAO as template, highly ordered Pd NWAs with smooth
surface and uniform diameter and length were produced. However, after magnetron
sputtering of Pt, the surface of Pd nanowires was covered by a thin layer (*1.7 nm)
of cotton-like aggregated Pt nanoparticles. Nevertheless, the microstructure and
morphology of Pt coated Pd NWAs is more or less the same as original Pd NWA
core. Figure 10a shows the CVs of different electrodes in a nitrogen- saturated 0.5 M
H2SO4 solution without methanol. It was found that the electrochemical active area
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(EAA) of Pd/Pt core-shell NWAs electrode is 51 and 20 times larger than that of Pt
thin film and PtRu/C electrode, respectively. This extremely high EAA from Pd/Pt
core-shell NWAs shows that Pd/Pt core-shell NWAs nanostructure can substantially
increase the effective electrochemical active sites most likely due to the very high
surface-to-volume ratio of the highly ordered NWA core nanostructure and the high
roughness of the Pt shell. By comparing the CVs in Fig. 10b, the Pd/Pt core-shell
NWAs exhibit superior performance for methanol oxidation. It can be seen that the
onset oxidation potential on Pd/Pt core-shell NWAs (0.19 V vs. SCE) is more
negative than those on PtRu/C (0.21 V) and Pt thin film (0.39 V). The electrocata-
lytic activity, as measured by the peak current density in the forward scan is
22.7 mA cm-2 for the Pd/Pt core-shell NWAs, which is nearly 4.2 and 8.7 times
higher than that of the E-TEK PtRu/C and Pt thin film electrodes. On the other hand,
the peak potential for methanol oxidation on the Pd/Pt core-shell NWAs electrode is
170 mV more negative than that on the conventional PtRu/C electrode, indicating
the enhanced electrode kinetics. Moreover, the Pt mass specific current peak density
is 756:7 mA mg�1

Pt for the Pd/Pt core-shell NWAs electrode, which is four times
higher than the E-TEK PtRu/C electrode (180:0 mA mg�1

Pt ). Since Pd is electrocat-
alytically inactive in acidic media, the high EAA and mass specific current for
methanol oxidation can be mainly attributed to the Pt shell sputtered on the surface of
Pd NWAs core.

Fig. 8 Typical SEM images of a AAO template, b surface of Pd nanowire arrays (NWAs) with
the diameter of 50 nm, c cross-section of Pd NWAs and d TEM image and EDX (inset) of Pd
NWAs. Reprinted from Ref. [71] with permission by Elsevier
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Earlier studies have shown that 1D NWs have a strong interaction with carbon
supports and are less vulnerable than conventional nanoparticles to dissolution,
Ostwald ripening, and aggregation in strong acidic electrocatalytic conditions
[71, 103]. Different from the bimetallic Pd-based alloys, Guo et al. [104] recently
synthesized ultrathin (2.5 nm) trimetallic FePtPd alloy nanowires (NWs) with
tunable compositions and controlled length (less than 100 nm). These FePtPd
NWs exhibited composition-dependent catalytic activity and stability for methanol
oxidation reaction. As shown in Fig. 11a, the as-prepared Fe28Pt38Pd34 NWs
exhibit the highest catalytic activity for methanol oxidation with the mass current
density of 488.7 mA mgPt

-1 and peak potential decreased from 0.665 V (vs. Ag/
AgCl) obtained on Pt nanoparticle catalysts to 0.614 V. More interestingly, the
Fe28Pt38Pd34 displayed enhanced electrochemical stability with the mass current
density (98.1 mA mgPt

-1) after i-t test for 2 h at 0.4 V (Fig. 11b). Figure 11c, d
indicates that there was almost no noticeable morphology change before and after
i-t tests, whereas the Pt nanoparticles experienced substantial aggregation. The
authors attributed the enhanced stability of NWs versus NPs to the stronger NW
interactions with carbon support and/or by better NW structure stability, which

Fig. 9 SEM micrographs of a and b surface of Pd NWAs, c surface of Pd/Pt core-shell NWAs,
d cross-section of Pd NWAs, and e cross-section of Pd/Pt core-shell NWAs. Reprinted from
Ref. [72] with permission by Elsevier
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makes the NWs less subject to dissolution, Ostwald ripening, and aggregation in
acidic solution.

Compared to methanol, ethanol is less toxic and can be produced in large
quantities from agricultural products. Moreover, ethanol is the major renewable
biofuel from the fermentation of biomass. Recent studies have shown that Pd-based
nanomaterials are electrocatalytically active for ethanol oxidation in alkaline med-
ium, representing an important alternative to Pt-based catalysts for direct ethanol
AFCs [69, 80, 105]. For instance, Jiang and coworkers [69] successfully synthesized
highly ordered Pd nanowires arrays (Pd NWA) through the anodized aluminum
oxide (AAO) template-electrodeposition method. The SEM characterizations in
Fig. 12 show that the as-synthesized Pd NWAs after AAO template fully dissolved
are highly ordered with uniform diameter ca. 80 nm and length ca. 800 nm. The
uniform porous structure of the nanowires can effectively improve their ECSA and
thus enhance the active sites for the electrocatalytic reaction. Electrochemical
experiments demonstrated that the as-synthesized Pd NWA exhibited excellent
electrocatalytic activity and stability for ethanol oxidation in alkaline media com-
pared to the conventional Pd film electrodes and the well-established commercial
E-TEK PtRu/C electrocatalysts. As can be seen from Fig. 13, the onset potential for
the ethanol oxidation on the Pd NWA electrode is -0.62 V, which is 150 mV more
negative than the -0.45 V observed on the Pd film electrode and 40 mV
more negative than the -0.58 V obtained from the conventional E-TEK PtRu/C

Fig. 10 Cyclic
voltammograms of Pt film
electrode, E-TEK PtRu
(33 wt%)/C electrode and Pd/
Pt core-shell NWAs electrode
in a a 0.5 M H2SO4 solution
and b in a 1.0 M methanol
+0.5 M H2SO4 solution at
298 K under a scan rate of
50 mV s-1. Pt loading of the
electrodes was
0.03 mg cm-2. Reprinted
from Ref. [72] with
permission by Elsevier
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Fig. 11 CVs (a), linear sweep voltammetry (inset) and i-t curves (b) of methanol oxidation
reaction catalyzed by Fe28Pt38Pd34 NWs, FePt NWs, Pt NPs and PtPd NPs in 0.1 M
HClO4 + 0.2 M methanol solution. The CVs were obtained at a scan rate of 50 mV s-1 and
the i-t curves were collected at a constant potential of 0.4 V. TEM images of the Fe28Pt38Pd34

NWs/C before (c) and after (d) 2 h i-t test. Reprinted from Ref. [104] with permission by the
American Chemical Society

Fig. 12 SEM images of a cross section and b surface of Pd NWAs. Inset in (a): XRD pattern of
Pd NWAs. Reprinted from Ref. [69] with permission by Wiley-VCH
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electrocatalyst. The negative shift of onset potential indicates the significant
enhancement in the kinetics of the ethanol oxidation reaction on Pd NWAs. Similarly
to methanol oxidation on Pt-based electrocatalysts in acid media, ethanol oxidation
on Pd NWA electrode is also characterized by well-separated anodic peaks in the
forward and reverse scans. The anodic peak current density on the Pd NWA elec-
trode is seven times of that on the Pd film electrode and almost twice of that on the
PtRu/C electrode. The obtained electrochemical results indicate that the 1D Pd
NWA nanomaterials could be an efficient anode electrocatalysts for direct ethanol
AFCs.

Interface formed in a bimetallic system plays an important role in the catalytic
promotional effect and studies on bimetallic interface are also critical to investi-
gate the fundamental mechanism of enhanced electrocatalytic activity for fuels
oxidation. Recently, Yu et al. [80] designed unsupported Pd–Au bimetallic tubular
nanostructures through one-step nonaqueous solvent electrodeposition method and
studied their catalytic activity for electrooxidation of ethanol. With the electro-
deposition method, tubular, dispersed, and unsupported Pd–Au bimetallic het-
erostructure tubes (BHTs) were formed with controlled atom percentage of Pd and
with several micrometer-sized lengths as measured by SEM (Fig. 14a, b). The
TEM image in Fig. 14c indicates the uniform wall thickness of the nanotubes,
composed of many flocky-like spheres. Moreover, the unique porous structure of
the BHTs could promote the mass transfer and effectively expose their inner and
outer surfaces. From the HRTEM images shown in Fig. 14d–f, the single Au
nanoparticle and the interfaces of Au–Pd and Au–Au can be observed clearly. The
resultant tubular materials demonstrated high surface area, high stability, and

Fig. 13 CVs measured on a
Pd film electrode (curves a,
Pd loading: 1.1 mg cm-2),
E-TEK PtRu (2:1 by weight)/
C electrode (curves b, Pt
loading: 0.24 mg cm-2), and
Pd NWA electrode (curves c,
Pd loading: 0.24 mg cm-2) in
1.0 M KOH + 1.0 M
C2H5OH (upper panel) and
1.0 M KOH (lower panel)
solution at a scan rate of
50 mV s-1. Reprinted from
Ref. [69] with permission by
Wiley-VCH

1D Pd-Based Nanomaterials as Efficient Electrocatalysts 339



durability during the electrocatalytic studies. Figure 15 shows the CVs of various
catalysts supported on glassy carbon electrode (GCE) in N2-purged 1.0 M KOH
aqueous solution with ethanol at a sweep rate of 50 mV s-1. By comparison with
Au nanotubes, Pd nanotubes, and commercial Pt/C catalysts, the synthesized Pd–
Au BHTs exhibited larger ECSA (Fig. 15a), higher pseudo-area and mass activities
(Fig. 15b–e), and higher electrochemical stability (Fig. 15f), suggesting that they
can act as efficient Pt-free catalysts for fuel cells or other applications. The
enhanced electrocatalytic performance was attributed to the electronic structure,

Fig. 14 a, b SEM images of Pd–Au bimetallic heterostructure tubes (BHTs). c TEM image of
unsupported Pd–Au BHTs. HRTEM images of d a single particle e overlapped Pd–Au particles
near the edge of the pore area, and f Au–Au particle interface, respectively. Reprinted from
Ref. [80] with permission by the American Chemical Society
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local reactivity, and the significant coupling of d orbitals at the Pd–Au particle
interfaces [80, 106].

More recently, Zhu et al. [64] developed a facile and general approach to
synthesize high aspect ratio 1D Pd-based ANWs and found that the as-prepared

Fig. 15 Cyclic voltammograms (CVs) for determining the relative ECSA change of Pd and
electrocatalytic activity. a CVs recorded in a N2-purged 1.0 M KOH solution at room
temperature. Pseudo-area activity (b) and mass activity (c) of unsupported Pd–Au BHTs with
different Pd atom percentage for ethanol oxidation in 1.0 M KOH + 1.0 M C2H5OH. The insets
show the peak current variation by increasing the Au atom percentage. d Pseudo-area activity and
e mass activity of Pd NP tubes, unsupported Pd–Au BHTs, and Pt/C catalyst. f Chronoampero-
metric curves for ethanol electrooxidation at -0.3 V versus Hg/HgO on Pd NP tubes,
unsupported Pd–Au BHTs, and Pt/C catalyst. Scan rate: 50 mV s-1. Reprinted from Ref. [80]
with permission by the American Chemical Society
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PdPt ANWs exhibit significantly enhanced activity and stability toward ethanol
oxidation in alkaline medium. Figure 16a and b show the TEM images of the
Pd80Pt20 ANWs templated from pre-synthesized Te NWs under different magni-
fications, clearly indicating the formation of uniform nanowires with high aspect
ratios, an average diameter of 10.8 nm, and lengths up to tens of micrometers.
HRTEM and elemental mapping measurements (Fig. 16c–h) revealed that both Pd
and Pt elements are homogeneously distributed without significant segregation of
each component. Electrochemical experiments are then performed to evaluate the
catalytic activity of the PdPt ANWs toward alcohol oxidation. As shown in
Fig. 17a, for the PdPt ANWs with different compositions, the Pd45Pt55 ANWs
displays the highest activity toward ethanol oxidation in terms of onset potential
and peak current. Based on the CV comparison in Fig. 17b, the mass activities on
the Pd45Pt55 ANWs modified electrode is about 1.2 and 1.8 times of those on the
Pd NWs and Pt nanotubes electrodes for ethanol oxidation. Moreover, the Pd45Pt55

ANWs also show a higher activity than commercial Pd/C electrocatalyst for eth-
anol oxidation. From the current–time curves recorded at -0.2 V shown in
Fig. 17c, the Pd45Pt55 ANWs exhibit the highest catalytic stability among the
studied electrocatalysts. On the other hand, the as-prepared 1D Pd45Pt55 catalyst
also shows higher electrocatalytic activity and stability compared to the

Fig. 16 TEM (a, b) and HRTEM (c) images of the obtained Pd80Pt20 nanowires. HAADF-
STEM-EDS mapping images (d–g) of Pd80Pt20 nanowires. The cross-sectional compositional line
profiles of individual Pd80Pt20 nanowire (h). e Pd-K; f Pt-L; g Pd-K + Pt-L. Reprinted from
Ref. [64] with permission by Wiley-VCH
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monometallic catalysts Pt NTs and Pd NWs and the commercial E-TEK Pd/C
catalyst toward methanol oxidation in alkaline conditions (Fig. 17d, e). The
excellent catalytic performance of the PdPt nanowires could be attributed to three
aspects: (1) the high aspect ratio; (2) the electronic effect; and (3) the synergistic
effect [64].

3.2 Electrocatalysts for Formic Acid Oxidation

Except for alcohol, formic acid is another potential fuel for liquid fuel cells.
Formic acid is a liquid at room temperature and dilute formic acid is on the US
Food and Drug Administration list of food additives. Although the energy density
of formic acid is lower than that of methanol, formic acid can be oxidized at less
positive potential and with faster kinetics than methanol at room temperature.
Moreover, formic acid can be easily handled and stored, and the low crossover
through the polymer membranes allows fuel cells to work at relatively high
concentrations of fuel and thin membranes. Therefore direct formic acid fuel cells
(DFAFCs) have attracted increasing attention in recent years. Three possible
reaction paths of formic acid oxidation have been widely accepted [107–110].

Fig. 17 a CVs of the PdxPty electrodes in a 0.5 M NaOH + 1 M ethanol solution; b CVs of the
Pd45Pt55, Pd NWs, Pt NTs and E-TEK Pd/C electrodes in a 0.5 M NaOH + 1 M ethanol solution;
c Current density–time curves of the Pd45Pt55, Pd NWs, Pt NTs and E-TEK Pd/C electrodes in a
0.5 M NaOH + 1 M ethanol solution at -0.2 V; d CVs of the Pd45Pt55, Pd NWs, Pt NTs and
E-TEK Pd/C electrodes in a 1 M KOH + 1 M methanol solution; e Current density–time curves
of the Pd45Pt55, Pd NWs, Pt NTs and E-TEK Pd/C electrodes in a 1 M KOH + 1 M methanol
solution at -0.2 V. The loading amount of noble metal is 71.4 lg cm-2 for each catalyst and all
the potential scan rates are 50 mV s-1. Reprinted from Ref. [64] with permission by Wiley-VCH
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HCOOHad ! COOHad þ Hþ þ e� ! CO2 þ 2Hþ þ 2e� ð9Þ

HCOOHad ! HCOOad þ Hþ þ e� ! CO2 þ 2Hþ þ 2e� ð10Þ

HCOOHad ! COad þ H2O ! CO2 þ 2Hþ þ 2e� ð11Þ

In the first and second paths, through dehydrogenation with forming different
intermediates formic acid can be oxidized to CO2 directly. The Eq. (11) represents
the indirect pathway, in which the produced CO intermediate can adsorb strongly
on the surface of catalyst, leading to the poisoning of catalyst. To overcome the
heavy CO-poisoning and high-cost of Pt-based catalysts, recent extensive research
efforts have been devoted to the development of non-platinum anode electrocat-
alysts. Recent studies, including in situ spectroelectrochemical studies showed that
Pd-based catalysts can catalyze the oxidation of formic acid at the anode of
PEMFCs with greater resistance to CO than Pt catalysts [42, 111].

Recently, we successfully synthesized nanoneedle-covered 1D palladium-silver
nanotubes through a galvanic displacement reaction with Ag nanorods at 100 �C
(PdAg-100) and room temperature (PdAg-25) [76]. TEM and SEM measurements
displayed that the synthesized PdAg nanotubes exhibit a hollow structure with a
nanoneedle-covered surface, which provide the perfect large surface area for
catalytic applications. From the HRTEM images of PdAg-25 shown in Fig. 18a, b,
the surface of the PdAg-25 nanotubes is decorated with crystalline Pd nanopar-
ticles with Pd(111) planes, and meanwhile, Ag and AgCl particles are dispersed in
the inner space of the nanotubes. From the elemental mapping and cross-sectional
line profiles shown in Fig. 18d–g, silver is dispersed in the core and Pd mainly
distributes on the shell of the nanotubes. From the CVs in 0.1 M HClO4 solution in
Fig. 19a, more charge for hydrogen desorption was obtained with PdAg-25
nanotubes compared with that of PdAg-100 with the same loading on electrode
surface, indicating rougher surface and thus larger ECSA of PdAg-25 nanotubes.
By comparing the CV curves of the electrodes in 0.1 M HClO4 + 0.5 M HCOOH
solution (Fig. 19b), one can see that the PdAg-100 nanotubes exhibit more neg-
ative anodic peak potential (+0.285 vs. +0.316 V) and much larger anodic peak
current density (3.82 vs. 1.97 mA cm-2) of formic acid oxidation than those of
PdAg-25 under same conditions. The higher electrocatalytic activity of PdAg-100
nanotubes possibly as the consequences of the higher ratio of Pd to Ag (36:64) in
PdAg-100 compared with that in PdAg-25 (25:75) and the annealing process of the
nanotube surface structures at 100 �C. Chronoamperometric analyses (Fig. 19c–e)
were carried out to evaluate the activity and stability of the PdAg nanotubes for
formic acid electrooxidation. It can be seen that at the three studied potentials, the
maximum initial and steady-state oxidation current densities obtained from both of
the PdAg nanotubes are much larger than that from the bulk Pd electrode over the
entire time period. On the other hand, the initial current density on the bulk Pd
electrode decays much more rapidly than those of the as-synthesized PdAg
nanotubes. These results indicate that the synthesized PdAg nanotubes exhibit
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excellent catalytic activity and stability for formic acid oxidation due to their
unique 1D nanostructures. In the electrochemical impedance spectroscopy studies,
it was also found that the charge-transfer resistance (RCT) at the PdAg-100
nanotubes is much smaller than that at the PdAg-25 nanotubes, indicating the
electron-transfer kinetics for formic acid oxidation at the PdAg-100 nanotubes is
much better facilitated.

In another study, we synthesized bimetallic PdAg ANWs based on a facile one-
step wet chemical strategy [70]. Uniform PdAg nanowires were produced by
heating the silver nitrate and Pd(NO3)2�2H2O solution in ethylene glycol at 170 �C
with the presence of poly(vinyl pyrrolidone). The HRTEM images in Fig. 20a, b

Fig. 18 a, b HRTEM images of PdAg-25 nanotubes. The inset in (a) shows the corresponding
two-dimensional fast Fourier transform (FFT) pattern. c The high-angle annular dark-field
(HAADF) STEM image of PdAg-25 nanotubes; the corresponding elemental mapping of Ag (d),
Pd (e), and Cl (f) in the PdAg-25 nanotubes. g Cross-sectional compositional line profiles of a
PdAg-25 nanotube. Reprinted from Ref. [76] with permission by the American Chemical Society
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show that worm-like nanowires were formed and the surface of the nanowires is
predominated by Pd(111) planes. As mentioned previously, the (111) planes of Pd
are less susceptible to oxidation and have a lower peak potential for formic acid
oxidation, making the nanowires promising electrocatalysts for DFAFCs. The
element maps revealed that the elements of Pd and Ag are homogeneously dis-
persed in the PdAg nanowires, indicating the formation of alloy structure. The
electrochemical studies showed that although the onset potential of formic acid
oxidation on PdAg nanowires is only a little more negative than that on the
commercial Pd/C catalyst, the current density of formic acid oxidation in both
forward and reverse potential sweeps is much larger (about 3.4 times) than that
obtained at the Pd/C. Moreover, from the CV and chronoamperometric mea-
surements, our synthesized PdAg nanowires exhibit high CO tolerance and
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Fig. 19 a Cyclic voltammograms of the PdAg-25/GC (black curve), PdAg-100/GC (red curve),
and bulk Pd electrode (blue curve) in 0.1 M HClO4 solution. For comparison, the CV from the Pd
bulk electrode is magnified 59. b CVs of the PdAg-25/GC (red curve), PdAg-100/GC (green
curve), and bulk Pd electrode (blue curve) electrodes in 0.1 M HClO4 and 0.5 M HCOOH
solution and the CV of PdAg-25/GC (black curve) in 0.1 M HClO4. Potential scan rate 0.1 V s-1.
Chronoamperometric curves of the bulk Pd, PdAg-25/GC and PdAg-100/GC electrodes in 0.1 M
HClO4 + 0.5 M HCOOH at different electrode potentials: c -0.15, d +0.3, and e +0.68 V.
Reprinted from Ref. [76] with permission by the American Chemical Society
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long-term electrochemical stability. On the other hand, the electrochemical
impedance spectroscopy measurements showed that with the electrode potential
increasing the impedance spectra of PdAg nanowires show arcs in the first
quadrant firstly and then negative impedance was observed in the second quadrant
(Fig. 21a). However, all the impedance spectra of Pd/C are located in the first
quadrant within the entire potential range (Fig. 21b). The different impedance
results obtained from the two catalysts suggest that PdAg nanowires have higher
CO tolerance and fast formic acid oxidation kinetics. Also from Fig. 21c, it can be
seen that the RCT derived from PdAg ANWs is remarkably smaller than that from
the Pd/C catalysts within the studied potential window. The smaller RCT indicates
that the electron-transfer kinetics for formic acid oxidation at the PdAg nanowires
is much better facilitated than that at the Pd/C catalysts. All the results demonstrate
that the as-synthesized PdAg nanowires have much better catalytic performance
than that of commercial Pd/C catalysts.

Fig. 20 a–b High-resolution TEM micrographs (HRTEM) of PdAg nanowires at different
magnifications. The scale bars are a 20 nm and b 5 nm. c The high angle annular dark field
(HAADF) STEM image of PdAg nanowires and the corresponding elemental mapping of Ag (d),
Pd (e). f Overlay map of the elements in the PdAg nanowires. Reprinted from Ref. [70] with
permission by the American Chemical Society
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Recently, Song et al. [78] reported the fabrication of Pd nanotube electrodes by
means of electrodeposition method as a function of applied current density. From
the TEM and SEM images (Fig. 22) of the Pd array electrodes electrodeposited
using different current densities, it can be seen that all the products exhibit tubular
arrays having an average diameter of *220 nm and different lengths. Note that the
surface of the as-synthesized Pd-NT becomes rougher with the increase in current

-20 -10 0 10 20 30 40

- 
Z

im
 (

K
Ω

)
-5

0

5

10

15

20

25

30

- 0.10 V
0.00 V
+ 0.10 V
+ 0.20 V
+ 0.30 V
+ 0.40 V
+ 0.50 V
+ 0.60 V
+ 0.65 V
+ 0.80 V
+ 0.90 V
fitting

Zre (KΩ)

0 10 20 30 40

- 
Z

im
 (

K
Ω

)

0

20

40

60

80

100  -0.10 V 
0.00 V 
+0.10 V 
+0.20 V 
+0.30 V 
+0.40 V 
+0.50 V 
+0.60 V 
+0.65 V 
+0.70 V 
+0.80 V 
+0.90 V 
fitting

E (V vs Ag/AgCl)

-.2 0.0 .2 .4 .6 .8 1.0

R
C

T
 (

K
Ω

)

-200

-100

0

100

200

300

400

AgPd

Pd/C

(a)

(b)

(c)

Fig. 21 Nyquist impedance
plots of formic acid oxidation
on PdAg-NW/GC (a) and
Pd/GC (b) electrodes in
0.1 M HClO4 +0.5 M
HCOOH at various electrode
potentials. The solid lines
show some representative fits
to the experimental data
based on the equivalent
circuits. c Charge-transfer
resistance (RCT) of formic
acid electrooxidation at
different electrode potentials
on PdAg-NW/GC (black
curve) and Pd/GC (red curve)
electrodes. Reprinted from
Ref. [70] with permission by
the American Chemical
Society
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densities and the Pd-NT-5 tube arrays electrodeposited under the highest applied
current density display the roughest surface. This suggests that the fast tube array
growth under higher current density may result in rougher surface structure. In the
electrocatalytic studies for formic acid oxidation, it was found that the Pd-NT-5
exhibited the largest electrochemical active surface area and the highest electro-
catalytic activity among the three samples, but the catalytic activities of all the Pd
nanotubes are lower than that of the commercial Pd catalyst (20 wt%). The authors
compared the electrochemical stability of the Pd-NT-5 and commercial Pd/C
catalyst. As shown in Fig. 23a, the Pd-NT-5 exhibits nearly maintained electro-
catalytic activity after the stability test. Simultaneously, the size and morphology
of the Pd-NT-5 also remained after the stability test. In contrast, the electrocata-
lytic activity of the Pd/C deteriorated significantly after the stability test
(Fig. 23b). Furthermore, the Pd/C showed increased particle size and nonuniform
size distribution. The results strongly suggest that the Pd nanotubes have enhanced
electrocatalytic stability, which may be ascribed to the less aggregation of 1D Pd
nanotubes during the catalytic reaction in comparison with the Pd/C.

Fig. 22 TEM and SEM images of the Pd nanotube arrays fabricated at different current densities
for 12 h: -1 mA cm-2 (Pd-NT-1) (a, b, c); -3 mA cm-2 (Pd-NT-3) (d, e, f) and -5 mA cm-2

(Pd-NT-5) (g, h, i). Reprinted from Ref. [78] with permission by Elsevier
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4 One-Dimensional Pd-Based Nanomaterials as Effective
Hydrogen Storage Materials

Except for the physical methods, such as storage in tanks as compressed hydrogen
and physical adsorption on large surface area adsorbents [112–114], chemical
materials including metal-borohydrides [115], Mg-based alloys [116], carbon
materials [117], and ammonia-boranes [118] etc. have also been widely used as
potential hydrogen storage media. However, due to the strong binding between
hydrogen and most of the materials, poor dehydrogenation kinetics and high
temperatures needed for hydrogen release limit greatly the practical application of
these materials. Recently, palladium-based alloys have been found to exhibit
higher solubility and permeability of hydrogen than in pure Pd [119–121]. Espe-
cially, the nanostructured materials exhibit improved capacity of hydrogen storage
compared to the bulk counterparts due to the large surface area and short hydrogen
diffusion paths. Similar to the catalytic activity, the hydrogen storage capacity of
the Pd-based nanomaterials is strongly related to their structure factors, such as
size, composition, and morphology. For example, the previous study showed that
for PdAg alloys, the highest permeability for hydrogen was obtained from the
alloy with *23 wt% of Ag when measured at a pressure of 1 atm and temperature
above 473 K [122, 123]. Further simulation study suggested that faster hydrogen

Fig. 23 a CVs of Pd-NT-5 before and after stability test in 0.5 M HCOOH and 0.1 M HClO4 at
25 �C. TEM images and transmission electron diffraction (TED) patterns of Pd-NT-5, b before
and c after stability test. d CVs of Pd/C before and after stability test in 0.5 M HCOOH and
0.1 M HClO4 at 25 �C. TEM images and TED patterns of Pd/C, e before and f after stability test.
Reprinted from Ref. [78] with permission by Elsevier
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diffusion can be realized from the PdAg alloys with Ag concentration higher than
63 % [124].

Sun et al. [119] synthesized silver nanowires with surface coated by thin
sheaths of Pd/Ag alloys through the galvanic replacement reaction. From the SEM
and TEM images shown in Fig. 24a–c, each Ag nanowire of *60 nm in diameter
is coated with Pd/Ag sheaths and is straight and uniform in diameter along the
entire long axis. It was found that different from the Pd nanotubes formed from
short Ag nanowires, only some segments of the long Ag wire have been converted
to hollow structure after galvanic replacement reaction. The total percentage of Ag
in the final product was determined to be as high as 92.2 wt%. Figure 24d shows
the pressure-composition (PC) isotherms of the as-synthesized Ag/Pd nanostruc-
ture (Ag@PdAg) at different temperatures (20, 70, and 120 �C). It can be seen that
the distinct plateaus were formed similar to those of polycrystalline Pd powders,
indicating the existence of a broad metal-H miscibility gap for the Ag@PdAg
wires. Moreover, the absorption and desorption of hydrogen were reversible and
the reactions at room temperature were very fast for the Ag@PdAg system. By
comparison, the hydrogen solubility of Ag@PdAg wires is larger than that of Pd
powers, which can be ascribed to the unique structure of PdAg alloy sheath formed
on the Ag nanowires.

Recently, Chen and coworkers [94] reported that the Pd–Cd nanomaterials with
10–15 % Cd exhibit the highest hydrogen storage ability, over 15 times greater
than the pure Pd nanoporous materials. In their study, the hydrogen storage ability

Fig. 24 a, b SEM images and c TEM image of silver nanowires with surface coated with Pd/Ag
alloy sheaths. d PC isotherms for hydrogen desorption from the hydrides of the as-synthesized
Ag@PdAg nanocables at 20, 70, and 120 �C. Here H/M is the hydrogen-to-metal ratio. Reprinted
from Ref. [119] with permission by the American Chemical Society
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of Pd–Cd nanomaterials with different compositions was evaluated by using
electrochemical cyclic voltammetry technique. Under the acid condition, it is easy
to clearly separate the region of hydrogen sorption/desorption from the potential of
the palladium oxide formation. However, it is not so easy to decouple adsorption
from absorption of hydrogen. Thus, they used the total charge, QH, obtained by
integrating the area under the anodic peaks in the CVs to determine the hydrogen
storage ability. As shown in Fig. 25, the charges for hydrogen desorption on the
Pd–Cd nanostructures displays a volcano shape with 10–15 % Cd possessing the
highest capacity. The authors found that with the amount of Cd increasing from 0
to 15 %, the crystallite size decreased from 25.81 to 9.16 nm and the surface area
was increased from 11.58 to 46.64 m2 g-1. However, when the amount of Cd was
further increased to 20 %, larger PdCd nanopartilces were formed and decreased
surface area was obtained, thus resulting in the lower hydrogen storage capacity.
Therefore, the hydrogen storage ability of the PdCd nanostructures depends on the
surface structure and crystallite size. The enhanced hydrogen storage capacity
upon the addition of Cd can be ascribed to the formation of small dendritic
structures, dilation of the lattice constant, and decrease of the crystalline size.

By using electrochemical cyclic voltammetry, our group studied the hydrogen
storage properties of the PdAg nanotubes obtained by galvanic displacement
between Ag nanorods and Pd(NO3)2 at different reaction times [125]. From the
SEM images (Fig. 26a–d) of the PdAg-(10), PdAg-(90), PdAg-(150) and PdAg-
(180) nanotubes, which were collected at reaction times of 10, 90, 150, and
180 min, respectively, the hollow structure could be seen gradually with the
reaction time increasing. Based on the inductive coupling high frequency plasma-
mass spectrophotometry (ICP-MS) measurements, the ratios of Pd to Ag with 5:95,
10:90, 15:85, and 18:82 were determined for the samples. That is, the Pd content in
the PdAg nanotubes increases with the increase ingalvanic reaction time. In the

Fig. 25 Cyclic
voltammograms of the Pd–Cd
electrodes in 0.1 M HClO4

performed with a scan rate of
20 mV s-1. The overall
hydrogen desorption charge
QH versus the normalized
atomic composition of Cd is
shown in the inset. Reprinted
from Ref. [94] with
permission by the American
Chemical Society
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CVs (Fig. 26e) of the synthesized PdAg nanotubes in a N2 saturated 0.1 M HClO4

aqueous solution, there is obvious hydrogen adsorption/desorption in the potential
range of -0.25 to +0.1 V. From the dependence of QH on reaction time shown in
Fig. 26f, it can be seen clearly that the hydrogen storage ability depends strongly
on the composition of the PdAg nanostructured materials. The PdAg nanotubes
with 15 % Pd possess the highest capacity for hydrogen absorption, which is over
200 times higher than that of pure Pd nanoparticles. Such significantly enhanced
ability for hydrogen storage can be ascribed to the special tubular structures and
alloying of Pd and Ag around the walls of the nanostructures. This work suggests
that 1D Pd-based alloy nanotubes with low Pd content might represent a unique
class of low-cost materials for efficient hydrogen storage.
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Fig. 26 Scanning electron microscopy (SEM) images of the PdAg nanotubes synthesized with
different galvanic reaction times: 10 min (a); 90 min (b); 150 min (c) and 180 min (d). e Cyclic
voltammograms of the PdAg nanotubes obtained at different galvanic reaction times and Pd
nanoparticles in 0.1 M HClO4 electrolyte solution. Potential scan rate 0.1 V s-1. For clarity, the
CV from Pd nanoparticles is shown in the inset. The dashed frame shows the hydrogen
adsorption-desorption region obtained on the PdAg nanotubes. f The total charge (QH) of
hydrogen adsorption and absorption on the PdAg nanotubes dependent on galvanic reaction time.
Reprinted from Ref. [125] with permission by the Royal Society of Chemistry
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5 Conclusions and Future Outlook

In this chapter, we discussed the technological challenges of the modern elect-
rocatalysts and summarized recent research progress of 1D Pd-based nanomate-
rials as efficient electrocatalysts on both anode and cathode sides of fuel cells and
the applications in hydrogen storage. Specifically, we presented the effect of
structural parameters of Pd-based 1D nanomaterials on their electrocatalytic
activities for cathode ORR, and anode small molecules (methanol, ethanol, and
formic acid) oxidation, and on their hydrogen storage capacity. From the studies
shown in this chapter, it can be concluded that 1D Pd-based nanomaterials exhibit
enhanced electrocatalytic activity and improved electrochemical stability for
oxygen reduction and small molecule oxidation. Except for the large electro-
chemically active surface area of 1D nanomaterials, the unique anisotropic
structure of nanowire, nanorod, and nanotube can also facilitate the mass and
electron-transfer during the catalytic reactions. Meanwhile, it has been found that
1D Pd-based nanomaterials possess excellent hydrogen storage ability compared
to the corresponding 0D structures. Therefore, 1D Pd-based nanomaterials repre-
sent not only a class of non-Pt electrocatalysts with low cost and excellent catalytic
performance, but also a class of novel hydrogen storage materials for fuel cells.

Yet, despite substantial progress in the electrocatalysts based on 1D Pd-based
nanomaterials, some challenges remain in future work in this field. The emphases
of future investigations should mainly include: (1) further developing different
synthetic techniques to produce high quality 1D Pd-based nanomaterials with
controlled size, shape, and composition; (2) further improving the catalytic per-
formance and reducing Pd loading of 1D nanomaterials to achieve cost-effective
fuel cell electrocatalysts; (3) further investigating theoretically the correlation
between structures of 1D Pd-based materials and their catalytic and hydrogen
storage properties to provide fundamental direction for nanomaterial design; (4)
further enhancing the study of 1D Pd-based nanocatalysts in real fuel cells to test
their catalytic performance in practical applications.
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Low-Cost Nanomaterials
for High-Performance Polymer
Electrolyte Fuel Cells (PEMFCs)

S. M. Senthil Kumar and Vijayamohanan K. Pillai

1 Introduction

Production, storage and deployment of affordable and clean energy is one of the
biggest challenges facing humanity. Although a majority of current energy
requirements is obtained from fossil fuels, the supply is finite and could last only
for a specified period depending on the nature of resources [1–4]. At the current
consumption rate, coal will perhaps remain only for approximately 150 years,
while oil and natural gas are expected to get exhausted in 50 years [5–8] assuming
no new resources. The other forms of energy are nuclear, wind, hydrothermal,
biomass, solar and geothermal where each has its own advantages and disadvan-
tages based on the geographical locations of the country and its habitants. Among
the different energy sources, solar energy presents the truly widespread and clean
case where, despite being in its developmental stage, only 0.02 % of available
resource is sufficient to replace fossil fuels and nuclear power together from the
energy sector [9, 10]. However, due to the diffuse nature of solar energy, it
demands a larger area to attain considerable energy density, and is thus not suitable
for use as such in mobile and portable applications. Further, the huge requirement
for landscape necessarily puts this technology into rural places from where the
electricity has to be transported in grids that results in further energy loss. On the
other hand, in today’s scenario, the use of fossil fuels for meeting our energy needs
cannot be ruled out due to the lack of other energy resources. However, it poses
severe environmental concern due to the relentless emission of green house gases
(CO2). This fact is exacerbated by the low conversion efficiency (25–40 %) of
current internal combustion engines (ICEs) based on the Carnot cycle. While
Carnot cycle efficiency can reach much higher values in an ideal world, only
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25–40 % is achievable under practical conditions [11]. The significance of this
problem can easily be understood from the sharp rise of CO2 levels in the atmo-
sphere from the 280 ppm of pre-industrial era, to 393 ppm in 2012 suggesting a
37 % increase from 1750s [12]. More importantly, while it took 215 years for
initial 50 % of this increase in CO2 content, it only took 33 years for the next 50 %
and this rate of increase is only expected to grow further as observed from the
Keeling curves [13, 14]. Thus, a clean energy conversion and/or storage device
with almost no environmental impact and higher practical efficiency (ca. 70 % at
least) is an urgent need for sustainable development. In this respect, electro-
chemical devices due to their intrinsic ability to convert chemical energy directly
into electrical energy offer a unique opportunity to tackle many of these challenges
in terms of innovative materials, processes and devices.

2 What Are Low-Cost Nanomaterials

The objective of this discussion is to identify relevant low-cost nanomaterials with
high potential for next generation energy storage and conversion applications. The
classification of such nanomaterials should be as simple as possible. For this reason
the following material categories were defined based on their abundance, recy-
clability, cost-effective production methods as well as their intensive applications in
various energy-related technologies. The material categories are (a) carbon-based
nanomaterials; (b) nanocomposites; (c) metals and alloys; (d) nanopolymers and
some of their hybrids. Carbon-based nanomaterials are one of the most widely
employed candidates in various energy technology applications and have predicted
to play a vital role in hydrogen storage and electrical energy storage.

3 Applications in Electrochemical Power Sources

Electrochemical power sources are devices that convert chemical energy stored in
materials (or fuels) directly into electricity. Major electrochemical energy con-
version and storage devices that are considered for the future energy needs are
batteries, fuel cells and supercapacitors. While all these three technologies have
different, material dependant, reactions for storage and conversion, the basic
energy providing steps take place at the electrode–electrolyte interface as the case
with any electrochemical system. Scheme 1 shows one major classification of
electrochemical power sources with the exception of fuel cells which are post-
poned for a later discussion. Apart from the above categories, there are also
overlapping systems such as metal–air and redox flow batteries where a battery
electrode is combined with a fuel cell electrode (i.e. half-cell reaction) to realize
the benefits of both the systems as illustrated by metal–air rechargeable batteries
using Zn (or Fe) as the anode and air as the cathode [15, 16].
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Fuel cells are electrochemical devices that convert the chemical energy stored
in a fuel directly to electrical energy by sustaining separate redox reactions at the
cathode and anode respectively separated by an electrolyte. The electrode reac-
tions do take place at the three-phase interface (more specifically on the surface of
electrocatalyst), leaving ions to pass through the electrolyte and electrons through
the external circuit. Unlike batteries, fuel cells can operate continuously as long as
the necessary reactant, fuel and oxidant, flows are maintained. By stacking hun-
dreds of such single cells, known as membrane-electrode assemblies (MEAs) in a
modular form, fuel cell power plants can be erected to provide electricity for a
number of applications such as electric vehicles, large grid connected utility power
plants for stationary and portable power applications [17].

Despite the electrochemical similarities between fuel cells and batteries, bat-
teries have limited space for reactant storage and hence need to get recharged quite
often for practical applications. For example, in fuel cells the reactants are con-
tinuously supplied externally which make them an ideal choice for applications
that require the sustained delivery of power unlike that of batteries. Further, due to
the external supply of fuel cells, filling up (recharging or more correctly replacing
the feed) can be much faster than that of batteries. Also, fuel cells and batteries are
not limited by the Carnot efficiency and hence have higher practical efficiency than
the ICEs. However, many types of batteries have disposal and recyclability issues
and hence special efforts are being made in recent times to make greener batteries.
Fuel cells normally do not have any moving parts which reduce the wear and tear
of their components. The only by-product when pure hydrogen is used as the fuel
is water, thus making them environmental friendly. Due to those above-mentioned
advantages, different types of fuel cells using innovative materials are under
intense research and development for both stationary and transport applications.

4 Polymer Electrolyte Membrane Fuel Cells (PEMFCs)

PEMFCs utilize a solid polymer electrolyte membrane (hence PEM, also meaning
proton exchange membrane) to transport protons from anode to cathode and
restrict electrons from directly going to cathode from anode. PEMFCs operate

Scheme 1 Three types of
electrochemical energy
conversion and storage
devices and their basic
classification
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normally in the temperature range of 30–100 �C under humidified environment
although PEMs that can operate up to 200 �C are also available. The easy start-up
and flexible design has attracted interests in both stationary and portable appli-
cations [4, 18, 19]. In fact, it represents one potential case for reducing the green
house gas emission from a renewable energy point of view especially if hydrogen
is produced by solar technologies without any carbon footprint [20]. PEMFCs also
have higher practical efficiencies over commercial engines especially if combined
heat-power generation (cogent) is targeted [21].

A state-of-the-art PEMFC accordingly has five critical components: (i) Pt
electrocatalyst, (ii) catalyst support carbon, (iii) gas diffusion layer (GDL) or
backing layer, (iv) bipolar plates and (v) polymer electrolyte membranes. For the
successful operation of PEMFCs, the reactant H2 and O2 must reach the catalyst
site where the electrochemical reactions take place and the product water has to be
expelled from the catalyst site to prevent water clogging and better access of
reactant gases to the electrocatalyst. Similarly, the generated protons at the
electocatalyst sites must reach the cathode through PEM while the electrons need
to reach the cathode through an external circuit, where it does the useful work, to
react with oxygen and protons to form water. Hence, the effective formation of
triple-phase boundary (TPB) (reactant gases, electrocatalyst and electrolyte
membrane) is an important criterion for successful PEMFC operation.

Despite many advantages, PEMFCs still have many challenges owing to the
availability of critical materials and processes to effectively address the lack of
commercialization aspects [22, 23]. For example, the use of Pt as electrocatalyst,

Fig. 1 DOE projected transportation fuel cell system cost (adapted from Ref. [26])
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graphite bipolar plate and perfluorosulphonic acid (PFSA) membranes makes the
system very expensive, preventing its commercial applications. For example, the
state-of-the-art PEMFC stacks use a Pt loading of 0.3 mg cm-2 which is too
expensive for commercialization while US Department of Energy (DOE) target for
2015 lie at 0.03 mg cm-2 [24, 25]. Further, the use of PFSA membranes limits
the operating temperature below 100 �C that necessitates the use of ultrapure
hydrogen as the fuel which further increases the system cost. The net cost of a
transportation fuel cell system (2010 technology) for high volume manufacturing
(500,000 units per year) is $51/kW (Fig. 1). This is a reduction of more than 80 %
since 2002 and approaches the target of $30/kW established for 2015. Research
and development efforts appear to be on track to achieve cost-competitiveness with
ICEs within the next few years.

Further, the PFSA-based PEMs have many drawbacks such as dependence on
humidity for conductivity, high reactant permeability, tendency to disintegrate in
the presence of hydroxyl radicals (an intermediate in the cathode reaction) and
moderate mechanical, chemical stability. The use of carbon as the catalyst support
and Pt as the electrocatalyst induce durability-related issues since Vulcan XC-72
carbon materials are reported to corrode after 150 h of continuous operation [27].
Similarly, other components that are used in fuel cells such as bipolar plates also
have many restrictions related to fragility and affordability and therefore to realize
a commercially feasible fuel cell many of these barriers should be surmounted
using inexpensive options.

5 Nanoscale PEMFC Materials and Their Significant
Properties

We will now describe recent developments in both fundamental and technological
aspects of PEMFCs with a special emphasis on individual nanoscale materials as
well as their assembling process into a single cell and subsequently stack fabri-
cation. This is mainly due to the fact that recent synthesis of a gamut of
nanomaterials with their unique properties have made a tremendous impact on
many thrust areas like energy, electronics, biology and health care [28, 29]. For
instance, few non-noble nanomaterials have been claimed to replace expensive
electrocatalysts like Pt and Ru with similar electrocatalytic activity and nano-
composite polymer electrolytes offer several intrinsic advantages like increased
thermal and chemical stability, enhanced mechanical strength and improved ion
transport [30–32]. The section on individual nanoscale components particularly
focuses on novel carbon supports and functionalized surfaces, electrocatalysts of
Pt and non-Pt metals, composite polymer electrolyte membranes with tailor-made
properties, bio-inspired electrocatalysts and composite bipolar plates. This section
also deals with the development of both components and engineering process as
well.
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5.1 Novel Carbon Supports and Their Functionalized
Surfaces

One of the major modes of failures of a PEMFC is the breakdown of membrane
and the loss in active surface area of the Pt electrocatalyst with time in addition to
the corrosion of the support. The lifetime and cost as a function of performance is
intimately linked with design, materials and operation strategies and various tar-
gets are often used by fuel cell researchers and funding agencies for comparison
and also for measuring progress. The cost targets of the US DOE for PEM fuel cell
stack is an unrealistic $30/kW by 2015 which is a way down from the current
value of $110/kW [33]. Most of this reduction has to be from the Pt catalyst,
bipolar plate and PEM although total elimination of Pt has been recently indicated
as a tangible possibility [34]. Development of different types of inexpensive car-
bon plays a critical role in accomplishing some of these objectives as it is well
known that carbon with varying properties could be prepared to meet these
technology-specific requirements. For example, the surface area of carbon can be
varied from few metres to few thousand metres per gram although other useful
properties such as pore size distribution, mechanical strength and electrical con-
ductivity vary dramatically some times in an adverse manner. Consequently,
carbon has been extensively engineered using diverse methods by a huge number
of groups as a support material in PEMFC [35–40].

Earlier attempts to overcome these challenges were restricted mainly by
selecting three different forms of carbon, i.e. activated carbon, carbon black and
graphite or graphitized materials, as the primary choice of support for catalyst
materials in different types of fuel cells [35]. The preferred form of carbon in fuel
cell electrode including that in GDL is Vulcan XC-72, a kind of activated carbon,
with moderate surface area (250 m2/g) and good electrical conductivity, which is
in stark contrast to the preference of activated carbon with a surface are of more
than 3,000 m2/g for certain other applications, perhaps due to poor electrical
conductivity and different pore size distribution. However, the mesopores in
Vulcan XC-72 result in part, of the Pt nanoparticles getting buried deeply inside
the pores (especially if they are few nm) and hence becoming inaccessible for the
TPB formation, which is essential for sustaining the electrode reactions in fuel
cells. Further, Vulcan XC-72 undergoes corrosion (more important under peroxide
intermediate formation conditions of fuel cell cathodes) resulting in the aggrega-
tion as well as dissolution of Pt nanoparticles [36–42].

Attempts to improve the carbon support by different strategies have generated
mixed results. Coin like hollow carbon (Fig. 2) prepared by a simple solvothermal
method has been used to support Pd electrocatalyst in methanol oxidation with an
improved mass activity of 2,930 A g-1 against 870 A g-1 of Pd supported on
Vulcan XC-72 carbon [37]. Similarly, carbon nanofibres and even scrolls are also
attempted as a support due to its ease of fabrication [38–41]. Although all these
improvements on carbon alone cannot solve most of the above challenges
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associated with fuel cells mainly in terms of durability and performance, carbon
nanotubes (CNTs) with its unique properties can actually do alleviate some critical
problems.

5.2 Carbon Nanotubes as Electrode Material for PEMFCs

Carbon nanotubes comes under the carbonaceous material with distinct charac-
teristics, like inertness under various chemical environments, highest Young’s
modulus, electrical conductivity, high surface area, lightweight and easy inter-
facing capability with many inorganic and organic compounds [43–47]. CNTs can
be broadly classified into two types, single-walled and multiwalled CNTs with
reports available on even double-walled nanotubes [48–52]. CNTs are considered
as analogous to fullerenes due to the similarities in the electronic structure.
Moreover, many recent reports have clearly illustrated that the unique electronic
structure of CNTs helps in enhancing the catalytic activity of the supported metal
in addition to providing mechanical integrity [53–56]. For example, nitrogen- or
boron-doped CNTs can replace Pt as an electrocatalyst and there is a lot of
excitement on developing these types of new nanostructured electrocatalysts. In
this section we discuss current efforts on the use of CNTs in polymer electrolyte
fuel cells in both electrodes and electrolytes illustrating their multifunctional role
as catalyst layer, support and sometimes as a reinforcing component in polymer
composite membranes. The impact of functionalized CNTs on the performance
and durability of the MEAs in increasing the longevity and improved performance
will be discussed in such manner to unravel their potential in reducing the cost of
the stack per kW. Besides the discussion on materials and general procedures for
functionalizing CNTs for PEMFC, the use of nanocomposite polymer electrolytes
using surface-engineered CNTs in particular is also illustrated with their advan-
tages and limitations using both single-walled and multiwalled CNTs.

Effective utilization of Pt nanoparticle is a key parameter in decreasing the cost
of the fuel cell stacks as very low Pt loading (few hundred microgram/cm2)

Fig. 2 a TEM image of carbon scrolls, b SEM image of coin like hollow carbon and c TEM
images of Pt deposited carbon nanofibers (adapted from Refs. [37, 40] with permission from
American Chemical Society)
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without any change in performance is essential for rapid progress in this area. This
can be accomplished by the effective distribution of Pt on the supporting material
with a high surface area as well as higher electrical conductivity [42]. For this
purpose, a given support material for PEMFC electrodes should fulfil the following
requirements, namely (i) high surface area, (ii) chemical stability under oxidative/
reductive conditions, (iii) mechanical robustness under both open and closed cir-
cuit conditions and (iv) good electrical and thermal conductivity. Many of these
conditions are met exceptionally well with CNTs although CNT is not cheap at
present for large-scale applications. However, there are sufficient indications that
CNT cost is likely to come down with increased production [57, 58].

One of the main problems associated with even commercial electrode formula-
tions is the isolation of carbon particles by the use of Nafion as a binder in the catalyst
layer. The insulating nature of this binder can indeed block Pt particles associated
with carbon from accessing the external circuit due to the lack of electrical network
resulting in the decrease of further Pt utilization. Pt nanoparticles deposited on
CNTs, however, are almost certain to have electrical contact with external circuit
which eliminates these types of problems associated with the presence of a thin
insulating layer of Nafion covering the carbon particles [59]. Hence, a judicious use
of CNTs could in fact overcome many of such issues that other forms of carbon-
based electrodes struggle to overcome in power source related applications.

5.3 Carbon Nanotubes as Cathode Support Material

Sluggish kinetics of oxygen reduction reaction (ORR) sustained at the cathode of
MEA typically necessitates the use of higher Pt loading in comparison with that in
the anode. However, in many cases the use of CNTs has been shown to be
profitable in terms of providing a better exchange current density towards ORR
without causing any detrimental mechanical behaviour as a support material for
the electrocatalyst. For example, Yan et al. have carried out pioneering work on
the use of CNT in PEMFC electrodes especially for the cathode to improve Pt
utilization [59–62]. Their initial study of depositing 4 nm Pt particles on CNTs has
shown improved current and power density in the regions (i.e. activation, ohmic
and mass transport domains), presumably due to the intrinsic properties of CNTs to
increase the oxygen reduction kinetics. This is in accordance with the findings of
Britto et al., where CNT/metal electrodes show higher exchange current density
than that on other metal/C electrodes [63]. Enhanced mass transport is also
anticipated to be beneficial in the case of CNT-based electrodes coupled with
reduced ohmic loss, which is acceptable while comparing the electrical conduc-
tivity of CNTs, graphitic powders and other forms of conducting carbon. This has
resulted in an enhanced Pt utilization of 58 % against 34 % of carbon-based
electrodes under favourable conditions. However, water clogging remains as a
critical problem in the cathode which severely restricts the performance of PEMFC
under high humidity conditions [59].
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Carbon nanotubes are generally hydrophobic in nature which helps in con-
trolling gas diffusion properties. Oriented CNTs are shown to have increased
hydrophobicity than that of disordered CNTs. Further, the electronic conductivity
is higher along the tubes than across the tube along with increased gas perme-
ability which would help in better mass transport conditions [63–65]. Considering
all these benefits associated with oriented CNTs Yan et al. have developed a
unique method to orient the CNTs by a filtration method followed by transfer to
the membrane (Fig. 3) to prepare the GDL. In this method, the surface of CNTs is
endowed with functional groups such as –COOH by refluxing with Con.HNO3/
Con.H2SO4 mixture followed by in situ chemical reduction of Pt precursor solu-
tions on them for the proper anchoring of Pt nanoparticles on the CNT surface.
Subsequent to the chemical reactions, the functionalized CNTs are filtered through
a hydrophobic nylon membrane with precisely controlled pore size/distribution in
CNTs standing up with the preferred orientation and length.

The use of this type of oriented CNTs results in better fuel cell performance
than that of randomly aligned CNT-based electrodes and Pt/C-based electrodes.
Table 1 illustrates this use of CNTs to enhance the fuel cell performance compared
to that of commercial Pt/C catalysts. Durability of a fuel stack is mainly restricted
by the corrosion of carbon support under the operating conditions of the cathode
especially due to the production of hydrogen peroxide (H2O2) as an intermediate.
Several studies have established beyond doubt that Pt nanoparticles are expected to
double in size with an operation time of around 200 h [62]. In this regard, the use
of CNTs which is known for their chemical inertness and remarkable mechanical
strength can increase the endurance of a fuel cell MEA. More specifically, an
attempt to prove the durability of CNTs carried out by potentiostatic treatment for
168 h for Pt supported on CNTs and Vulcan XC-72 reveals that CNTs have lesser
surface oxides than that of Vulcan XC-72, concomitantly demonstrating 30 %
lower corrosion rates [62].

A more recent work from Lin et al. has attempted to reduce the cost of the fuel
cell by decreasing the particle size as well as increasing the Pt distribution by a wet

Fig. 3 a Scheme for the preparation of oriented Pt/CNT film-based MEAs. b TEM image of Pt
deposited CNT. c SEM image of the oriented CNTs on Nafion membrane (adapted from Ref. [60]
with permission from American Chemical Society). [In the above figure EG refers to ethylene
glycol which acts as both reducing agent and solvent in the reaction]
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chemical modification route [66]. By this method Pt nanoparticles of 1–3 nm are
stabilized at the same time maintaining a uniform Pt distribution due to the
anchoring groups present on the CNT surface (Fig. 4). Interestingly, fuel cell
polarization plot with this catalyst shows a power density of 1,110 mW cm-2

against 800 mW cm-2 (5 cm2 area) observed for a commercial catalyst. Further,
the activation loss observed at 50 mA cm-2 is only 50 mV from the OCV for this
surface-modified process compared to that of 150 mV for unmodified CNTs.
However, with the carbon black it is much higher, which signifies the more effi-
cient use of CNTs in the catalyst layer of PEMFCs.

Table 1 Variation of proton conductivity, domain size and yield strength with s-MWCNT
composition and water content

Membrane composite Proton
conductivity
(S cm-1)

Hydrophilic domain
size (nm)

Water
content (%)

Yield strength
(MPa)

Nafion 115 0.028 48 29.2 2.68
Recast Nafion 0.020 51 42.3 2.40
Naf-s-MWCNT 0.01 % 0.029 54 39.7 2.50
Naf-s-MWCNT 0.05 % 0.036 72 33.4 2.62
Naf-s-MWCNT 0.1 % 0.032 70 30.4 2.67
Naf-s-MWCNT 0.5 % 0.031 67 28.1 3.10
Naf-s-MWCNT 1 % 0.030 35 27.2 4.30

Fig. 4 Scheme for the surface modification of MWCNTs and Pt nanoparticles deposition
(adapted from Ref. [66] with permission from Elsevier publishing company)
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A large number of reports are available on preparing CNT-based electrodes
especially to increase the Pt utilization by means of using different preparation
conditions such as chemical reduction in a formaldehyde bath and electrochemical
deposition of Pt on CNTs. Growing CNTs directly on the carbon paper support in
order to reduce the ohmic resistance, and the modification of the reduction method
to prepare smaller nanoparticles with narrow distribution on size have also been
reported as an interesting alternative for Vulcan XC-72-based electrodes. Even
though such type of CNT-based electrodes demonstrating performance better than
that of Vulcan XC-72-based electrodes but their durability and chemical stability
aspects need to be rigorously evaluated [66–75].

5.4 Nitrogen-Doped CNTs as ORR Catalysts to Replace Pt

Even though Pt is used currently as the benchmark catalyst for ORR, it has to be
ultimately eliminated from the catalyst layer considering the very low abundance
of Pt on the earth crust (3.7 9 10-6 %) and its fluctuating cost [76]. Interestingly,
N2-doped CNTs tend to give an option here although at present, it is only a partial
solution waiting for confirmation from results of durability studies [77–82]. For
example, vertically aligned CNTs containing nitrogen have been reported to show
better ORR catalytic activity than that of Pt as proved by the cyclic voltammetry
and RRDE experiments. Despite the fact that these results are in alkaline medium,
the possibility of N2-doped CNTs as a better support materials for Pt electrocat-
alysts on the cathode and anode of PEMFCs is really tempting where some of the
degradation issues can be prevented due to robust mechanical properties of CNTs
[79]. More promising results on N2- and B-doped CNTs are expected to revolu-
tionize this area in the near future.

5.5 Use of CNTs as Anode Support

Compared to the vast number of reports available on cathode support materials,
only a few reports are available for anode supports mainly due to the highly facile
nature of the hydrogen oxidation reaction and less critical materials requirements.
However, the actual challenge in the anode is to obtain sustained performance
using reformed H2 having considerable CO content. In this regard, catalyst sys-
tems (e.g. Pt/Ru, Rh) that show good activity towards methanol oxidation reaction
are expected to have a better tolerance for CO and substantial efforts are rendered
towards improving the support metal interaction. Since stronger metal support
interactions (SMSI) would help the electron transfer between the metal and sup-
port during electrochemical reactions, Pt nanoparticles deposited on CNTs tend to
exhibit increased catalytic activity than that of unsupported metal due to the
unique electronic structure. Interesting improvements have been observed for
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methanol oxidation on Pt surfaces with and without the presence of CNTs like
significant enhancement in the oxidation current of 50–60 mA/cm2 for CNT/Pt
electrode, while unsupported Pt gives only 6 mA/cm2. While this enhancement
can have contribution from the increased surface area, the kinetic aspects dem-
onstrate an unambiguous improvement in the catalytic activity of Pt that is sup-
ported on CNTs. Interestingly, the onset potential of methanol oxidation is also
shifted in case of CNT/Pt electrode associated with enhancement of the anodic
current. A similar shift observed with Pt/Ru alloy system is attributed to the
reduced work function of Ru (U Ru = 4.52 eV) in comparison with that of Pt (U
Pt = 5.36 eV) suggesting the possibility of a similar reasoning for the shift
observed in CNT/Pt to the reduced work function of CNT (U CNT = 5 eV) [79–82].
In another report, Wu et al. have shown a remarkable enhancement in CO tolerance
of Pt when supported on SWCNTs and MWCNTs over E-Tek Pt/C catalyst, a
commercial sample often used by fuel cell companies for benchmarking. The peak
potential for CO striping are observed at 0.75, 0.78 and 0.82 V respectively for
Pt/SWCNT, Pt/MWCNT and E-Tek Pt/C catalysts suggesting a more easier
removal of the adsorbed CO at a much lower onset potential [75]. This could help in
achieving better performance even with increased CO level in the hydrogen stream
especially using thermally stable polymer electrolyte.

6 Application of CNTs in Composite Electrolytes
of PEMFCs

Solid polymer electrolyte membrane is one of the key materials that restrict the
performance as well as the cost of the PEMFCs as electrolyte is a critical com-
ponent of MEAs. A good PEM should have high protonic conductivity, yet
electrically insulating in order to avoid short circuiting, and should have very low
permeability towards fuels such as hydrogen, methanol and ethanol, in addition to
having very high chemical stability to withstand high acidic conditions of the
operating environment and sufficiently mechanical stability to withstand the
stresses of stack fabrication. PEMs that are either used or being developed could
be classified into two categories; PEM operating at temperatures less than 100 �C
often with PFSA electrolyte and that operating above 100 �C with a variety of new
thermally stable polymeric electrolytes. Consequently, these are far from com-
mercialization although many prototype stacks are undergoing field trials in var-
ious parts of the world. Considering Nafion as a typical ionomer, we now discuss
some promising aspects of CNT-based polymeric composite electrolytes for
PEMFC applications especially for temperature less than 100 �C [82].

Nafion-based membranes are well known to show proton conductivities in the
range of 0.1 S cm-1. However, their conductivity relies mainly on the water
content which restricts their operating temperatures to less than 100 �C. Further,
the swelling and contraction of these membranes (dimensional change) with
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change in water content is of severe concern as it affects the integrity and dura-
bility of MEAs. Typical thickness values of membranes range 50–120 microns as
indicated in the names (Nafion 112 and 115 etc.). A possible method to reduce the
cost of PEM is reducing the thickness, which might also help in decreasing the
membrane resistance thereby improving the performance of PEMFC. However,
reduction in thickness could lead to increased hydrogen and methanol permeability
coupled with reduced mechanical stability.

Efforts directed on improving the proton conductivity of these membranes
include various approaches to mainly increase the water content by incorporating
hygroscopic inorganic and organic additives such as SiO2, ZrO2, TiO2, zirconium
phosphate and zeolites which can keep the membrane humid at high temperatures
during the operation [83–87]. However, most of these composite membranes show
higher conductivity than Nafion only at higher temperatures, their base value being
less than that of Nafion. More significantly, long-term operation of these mem-
branes in MEAs faces severe limitations due to the agglomeration of these par-
ticles during operation resulting in extensive degradation in performance with
time. Also as these membranes do not have any cross-linking, these dispersed
particles often reduce the mechanical stability of the composite membranes [85].
Solution cast membranes made up of commercial Nafion solutions (also reinforced
by fillers) and porous PTFE matrix help to some extent, in increasing the
mechanical strength and structural integrity, finally enabling the use of reduced
thickness of the membrane without any change in performance. However, the
proton conductivity of the resulting membranes is very poor to limit their power
density [87].

Even though CNTs have been used earlier to fabricate polymer composites with
increased mechanical stability, applications as an additive for composite membrane
electrolyte have not been tried mainly due to the fear of electrical short circuiting
[88–90]. The addition of CNTs can be expected to give increased mechanical
robustness and integrity as it is well known for its highest Young’s modulus. Liu
et al. studied the impact of CNTs on the electrolytic behaviour of Nafion
membranes upon reinforcement to observe several improved features [88–90].
Fabrication of composite membranes of CNTs and Nafion at 1:99 wt% after ball-
milling and solution casting show similar performance to pure Nafion membrane in
terms of proton conductivity, but with significantly less dimensional change for the
case of CNT-reinforced composite membranes. Similarly, Thomassin et al. have
used melt extrusion to incorporate the CNTs on to Nafion membrane to observe
reduced methanol permeability to about 60 % along with an unusual increase in the
Young’s modulus up to 140–160 % in comparison with that of commercial Nafion
membranes [90].

In all the above applications, one has to naturally consider the effect of elec-
tronic conductivity of CNTs. Certain type of functionalization indeed enhances the
electronic conductivity and it is always important to consider the risk of electrical
short-circuiting despite the use of very low amounts of CNTs (\0.1 %). Proper
dispersion is essential for ensuring uniform behaviour and the normally reported
value of percolation threshold for CNTs in Nafion is around 5–11 % depending
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upon the dimensions of CNTs used and their mode of preparation. Lie et al. in yet
another report have prepared a three-phase composite membrane by sandwiching a
Pt-CNT-Nafion membrane between two pure Nafion membrane phases [88]. This
has improved the performance of Nafion membranes significantly with respect to
both mechanical stability and water management perspectives. Thus undoubtedly,
the addition of CNTs results in both improved mechanical stability and chemical
inertness while the Pt particles supported on it helps to produce water by reacting
with H2 and O2 that penetrates the membrane and thereby keeping the membrane
wet under dry conditions. However, critical lifetime data about Pt dissolution and
carbon corrosion are necessary to comment on the benefits of these composite
materials with respect to robustness and durability.

7 Role of Functionalization of Carbon Nanotubes

All the above reports are primarily intended to use CNTs as mechanical stability
boosters or reinforcing phases albeit in small amounts, for Nafion in order to
withstand the high processing conditions of stack fabrication and to prolong
membrane life. As a result, the CNT-Nafion composite membranes have shown
conductivity values similar or less than that of pure Nafion membranes, especially
if pristine single or multiwalled CNTs are used for composite fabrication. How-
ever, CNTs can be functionalized on the sidewalls with desired groups through
careful chemical process, which can be used in a constructive manner to enhance
the proton conductivity of Nafion membranes. The main advantages of using
functionalized CNTs for composite polymer electrolytes are (i) reduction in
electronic conductivity: since all types of CNTs are known to have electronic
conductivity and functionlization can effectively reduce the electronic conduc-
tivity. (ii) Tuning the interfacial structure: it is always desirable to attach mole-
cules structurally analogous to that of the polymer backbone to ensure uniform
properties in the composite. (iii) Better dispersion and adhesion: agglomeration
and phase segregation of CNTs at isolated regions could be avoided using
appropriate functionalization. (iv) Easy processability: since CNTs can be made
soluble either in aqueous or organic solvents using different types of chemical
functionalization approaches, these composites can be easily processed in the form
of films of uniform thickness and properties. However, the choice of functionali-
zation is critical since some functional methods could on the other hand enhance
carrier density to finally yield better electronic conductivity while some others can
damage the morphology [91, 92].

The choice of functionalization of CNTs for a composite electrolyte with
Nafion is obvious. Since sulphonic acid groups on the side chains are responsible
for the conductivity of PFSA membranes like Nafion via domain formation, CNTs
are to be functionalized with sulphonic acid groups as any increase in their con-
centration is expected to improve the proton transport. We have utilized this
concept and functionalized both single-walled and multiwalled CNTs with
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sulphonic acid moieties through microwave treatment in HNO3–H2SO4 mixture
[91, 92]. Interestingly, this sulphonic acid functionalized CNTs (s-CNTs) are more
soluble in water and dimethylacetamide, offering additional advantages of flexi-
bility in terms of membrane processability.

We have prepared several composite membranes based on Nafion-s-CNTs, with
a systematic variation in CNT weight percentage from 0.01 to 1 %, beyond which
there is saturation in proton conductivity. The results show that for both types of
s-CNT-Nafion composite membranes, there is an increase in proton conductivity
coupled with increased mechanical stability of the membrane. The cause for this
enhancement is revealed by the small angle X-ray scattering experiments (SAXS)
where the hydrophilic ionic domain size change shows a strong correlation with
the increase of CNT content and proton conductivity. The domain size measured
from SAXS measurements reveal approximately 50 Å clusters from commercial
Nafion 115 membranes while composites exhibit a saturation limit of about 70 Å
both for 0.05 and 0.1 % of s-CNT content (Table 1) in the composite.

These results are well supported by the fuel cell polarization experiments where
0.05 and 0.1 % composites have shown increased current and power densities than
that of commercial and recast Nafion membranes of similar nature (Fig. 5). This
result shed some light on the possibility of s-CNTs to play a vital role in enhancing
the conductivity of composite electrolyte (reduced activation energy for proton
transport) and also on the improved robustness of the membrane, presumably due
to the amount of functionalized CNTs. Our further attempts to vary the –SO3H
content by changing the microwave treatment time and related parameters are
compared in Table 1 with available data from other reports. For example, Peng
et al. have prepared sulphonated CNTs by heat treatment with H2SO4 at 250 �C
under N2 atmosphere to attain a sulphonic acid content of 15 wt% which is much
higher than the 2.5 wt% sulphonated CNTs that we used form composite mem-
brane fabrication. However, there is no fuel cell polarization data and the presence
of too much of sulphonic acid groups might create adverse effects in terms of
corrosion and membrane degradation [44, 45].

Fig. 5 Polarization plots of showing the potential and power density variations with increasing
current densities
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8 Limitations of Carbon Nanotubes in PEMFC

Even though the use of CNTs have shown promising results both as an electrode
support and as novel composite polymer electrolytes, it still has few limitations to
overcome before being considered for widespread use. For example, the prepa-
ration of SWCNTs yields a mixture of metallic and semiconducting SWCNTs
which may have significant variation in properties, Further, both SWCNTs and
MWCNTs contain minimal amount of impurities which may have deteriorating
effect on PEMFC performance for extended usage. It has been demonstrated that
even trace level of Fe impurities can degrade Nafion due to the presence of
sulphonic acid moieties in the backbone [49]. The use of highly purified CNTs is
more expensive which will ultimately increase the cost of MEA and PEMFC
stacks which is not desirable since cost is the single overriding concern preventing
widespread application of PEMFCs.

Another important limitation of using CNTs is lack of enough data related to
durability. Although the use of CNTs as electrode support has shown better cor-
rosion resistance over Vulcan XC-72 in short time scale, its sustained utility for
extended period of operation (such as 5,000 h or more) is yet to be evaluated.
Moreover, CNTs are normally surface oxidized for increased binding with Pt
nanoparticles. The stability of these surface groups under severe potential cycling
has not been investigated. The effect of potential induced morphology changes is
another major concern which may have severe impact on the use of CNT as a
supporting material. The details regarding such attempt will be discussed in the
following section with suitable examples. Similarly different processing conditions
of catalyst preparation and MEA fabrication are expected to create defects on the
CNT surface. For example, the use of ultrasonic homogenizer for prolonged time
is known to chop CNTs into smaller dimensions to help dispersion although for
certain applications this is harmful [51, 52]. Further, the non-toxicity of CNTs is
yet to be completely established which necessitates cautions handling of them in
bulk [53]. Despite the favourable improvements in performance by the use of
CNTs both as electrode support and as a composite electrolyte, these limitations
require further extensive research to fulfil the enormous application potential of
CNTs and related carbonaceous materials in PEMFC.

9 Use of Graphene as Electrode Materials for PEMFC

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms, densely
packed in a honeycomb lattice, which has attracted tremendous attention for both
fundamental researches and also possible applications in fuel cells, nanoelec-
tronics, supercapacitors, solar cells and hydrogen storage [93, 94]. Graphene
exhibits many exciting properties, like quantum confinement resulting in finite
band gap and Coulomb blockade effects [95–98] which could be useful for making
many novel electronic devices.

374 S. M. Senthil Kumar and V. K. Pillai



However, in order to completely realize these properties and applications, a
consistent, reliable and inexpensive method for preparing high-quality graphene
layers is crucial, as the existence of residual defects will heavily impact their
electronic properties, despite their expected insensitivity to impurity scattering.
Unfortunately, many of the existing methods of graphene preparation have several
major limitations. We recently reported a remarkable transformation of CNTs to
nanoribbons (Scheme 2) composed of a few layers of graphene by a two-step
electrochemical approach using the oxidation of CNTs at controlled potential
(Fig. 6), followed by reduction to form graphene nanoribbons (GNRs) having
smooth edges and fewer defects, as evidenced by multiple characterization tech-
niques, including Raman spectroscopy, atomic force microscopy and transmission
electron microscopy [99]. This type of ‘electrochemical unzipping’ of CNTs
(single-walled, multiwalled) provides unique advantages with respect to the ori-
entation of CNTs, facilitating possible the production of GNRs with controlled
widths and fewer defects for energy storage applications.

In principle, it should be possible to make use of the high degree of graphiti-
zation, electrical conductivity and corrosion resistance of CNTs to impart high
stability to ORR electrocatalysts. However, the ORR activities of carbon-nanotube-
based catalysts have been found to be low in acids. Nitrogen-doped multiwalled
CNTs or aligned carbon nanotube arrays have been made by feeding in nitrogen

Scheme 2 Diagrammatic representation of the electrochemical transformation of GNRs from
MWCNTs: a Pristine MWCNT; b MWCNT deposited on glassy carbon electrode after oxidation
to generate functional groups on edges under controlled potential so that it gets broken;
c electrochemical and d chemical reduction to graphene layers (adapted from Ref. [99] with
permission from American Chemical Society)
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precursors during the growth of nanotubes [100–104] or by annealing pre-oxidized
nanotubes in NH3 at elevated temperatures [105]. The resulting catalysts exhibit
superior ORR activity in alkaline electrolytes [103, 105, 106] but very low activity
in acid electrolytes. Till date, majority of the nanotube-based ORR catalysts have
exhibited inferior activities compared with those formed with carbon black and
platinum/carbon in acidic solutions, due to availability of the relatively few cata-
lytic sites formed on the CNTs. One of the possible approaches to enhancing ORR
activity is to enrich defects and functional groups onto the CNTs by increasing the
number of catalytic sites. However, severe oxidation conditions could lead to
the loss of the structural integrity as well as their electrical conductivity which are
desirable for faster charge transport during electrocatalysis. Taken into account of
the above facts it is essential to identify a suitable protocol to afford abundant
catalytic sites on CNTs while retaining the structure and electrical conductivity for
producing advanced ORR electrocatalysts.

In connection with the above, Li et al. [107] developed a new type of ORR
electrocatalyst based on few-walled (two to three walls) carbon nanotube–graphene
(NT–G) complexes. They identified a unique oxidation condition to produce
abundant defects on the outer walls of the CNTs through partial unzipping of the
outer walls and the formation of large amounts of nanoscale graphene sheets,
attached to the intact inner walls of the nanotubes. The edge- and defect-rich
graphene sheets facilitate the formation of catalytic sites for ORR on annealing in
NH3. Iron impurities and nitrogen doping are found to be responsible for the high
ORR activity of the resulting NT–G complex catalyst. Indeed, in acidic solutions the
catalyst exhibits high ORR activity and superior stability, and in alkaline solutions
its ORR activity closely approaches that of platinum. They have also employed
annular dark-field (ADF) imaging and electron energy loss (EELS) spectrum
imaging in aberration-corrected scanning transmission electron microscopy

Fig. 6 a Cyclic voltammograms (oxidation) of MWCNTs in the potential window from 0.1 to
0.7 V versus MMS in 0.5 M H2SO4 using glassy carbon electrode at 100 mV/s scan rate.
b Cyclic voltammograms (reduction) of MWCNTs in the potential window from -0.1 to
-0.75 V versus MMS in 0.5 M H2SO4 at 100 mV/s scan rate. Regions marked with a star
indicate the potentials at which the CNTs have been selectively oxidized or reduced (adapted
from Ref. [99] with permission from American Chemical Society)
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(STEM) to investigate the chemical nature of the ORR catalytic sites on the atomic
scale. Iron atoms are often found along the edges of the defective graphene sheets
attached to the intact inner walls of few-walled nanotubes, and they often appear
next to nitrogen atoms. This provides the first indication of the atomically resolved
structure of the ORR catalyst.

Functionalized graphene sheets have been used as the cathode support for Pt
electrocatalysts to show higher electrochemical surface area and oxygen reduction
activity with improved stability as compared with that of the commercial catalysts.
Similarly Pt-decorated graphene has been shown to have better methanol oxidation
activity than its commercial counterpart [44–50]. It is worth to mention that in a
recent review by Wu et al., the extensive use of graphene–transition metal oxide
composites occupies an important role area and it may not be too far that the future
devices could be made from any one of these composites [108].

10 Recent Developments in Pt-Based Electrocatalysts
for PEMFC Applications

Platinum (Pt), especially in the form of small particles (\5 nm) on a support, plays
an outstanding role as a multifunctional catalyst for many industrial reactions.
Similarly, it is the only efficient fuel cell electrocatalyst (which is very hard to
replace) for many reactions, irrespective of the nature of the reaction, i.e. oxidation
or reduction. However, the high cost of platinum (currently about $1,500 per
ounce) [109] remains a challenge that demands its full or partial replacement
without affecting the performance for commercial applications [110]. The design
of inexpensive and robust electrocatalysts for fuel cells for this replacement
requires a thorough understanding of the behaviour of Pt in anodic and cathodic
environments of PEMFCs. In this context, manipulation of the size and shape of
platinum at the nanoscale can thus contribute to the lowering of Pt usage enabling
the much-needed cost reduction. Interestingly, it has been established that the
catalytic reactivity of platinum nanostructures depends highly on their morphol-
ogy, and therefore, the design and synthesis of well-controlled shapes and sizes of
platinum nanostructures is crucial for their applications, especially in the field of
catalysis and electrocatalysis [111]. In our recent review [112], we have com-
prehended up to date endeavours in the area of shape selective synthesis of Pt
nanostructures through several routes, concomitantly discussing some of the core
issues related to stabilizing cubes, hexagons, multipods, discs, rods, etc. Impor-
tantly, recent accomplishments in the area of shape-dependent electrocatalysis of
these nanostructures have been summarized, by giving special emphasis to elec-
trocatalytic reactions relevant for microfuel cells.

Recently, our group has demonstrated an entirely different route for the syn-
thesis of Pt multipods at room temperature by adopting a template-assisted elec-
trodeposition using a porous alumina membrane (PAM) [113]. For example,
Fig. 7b shows a distribution of multipods, where the number of arms of each
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multipod is more than 6, having a common origin with significantly longer length
(ca. 500 nm). This way of preparing Pt multipods using an electric field-assisted
evolution of morphology is depicted in Scheme 3. In addition to these multipods,
nanorods of platinum are also formed inside the porous structures, as usually
expected from template-assisted synthesis, which could be separated easily. More
significantly, here the shape control was accomplished solely by the modulation of

Fig. 7 SEM images of platinum a discs and b hexagons prepared through a template-assisted
electrodeposition route (adapted from Ref. [113] with permission from American Chemical
Society)

Scheme 3 Electric field-dependent morphological evolution of platinum structures using PAM.
(i) PAM with one side evaporated with Au film for electrical contact. (ii) Formation of hexagonal,
disc and multipod structures of Pt over alumina membrane at potentials -0.3, -0.5 and -0.7 V
respectively. (iii) Dissolution of the membrane in 0.1 M NaOH and release of different
morphology platinum structures along with the nanorods (adapted from Ref. [113] with
permission from American Chemical Society)

378 S. M. Senthil Kumar and V. K. Pillai



the electric field which provides important advantages in terms of purity of the
systems (less surface contamination). This field induced growth facilitates flexi-
bility to achieve several anisotropic structures of platinum which are thermody-
namically not favourable. It is instructive to compare this approach with the
previously demonstrated route for the formation of multipods, where shape control
was achieved using surfactant/capping molecules. Even though most of the arms
have uniform width (ca. 100 nm), some of the branches are formed by the
assembly of nm-sized rods in contrast to the previous case.

In addition to the above-mentioned shapes, we have also demonstrated the
synthesis of discs and hexagons through a template-assisted electrodeposition using
PAM by merely tuning the deposition conditions [113]. Accordingly, the SEM
images in Fig. 7a, b reveal the formation of discs with a diameter of ca. 2 mm,
whereas hexagons are formed with an edge length of 0.5–1 mm. The morphological
evolution of these structures as a function of the applied field is depicted in
Scheme 3 and, as discussed in the case of multipod formation, these structures are
also obtained without the assistance of any capping molecule/surfactants.

More intriguing shapes like the platinum Y-junction nanostructure has also
been synthesized using hierarchically designed alumina templates through an
electrodeposition route [114]. The FESEM image of such a Pt Y-junction after
dissolving the membrane is shown in Fig. 8 to clearly reveal uniform Y-junctions
with well-defined branches and stems having diameters ca. 100 and 50 nm,
respectively. More interestingly, the angle between the branches is ca. 12� which

Fig. 8 FESEM image of the Pt Y-junction prepared using hierarchically designed alumina
templates through electrodeposition (adapted from Ref. [114] with permission from American
Chemical Society)
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might be helpful for some special applications like molecular interconnects, where
directional control of electron transfer is important. It is, however, possible to tune
these parameters by controlling the template design strategies. Similarly, the
fabrication of other potential junction structures such as X and T is possible by a
slight modification of the above template-design strategy.

In order to correlate the structure with activity, electrochemical oxidation
reactions of formic acid and ethanol have been studied at different shaped Pt
structures such as Pt multipods, Pt discs and Pt hexagons synthesized through the
template-assisted route (vide supra) [113]. Accordingly, Fig. 9a reveals the com-
parison of the transient current density responses of these structures and
commercial platinized carbon (Pt/C) towards formic acid oxidation at a particular
potential, where the oxidation current density of Pt hexagons is significantly higher
than those of Pt multipods, Pt discs and Pt/C. In contrast, for ethanol oxidation
(Fig. 9b) the observed order of oxidation current density is as follows: Pt/C-
multipods [ Pt/C-discs [ Pt/C-hexagons [ Pt/C. Interestingly, the R value for
these structures with respect to that of Pt/C is calculated from the steady-state
current density at different potentials. The value of R for formic acid oxidation
ranges up to 2,000 % for hexagons, whereas for multipods and disc, it is about 700
and 300 % respectively. Similarly, for ethanol oxidation, the calculated value of R
varies up to 600 % for multipods, while for discs and hexagons this is 500 and
200 % respectively.

Hence, it is clear that for formic acid oxidation, Pt hexagons show better
catalytic activity compared to other shapes. The origin of this shape-dependent
electrocatalytic activity arises mainly due to the higher density ratio of (111)/(100)
crystallographic planes present in Pt hexagons compared to that in other structures
and commercial platinized carbon (calculated from XRD results). This could be
correlated to the structural effect of Pt single crystal electrodes on formic acid
oxidation, which reveal that formic acid oxidation to CO2 proceeds favourably on

Fig. 9 Comparison of the transient current density curves of Pt/C-multipod, Pt/C-disc, Pt/C-
hexagon and Pt/C towards a formic acid oxidation and b ethanol oxidation (adapted from Ref.
[113] with permission from American Chemical Society)
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(111) planes with significantly less CO poisoning compared to that of other planes
such as (100) and (110) respectively [115]. The geometrical arrangement of four
sites on a square unit lattice of the (100) plane and on a rectangular unit lattice of
the (110) plane are favourable for CO intermediate formation, whereas that on a
hexagonal unit lattice of the (111) plane is not so favourable [116]. Thus, Pt/
C-hexagons show higher activity towards formic acid oxidation compared to Pt
multipods, Pt discs and commercial platinized carbon. In contrast, for ethanol
oxidation, it is clear that Pt multipods show better electrocatalytic activity com-
pared to that on Pt discs, Pt hexagons and commercial platinized carbon. The
present observation could also be explained in terms of the proportion of crys-
tallographic planes exposed on the surface. It is found that compared to the (111)
and (110) planes (100) shows higher activity, while (111) shows least activity
towards the C–C bond cleavage involved during ethanol oxidation [117] In the
present case, comparison of the density ratio of (100)/(110) planes (calculated
from XRD results) reveals a higher value for multipods than for discs, hexagons
and commercial Pt/C. As a result, Pt multipods show enhanced activity for ethanol
oxidation compared to other shapes.

In addition to these various anisotropic shapes of platinum, we have also
compared the electrocatalytic capability of high aspect ratio nanostructures such as
Pt Y-junction and Pt Nanowires [114]. Accordingly, Fig. 10a, c shows a com-
parison of transient current density response of Pt–Y/C, Pt–NW/C and Pt/C
towards formic acid and ethanol oxidation reactions at a particular potential, where
for both cases the oxidation current density on Pt–Y/C is significantly higher
compared to those on both Pt–NW/C and Pt/C. Furthermore, these Pt–Y junction
nanostructures show a significantly higher R, which varies up to a maximum of
270 % with respect to Pt/C and up to 200 % with respect to Pt–NW/C. Similarly
for ethanol oxidation, the factor R increases up to a maximum of 180 % for Pt–Y
with respect to Pt/C and 130 % for Pt–Y/C with respect to Pt–NW/C. This clearly
suggests the importance of junction structures in controlling the kinetics of these
oxidation reactions (shape-dependent reactivity). In addition to kinetic feasibility,
these reactions are also thermodynamically more feasible on Y-junction nano-
structures compared to that on nanowires and commercial Pt/C, as shown by the
dotted lines in Fig. 10b, d. It is clear that at a given current density, the corre-
sponding potential on Pt–Y/C is shifted negatively by ca. 90 mV with respect to
that of Pt/C, whereas the shift is ca. 40 mV as compared with Pt–NW/C. Similarly,
for ethanol oxidation, Pt–Y/C is shifted negatively by 70 mV as compared to that
of Pt/C, while there is a 20 mV shift with respect to Pt–NW/C, thus indicating the
order of thermodynamic stability.

Hence, Pt–Y nanostructures exhibit much enhanced catalytic activity per unit
surface area for the oxidation of formic acid and ethanol. This could perhaps be due
to the higher density of active sites on the surface of Y-junction Pt (large surface
area is expected for these high aspect ratio nanostructures), and in addition it is
presumed that the branched regions also enhance the activity due to a large field
gradient. This is obvious on comparison of the performance of both Y-junctions and
linear structures (nanowires) of Pt as electrocatalysts for the same reaction.
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11 Bio-inspired Catalysts Development for PEMFCs

Increased attention is being given nowadays to bio-inspired strategies, exploiting
the similarities in the functional aspects of biological systems with some of the
energy storage systems including fuel cell components [118]. For instance, a
number of metalloenzymes catalysing the ORR [119] have been successfully
investigated as cathode catalysts in H2/O2 PEFCs. However, their performance is
suitable only for small power requirements like that of pacemakers and biosensors.
As an alternative approach, the addition of metalloenzymes or their active sites to
the state-of-the-art fuel cell cathodes is emerging rapidly. For example, alternate
assemblies of metalloporphyrins with platinum nanoparticles have been identified
as tunable electrocatalysts for the ORR [120]. On the other hand, cobalt phtha-
locyanine is found to increase the solubility of O2 in the ionomer layer encapsu-
lating the Pt particles in the cathode [121]. Similarly, the effect of adsorbing uracil,
a nitrogenous base found in ribonucleic acids, on the ORR activity of Pt electrodes

Fig. 10 Comparison of the electrocatalytic activity of Pt–Y/C, Pt–NW/C and Pt/C. a and
c Transient current density curves of formic acid and ethanol oxidation. b and d Potential-
dependent steady-state current density of formic acid and ethanol oxidation (adapted from
Ref. [114] with permission from American Chemical Society)
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has been investigated [122]. However, almost all of the bio-inspired strategies
discussed above, despite their fundamental interest, result in performance lower
than that of the conventional PEFCs. Nevertheless, the performance of bio-
inspired electrodes could be improved by choosing a different class of molecules
other than porphyrins, nucleobases and metalloenzymes, which take part in
physiological pathways more relevant to H2/O2 fuel cells.

In this context, plant hormones constitute one of the least explored classes of
biomolecules for fuel cell applications probably due to the diversity in their
molecular structures and comparatively unknown biochemical pathways compared
to those in animal systems. Plant hormones are broadly classified as auxins, cyto-
kinins and gibberellins based on their physiological functions. Some of these plant
hormones could enhance proton transport in polymer membranes (Nafion for fuel
cell applications), due to their involvement in proton transport-related processes in
biological systems (Fig. 11). Accordingly, we have chosen two cytokinins, viz.
kinetin and 6-benzylaminopurine, and two auxins, viz. indole-3-acetic acid (IAA)
and indole-3-butyric acid (IBA), to test the above-said hypothesis [123].

A single cell with a geometric area of 5 cm2 with Nafion 115 as the polymer
electrolyte membrane was tested for performance. The GDL was prepared by
brushing aslurry of Vulcan XC-72, PTFE, water and cyclohexane on a carbon
cloth until a carbon loading of 4 mg cm-2 was achieved. The GDL was heat
treated at 350 �C for 30 min. Then the catalyst ink was prepared by mixing
20 wt% Pt/C, Nafion, water and isopropyl alcohol in a homogenizer for 2 min at
intervals of 20 s. The catalyst ink was then applied on the GDL by brushing so that
Pt and Nafion loading were 0.5 and 0.6 mg cm-2 respectively for both cathode as
well as anode. After applying a thin layer of Nafion over the catalyst layer for
achieving optimum Pt catalyst utilization and mass transport of reactants to the

Fig. 11 Molecular structures of plant hormones used in the present study. a 6-benzylamino
purine (BAP); b indole-3-butyric acid (IBA); c indole-3-acetic acid (IAA); d kinetin among
which (a) and (d) are cytokinins whereas (b) and (c) are auxins
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catalyst layer [124], the MEA has been obtained by pressing the two electrodes
uniaxially with the Nafion 115 membrane in between at 110 �C at a pressure of
1 ton for 4 min. Hormone-modified MEAs were fabricated by introducing different
amounts of IAA in the catalyst layer by dissolving them in the catalyst ink (both in
the cathode and in the anode). Proportions (by weight) of IAA with respect to the
weight of Pt in the catalyst layer include WPt:WIAA: 1:0, 3:1, 2:1, 1:1, 2:3 and 1:2.
The MEAs were used to form single fuel cells by passing humidified H2 (80 %
RH) on one electrode and humidified O2 on the other at 0.2 slpm through ser-
pentine flow fields. The fuel cells were conditioned at 0.2 V for 30 min and
polarization measurements were carried out at 60 �C.

Figure 12a shows the superimposed steady-state polarization plots of H2/O2

fuel cells (at 60 �C) containing Nafion 115 membrane as the polymer electrolyte
with different hormones in the catalyst layer. While the maximum performance
reported for the system built with state-of-the-art technology is 600 mW cm-2, the
performance obtained with the fuel cell design and testing procedures employed in
the present study is 250 mW cm-2, which is used as the benchmark (denoted as
the ‘reference system’). An interesting enhancement in the fuel cell performance
(by 100 mW cm-2) is observed for the MEA containing IAA in the catalyst layer
compared to the reference system. On the other hand, the rest of the hormones
exhibit only poor performance compared to the reference system with the cyto-
kinins (BAP and kinetin) showing inferior performance compared to that with the
auxin, IBA. While the pH of the composite dispersions and the electrochemical
stability window of the corresponding membranes are almost similar, only IAA is
capable of enhancing the performance of the PEFC. Although specific reasons for
this discrimination could not be clearly identified, a probable reason could be the
difference in chemical stability of the hormones in the presence of the reactive
intermediates produced during the fuel cell reactions. Also, in this context, special
mention is to be made of the auxin, IAA, a powerful plant hormone capable of
stimulating a number of functions at in vivo concentrations as low as 10-8 M
[125]. There is an astonishing correspondence of its physiological activity with the
critical functional aspects of the catalyst layer [126]. More specifically, IAA is
known to trigger proton pumps across plasma membranes resulting in the acidi-
fication of protoplasts to effect cell elongation [127], reduce molecular oxygen to
superoxide radical ion and disintegrate H2O2 to a hydroxyl radical to create oxi-
dative stress [128] and impart better permeability of ions through the cell mem-
branes [129]. It should be noted that the disintegration of the H2O2 intermediate is
the rate determining factor in the two-step O2 reduction mechanism at fuel cell
cathodes. Nevertheless, the indole derivative, IAA, is quite different in its reac-
tivity compared to N-heterocycles such as imidazole, pyrazole and benzimidazole,
deployed frequently as electrolytes in PEMs due to the presence of both proton
donor and proton acceptor nitrogen atoms [129].
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12 Recent Advancements in High Temperature Polymer
Electrolyte Membranes

Polybenzimidazole (PBI) was originally developed for flame retardation due to
its very high thermal stability and oxidation resistance. Researchers at Case
Western reported for the first time, the development of sulphonic acid- and

Fig. 12 Single cell polarization plots of MEAs measured at 60 �C using Nafion 115 as the
polymer electrolyte membrane. a With different hormones and Nafion (reference system) binder
in the catalyst layer. b Single cell polarization plots of MEAs with varying amounts of IAA in the
catalyst (adapted from Ref. [123] with permission from The Royal Society of Chemistry)
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phosphoric acid-doped PBI as a proton-conducting membrane. Moreover, they
found that phosphoric acid in PBI plays a dual function, where it acts as a proton
conductor and more significantly as a proton-conducting medium [130–134].
Phosphoric acid-doped PBI membranes represent one of the emerging proton-
conducting membranes for the electrolyte applications in fuel cells that would
operate in the range of 120–200 �C. Working at higher temperatures is extremely
critical to prevent CO poisoning of Pt electrocatalyst (either present inadvertently
in the hydrogen feed from a reformer or generated as an intermediate during
oxidation of fuels like methanol and ethanol) apart from the improved kinetics and
higher efficiency. Further, PBI membranes do not rely on water for its proton
conductivity thus simplifying the balance of plant components greatly. Proton
transport in H3PO4-doped PBI is mainly through two modes; the rapid exchange of
proton via hydrogen bonds between phosphate, N-heterocycles of PBI (Grotthus
type) and through the self-diffusion of phosphate ions. While the chemisorbed 2 %
phosphoric acid alone cannot provide proton conductivity, higher phosphoric acid
content due to physorption results in mechanically poor membranes and lack
durability under fuel cell operating conditions [135, 136]. Hence, an optimum
level of physisorbed phosphoric acid should be maintained to keep the membrane
integrity intact.

Even though the H3PO4-doped PBI membrane holds advantages, like increased
reaction kinetics, higher CO tolerance, easy water management and lesser balance
of plant components but still there are several challenges. For example, the proton
conductivity of H3PO4-doped PBI membranes is normally in the range of
0.01 S cm-1 which is one order of magnitude lesser than that of Nafion-based
PEMs at room temperature. Moreover, the durability is also a serious issue in
phosphoric acid-doped PBI membranes mainly due to the leaching out of physi-
cally adsorbed phosphoric acid that reduces the proton conductivity of the mem-
brane thereby reducing the performance of the fuel cell stack. In addition, the
mechanical strength of these membranes gets reduced by the adsorption of
phosphoric acid due to the swelling of polymer matrix. On the other hand, lower
phosphoric acid uptake results in poor proton conductivity. Attempts to increase
the proton conductivity of PBI membranes include the addition of inorganic and
organic fillers containing phosphate molecules resulted in proton conductivity
improvement but hampered the mechanical stability [137–141]. On the other hand,
the cross linkers added to improve the mechanical stability resulted in a sacrifice in
proton conductivity [142–144].

Apart from the proton-conducting polymer electrolyte membranes, there are also
other ions, such as Li+-, Na+- and hydroxyl-conducting PEMs that are being
developed due to many advantages associated with solid PEMs over their liquid
counterparts such as easy handling, removal of leakage problems, improved safety
and flexibility. For example, crystalline complexes formed between alkali metal
salts and poly(ethylene oxide) are capable of demonstrating significant Li+

conductivity which highlight possible applications in LIB electrolytes. Various Li
ion-conducting PEMs including LiClO4-polyacrylonitrile and poly(vinylidene
fluoride) have been reported [145–148]. Solid-state polymer-silicate nanocomposite
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electrolytes based on an amorphous polymer poly[(oxyethylene)8 methacrylate],
POM and lithium montmorillonite clay have also been tested as ‘salt-free’ elec-
trolytes in lithium polymer batteries [148]. In a recent review appeared from Keith
Scott’s research team, it has consolidated the various research aspects and activities
related to the development of solid acids as an electrolyte material for PEM water
electrolysers [149].

Hydroxide-conducting polymer membranes—also termed as anion-exchange
membranes (AEMs)—are another interesting variety of ion-conducting PEMs that
recently started gaining more interest towards alkaline fuel cells and electrolyser.
Several types of polymers, such as poly(2,6-dimethyl-1,4-phenylene oxide) (PPO),
copolymer of chloromethylstyrene and divinylbenzene, PVDF-vinyl-benzyl chlo-
ride, and poly(vinyl alcohol) (PVA) poly(1,3-diethyl-1, 1-vinyl imidazolium bro-
mide) 1,4-diazabicyclo-[2.2.2]-octane polysulphone, quaternary ammonium grafted
poly vinyl benzyl chloride, have been used for the preparation of AEMs [150–154].
The preparation procedure for AEMs based on PVA and copolymer of poly(acry-
lonitrile (PAN)-dimethylamio ethylmethacrylate) (DMAEMA) with strongly basic
quaternary ammonium in aqueous media has also been reported [155]. These
studies reveal that different ion-conducting PEMs including proton are being
developed for future energy needs and a breakthrough in any of these materials
might open up the electrochemical power systems with improved efficiency.

13 Progress in Bipolar Plate Developments

The current graphite-based state-of-art bipolar plates in PEMFCs face severe
concerns mainly due to their higher weight, fragility, brittleness and volume.
Despite their inherent qualities, like desirable electrical conductivity, appreciable
thermal and chemical properties but due to their inadequate mechanical properties
are restricts their usage in PEMFC stacks. Such drawback necessitates the search
for alternative options such as metallic alloys and conducting polymer-based
composites. Conducting polymer-based composites provide a promising option,
but needs higher level of carbon filler ([50 vol%) to achieve the required elec-
trical and thermal conductivity. This also results in several manufacturing and
processing related issues. However, CNTs offer significant advantages due to their
high electrical properties and ability to form composites with conduction polymer
[156–159]. For example, carbon nanotube composite with polyethylene terepht-
halte (PET)/polyvinylidene fluoride (PVDF) blend result in continuous conductive
path provided by the CNTs while the PVDF phase offers crack bridging and PET/
PVDF interface provides crack deflection for the composite. Due to this combi-
nation, the CNT-PET/PVDF composite has better electrical conductivity, strength
and elongation and is considered as one of the promising materials for bipolar
plate applications [159]. Recently, graphite-phenol formaldehyde resin show
improved bend strength that is necessary for bipolar plate applications. Similarly,
CNT-reinforced vinyl ester nanocomposite is shown to have bulk (in-plane)
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electrical conductivity greater than 100 S cm-1, the benchmark for good bipolar
plates [156]. Composite of low crystalline polypropylene with CNTs shows
electrical conductivity more than 100 S cm-1 along with improved mechanical
stability and lower thermal expansion [159]. Thus, CNTs have helped in
improving the desired features of conducting polymer composites towards bipolar
plate applications.

For an industrial scale of production, the composite material granules which are
obtained from the extruder can be employed to manufacture bipolar plates com-
plete with flow field structures by conventional production methods, such as
compression moulding or injection moulding. For small and intermediate series of
bipolar plates, compression moulding still seems to be the most widely adopted
production technology. Injection moulding, on the contrary, is a true mass pro-
duction technique for large series ([50,000) of bipolar plates. Injection moulding
of highly filled graphite composite materials are much more demanding than that
of conventional plastics due to their high viscosity and high flow resistance.
Injection pressure, injection velocity and nozzle temperature have to be optimized
to the specific composite material. Injection moulding of bipolar plates, mostly
with thermoplastic resins, has been demonstrated by a few companies and research
institutes worldwide [160] (Table 2).

Injection moulding of thermosets and thermoplastics are quite different. For
thermoplastics, the composites are heated above the melting point and the plas-
ticized mixture is then injected into the mould which is kept at a lower temper-
ature. In the case of thermosets, the compounded composite mixture is injection
moulded at temperatures significantly below the melting point of the thermoset
resin. Thermoset-bonded graphite composites are generally more complicated to
process, as they have to be post-cured after injection moulding in order to achieve
sufficient stability. Following the injection moulding of thermosets and thermo-
plastics, a thin polymer-rich skin layer has to be removed from the surface of the
bipolar plates by processes like abrasive blasting in order to reduce the contact

Table 2 Comparison of electrical and mechanical properties of different types of bipolar plates
[160]

Type of plate Bulk
density
(g/cm)

Conductivity
(S/cm)

Mechanical strength
(MPa)

Weight
loss at
200 �C

In-plane Through-plane Tensile Flexural

CNC machined graphite
plate (Shunk)

1.9 110 20 50 40 1.5 %

Compression moulded plates
based on PET polymer
(Virgina Tech)

\1.8 230 18–25 36.5 53 NA

Injection moulded plates
(liquid crystalline
polymer–graphite
composite)

\1.8 100 NA NA NA NA

388 S. M. Senthil Kumar and V. K. Pillai



resistance to the GDL. Cycle times below 20 s for the production of a single plate
have been reported for thermoplastic-bonded graphite composites. High produc-
tion volumes of a specific type of bipolar plate would lead to its low production
cost [160].

While bipolar plates based on graphitic material remains the main focus for
PEMFC applications, further cost reduction and increase of power density is
beneficial and bipolar plates based on metals offer a high potential to reduce costs
and enhance power density (much thinner, yet stronger bipolar plates). However, it
is well know that corrosion-resistant metals such as stainless steel form passive
surface layers with intrinsically higher ohmic resistance under PEM fuel cell
operating conditions. The direct use of these materials leads to a voltage drop in
the fuel cell. In order to reduce the contact resistance of the metallic bipolar plates,
various types of coatings and surface treatments have been applied to those
metallic plates [161]. Among the different materials, stainless steel 316L is the
material of choice for the bipolar plates application and recently Ti, Cr nitride
[(Ti,Cr)Nx)] powders have been tested for coating applications [162, 163].

14 Development of the Bipolar Plate Less PEMFC
by Microlithography

Even though the bipolar plate is one of the critical components in fuel cells which
plays a multifunctional role, it is one of the most expensive and heavy components
to fabricate which unfortunately adds substantial cost per kWh in addition to
machining difficulties. Fabrication of three-dimensional structured MEAs with
micropatterned electrodes can obviate the use of bipolar plates as the patterned
channels can, in principle, provide well-defined pathways to enable homogeneous
reactant distribution as well as product removal along the electrode surface with
relatively quick heat dissipation. This can potentially reduce PEMFC cost by
simplifying gas distribution components and improving performance through
better mass transport. Microlithography approach enables the formation of three-
dimensional, patterned microelectrodes with high fidelity micron-scale features.
Within the extensive literature on PEMFCs, studies on micropatterning of elec-
trode or electrolyte membranes are very few [164, 165]. Most of the microma-
chining work is concentrated on miniaturization of fuel cells as power sources for
portable instruments [166, 167]. Mostly, photolithography is the technique used
for fabrication of patterned microelectrodes in various kinds of microfuel cells
[168–170]. Soft lithography has been shown to be a rapid and inexpensive way of
forming and transferring patterns and structures (C30 nm) onto or into other
materials [171]. In the area of fuel cells, soft lithography has so far been used only
for limited applications such as to fabricate microfuel cells or electrodes for mi-
crofuel cells [172, 173]. The benefits of designing MEAs possessing microchan-
nelled electrodes by adopting the new microfabrication techniques can be better
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realized if applied for higher energy density power sources because the issue
related to mass transfer of reactants and products is expected to be a matter of
serious concern under rigorous reaction conditions in the electrodes which origi-
nate under increased power demanding situations.

In this direction in our recent work [174], we have demonstrated the advantages
of micropatterning of an electrode to address the water management problem in
conventional PEM fuel cell. The MEA with the micropatterned electrode has
shown enhanced power density at a higher temperature as well as at a higher
relative humidity when compared to a flat electrode. Although the maximum
power density obtained at 60 �C with a flat electrode is a little higher than that
using micropatterned electrode, better consistency in cell performance is observed
in the case of micropatterned electrodes. More interestingly, this approach offers a
strategy to eliminate the current use of bipolar plates to stack the MEAs and,
thereby, making PEMFC systems much simpler to design and cheaper to fabricate.

15 Conclusions and Future Perspectives

From the above critical review, it is clear that several low-cost materials need to be
developed further for making polymer fuel cells affordable, irrespective of the
nature of the application. Of course, the requirements of these materials might vary
for transportation or stationary applications but the emerging importance of low-
cost nanotechnology cannot be neglected. It is worth to mention here that the
current research attempts are intensively focused on some of the following cutting
edge areas, For example

• Non-Pt-based (Fe, Co and C, N enriched) electrocatalysts for cathodes
• Pt monolayer-coated transition metal alloy catalysts for cathodes
• Metal-free conducting polymers and nitrogen-doped graphene catalysts
• Low-cost polymer composite membranes for low and high temperatures
• Carbon-coated lightweight polymer foam-based bipolar plates
• Micropatternized Al foil-based bipolar plates

and any further improvements will definitely pave a way to eliminate the
existing bottlenecks or may provide economically viable, environmentally benign
alternate technologies to realize fuel cell-based applications in our day-to-day life.
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Cathode and Anode Materials
for Na-Ion Battery

Lifen Xao, Yuliang Cao and Jun Liu

Abstract Energy storage is more important today than at any time in the human
history. The battery systems that are pursued for clean renewable energy-based
grid or the electrification of transportation need to meet the requirements of low
cost and high efficiency. Li-ion battery is the most advanced battery system, but it
is expensive and insufficient as a resource for widespread application. Na-ion
battery is seen as a promising alternative due to the abundance of Na resource.
However, the realization of the Na-ion intercalation/deintercalation mechanism is
also challenging because Na ions are 40 % larger in radius than Li ions. This
makes the finding of suitable host materials with high storage capacity, rapid ion
uptaking rate, and long cycling life not easy. In the recent 3 years, several elec-
trode materials were found to have energy density close to those used in Li-ion
batteries. These scientific advances have greatly rekindled worldwide passion for
Na-ion battery system. In this chapter, the development of the electrode materials
for Na-ion batteries is briefly reviewed, with the aim of providing a wide view of
the problems and future research orientations of this system.
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1 Introduction

Energy is not only the material foundation that sustains the advance of human
civilization, but also the indispensable requirement for the development of modern
society. With the rapid growth of the global economy, our society has become
increasingly interdependent on energy. As data show 70 % of the world’s annual
energy consumption comes from fossil fuels, there can be no doubt that our
reserves of fossil fuels are finite, and the resulting environmental pollution is
worsening. Thus, we need to promote the harnessing of clean, renewable energy
sources such as solar, wind, geothermal, and tidal energy. However, these
renewable resources are commonly intermittent in time and diffusive in space; the
electricity produced must be stored and made available on demand. So large-scale
electric energy storage (EES) systems will be an essential part of the future
renewable energy-based grid. Meanwhile, another pressing demand is to find
appropriate EES for the electrification of transportation that does not emit
greenhouse gases.

Electrochemistry can contribute to EES in several diverse ways. Electro-
chemical energy storage technologies include flow redox batteries, super capaci-
tors, and rechargeable batteries (Pb–acid, Ni–Cd, Na–S, and Li-ion batteries, etc.),
showing great advantages of high efficiency, low cost, and flexibility. Hereinto, Li-
ion batteries have currently been considered as one of the most promising tech-
nologies due to their long lifetime and high energy density. However, for wide-
spread EES applications, there is increasing concern about the cost and limitation
of lithium terrestrial reserves. As a result, great efforts have been made to explore
new low-cost and reliable electrochemical energy storage technologies.

Due to the global lithium resource constraint, scientists have turned their
attention to rechargeable Na-based batteries. As Na is positioned in the same
period with Li, its electrochemical properties are similar to Li. Na has very neg-
ative redox potential (–2.71 V, vs. SHE) and a small electrochemical equivalent
(0.86 gAh-1), which makes it the most advantageous element for battery appli-
cations after lithium. Na element instead has very abundant and widespread supply
as the crustal abundance of Na is 2.64 %, compared to 0.006 % of Li. Moreover,
there is 3.5 % of NaCl in the ocean, showing inexhaustible Na resource, thus Na is
an ideal energy storage material.

In the past decades, high-temperature Na battery system such as Na/S and Na/
NiCl2 (ZEBRA battery) systems have been commercially developed for electric
vehicles and MWh scale electric storage due to their high energy density and low
cost. Na/S batteries produced by NGK Ltd. in Japan have entered in the market
since 2000. The biggest units with a power output of 8 MW have been built and
more than a hundred Na/S energy storage stations are operating over the globe.
The biggest market of ZEBRA batteries is thought to be transportation. Benz
Corp in German has carried out longtime tests since the 1990s, where the index
of the ZEBRA batteries can fulfill the medium-term target of USABC. The
ZEBRA battery powered vehicles have passed over 3,200 thousand miles’ test.
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A major obstacle hindering the broad market penetration of these two types of Na
batteries is the long-term stability and endurance of the battery components at high
temperatures of C300�C.

2 Na-Ion Batteries and Problems

If a room temperature Na-ion rocking chair battery (Na-ion battery) (Fig. 1) can be
achieved, it would bring about great improvement in safety and operational sim-
plicity with respect to the conventional high-temperature Na batteries and also a
remarkable decrease in cost with regard to Li-ion batteries, thus ensuring sus-
tainable applications for large-scale electric energy storage. Since Na-ion batteries
have the similar working principle as Li-ion batteries, the development of this
system would benefit greatly from the knowledge as well as configurations gained
within Li-ion batteries. However, it should be noted that: 1. the gravimetric
capacity of Na is lower (1,165 mAh g-1) than lithium (3,829 mAh g-1) due to its
larger molecular mass [1]. Thus, the Na-ion battery system will achieve lower
energy density than Li-ion batteries. 2. Na ions are about 40 % larger than Li ions
in radius, which make them more stable in rigid lattices [1]. Thus, it will be harder
to find proper materials that are able to realize reversible Na storage and release.
Due to its large dimensions, the insertion and extraction of Na ions can arouse
more serious stress changes of the host materials, causing rapid collapse of lattice
structure and therefore poor cycling stability. The diffusion of Na-ions in lattice is
also slow, resulting in poor electrochemical utilization and rate capability. 3. Na
metal is more chemically active than Li, which needs very strict restriction of the
moisture and oxygen content on the experimental environment. In this chapter,
recent research progress in electrode materials is reviewed for Na-ion batteries.
The practical specific capacity and operating voltage of some of the electrode
materials for Na-ion battery are summarized in Fig. 2.

3 Cathode Materials for Na-Ion Batteries

The electrochemical performance of Na-ion batteries mainly depends on the
structures and properties of electrode materials and electrolytes. As one of the key
components of Na-ion batteries, suitable cathode materials should meet the fol-
lowing requirements:

1. High redox potential, which is less influenced by the concentration of Na ions
in the lattices, to maintain high and even charge/discharge voltage.

2. Small electrochemical equivalent, i.e., light molecular weight and more elec-
trons transferred per unit of the active material, to provide high specific
capacity.
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3. High structural and chemical stability to ensure good cyclability.
4. High electronic and Na-ion conductivity to realize rapid charge/discharge.
5. Mass production convenient, resource abundant, and environment benign.

A wide variety of compounds have been investigated for cathodes used in Na-
ion batteries. In this section, we mainly focus on metal oxides, polyanion com-
pounds, and metal hexacyanides.

Fig. 1 Schematic diagram of Na-ion battery

Fig. 2 Pratical specific
capacity and operating
voltage in current Na-ion
battery technologies
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3.1 Metal Oxides

Li metal oxide materials (LiCoO2, LiNixCoyMn1–x–yO2, LiMn2O4, etc.) have been
widely investigated as Li-ion intercalation hosts. These materials exhibit good
capacity and structural stability during repeated Li-ion insertion/extraction cycles.
Analogously, Na-based metal oxides also have similar formula and crystal struc-
ture with Li-based oxides. Indeed, these metal oxides have been first considered as
Na-ion hosts. Some typical crystal structures of Na-based metal oxides are illus-
trated in Fig. 3. Three types of layered structures (Fig. 3a–c) can be denoted as On
or Pn (n = 1, 2, 3,…), depending on the insertion environment of alkali atoms and
the repeat period (n) of the transition metal oxide (MO) sheets forming MO6 edge-
sharing octahedra [3]. Na atoms lie in the octahedral sites in O3 structure (Fig. 3a)
while occupy the trigonal prismatic sites in P2 and P3 structures (Fig. 3b, c).
Therefore, phase transitions between O3 and P3 will occur due to the movement of
Na atoms from the octahedral sites to the trigonal prismatic sites along with the
gliding of MO sheets. The phase transitions cause the multi-voltage plateaus of the
layered NaxMO2 material during charge/discharge. However, the phase transitions
between O3 and P2 cannot occur at room temperature because of the high cleavage
energy of the M–O bonds [2]. In general, O3-type metal oxides can extract more
Na atoms (hence discharge capacity) from the crystal structure; P2-type metal
oxides have higher structural stability during repeated charge/discharge. Some
other metal oxides have a three-dimensional tunnel structure such as orthorhombic
Na0.44MnO2 shown in Fig. 3d. Na0.44MnO2 is made of MnO5 square pyramids and
MnO6 octahedra, which are arranged to form two types of tunnels: large S-shaped
tunnels and smaller pentagon tunnels (Fig. 3d). Na atoms can intercalate into these
tunnels. 3D tunnels usually can not only offer stable structure to allow free
movement of Na ions inside the crystal structure, but also provide fast channels for
Na ion moving in/out of the crystal structure [4–7].

3.1.1 NaxCoO2

In the early 1980s, NaxCoO2 has been studied as cathode materials for Na batteries
[8]. Braconnier et al. reported that NaxCoO2 has four different phases, O3
(0.9 \ x \ 1), O03 (x = 0.75), P3 (0.55 \ x \ 0.6), and P2 (0.64 \ x \ 0.74)
depending on the concentration of Na ions. Among them, P2–Na0.7CoO2 (Fig. 1b)
shows the largest energy density (260 Wh kg-1). Recently, Delmas et al. used Na
batteries to convey a thorough investigation of the P2–NaxCoO2 phase diagram for
x C 0.50 (Fig. 4). It showed a succession of single phases or two-phase domains
on Na ion intercalation [9]. Harharan et al. investigated the effect of synthesis
methods on the electrochemical performance of P2–Na0.7CoO2 [10]. They found
the sample prepared by sol–gel method has the highest discharge capacity (10 and
50 % higher than those prepared by solid state reaction and high-energy ball
milling methods), due to the smaller particular size and larger surface area.
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Though LiCoO2 is the hottest commercial cathode material for Li-ion battery,
NaxCoO2 unfortunately cannot match a good cathode either in energy density or in
cyclability for Na ion batteries. Besides, Co as a precious metal does not meet the
low-cost demand of Na-ion battery.

3.1.2 NaxMnO2

In the early 1970s, Mn–O–Na ternary system has been widely investigated and a
wide structural NaxMnO2 (depending strongly on the concentration of Na and the
preparation condition) has been reported [11]. The most typical structures are a–
NaMnO2 with lamellar structure of O03 type (Fig. 3a), Na0.7MnO2 with lamellar
structure of P2 type (Fig. 3b), and Na0.44MnO2 with three-dimensional channel
structure (Fig. 3d). Delmas et al. studied the Na intercalation behavior in the above
three types of NaxMnO2. They found that within a certain range of x
(0.45 B x B 0.85 for a–NaMnO2 and Na0.70MnO2, 0.30 B x B 0.58 for
Na0.44MnO2), these materials can maintain very well their pristine structures,
showing potential to be used as cathode materials for Na-ion batteries. Caballero
et al. [12] prepared P2–Na0.6MnO2 by using sol–gel method, which showed high
purity and a well-defined layered structure (Fig. 3b). The material delivered a high
specific capacity of ca. 140 mAh g-1 (corresponding to an intercalation amount of
~0.52) during the initial several cycles, and then the capacity declined on

Fig. 3 Crystal structures of
various NaxMOy: a P2–
NaxCoO2 b O3–NaxCoO2c
P3–NaxCoO2, and d
Na0.44MnO2 (Na: yellow, Co/
Mn/V: blue, O: red) [2]
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successive cycles. It was considered that the intercalation/deintercalation of Na
ions can cause repeated gliding of the MO sheets, leading to collapse of the layered
structure into amorphous after the first eight cycles [12]. So, the structural stability
is still an issue on the layered NaxMnO2 material.

Compared to layered NaxMnO2, orthorhombic Na0.44MnO2 shows higher sta-
bility in structure, the MnO6 octahedra, and MnO5 square pyramids form a
framework possessing two types of Na-ion diffusion channels (Fig. 3d): large S-
shaped tunnels and smaller pentagon tunnels. Na ions occupy three sites in this
structure: the Na(1) site in the small tunnels is fully occupied while the Na(2) and
Na(3) sites in the large S-shaped tunnels are half occupied. Na ions in the large S-
shaped tunnels can be extracted, while Na ions in the small tunnels are immovable
due to the small tunnel size and strong interaction with the surrounding oxygen
atoms. Sauvage et al. synthesized well-crystallized Na0.44MnO2 with a rod shape
(500 nm in width and 5–10 lm in length) as shown in Fig. 5a [5]. A specific
capacity of about 140 mAh g-1 was obtained at a slow rate (C/200) within the
potential range of 2–3.8 V (vs. Na/Na+), indicating that the reversible insertion/
extraction of Na in NaxMnO2 occurred with x varying between 0.18 and 0.64.
Notably, the evident multi-potential plateaus in charge/discharge curves and multi-
peaks in the incremental capacity curves suggest multiple phase transitions
occurring during the Na intercalation/deintercalation. In situ X-ray diffraction
measurements were carried out to detect the evolution of the multiphases. Six
biphasic transition processes were observed during charge and discharge, which
were consistent with the numbers of the potential plateaus on the charge/discharge
curves. Unfortunately, when the current was increased to 1/10 C, only
80 mAh g-1 of capacity was obtained and faded to 50 % over 50 cycles (Fig. 5b).
This notable hysteresis in Na intercalation/deintercalation dynamics probably

Fig. 4 Galvanostatic cycling curve of an Na/P2–NaxCoO2 battery giving an overview of the
phase diagram [9]
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resulted from its large diameter. Hence, a solution should be downsizing the
particle of materials to shorten the diffusion path of Na ions.

Recently, Cao et al. reported the electrochemical properties of Na0.44MnO2

nanowires prepared by a polymer–pyrolysis method [4]. The Na0.44MnO2 sample
treated at 750 �C was highly crystallized and showed quite uniform nanowire
morphology (~50 nm in diameter) (Fig. 6a). The material delivered a reversible
capacity of 128 mAh g-1 at 1/10 C and exhibited excellent cyclability (77 %
capacity retention over 1,000 cycles at 0.5 C), showing great enhancement in the
electrochemical performance than previous works [5]. The improvement was
considered to be attributed to the high crystallinity and uniform nanowire struc-
ture, which can provide a mechanically stable structure as well as a short diffusion
path for Na-ion insertion/extraction. An Na-ion full cell was tried by using
Na0.44MnO2 as cathode and pyrolyzed carbon as anode. The full cell showed steep
charge and discharge curves with an average discharge voltage of 2.7 V and 73 %
capacity retention after 100 cycles (Fig. 7).

3.1.3 NaxVyOz

Vanadium oxides have variable valences and open formwork structure, which are
more suitably used as ion insertion hosts. In the late 1980s, the electrochemical
Na-ion interaction behaviors of three types of vanadium oxides were investigated:
b–NaxV2O5 with channel structure, Na1+xV3O8 and a–V2O5 with layered structure
[13]. The reversible Na accommodation levels were ~1.7 mole of Na per mole of
a–V2O5, ~1.2 mole of Na per mole of b–Na0.33V2O5 and ~1.6 mole of Na per mole
of Na1+xV3O8 in the potential window of 1.0–3.6 V. Later, Bach et al. studied the
electrochemical Na intercalation behaviors of b–Na0.33V2O5 prepared by two
procedures [14, 15]. It showed that b–Na0.33V2O5 prepared by the sol–gel process
can deliver reversibly ~0.7 mole of Na per mole of Na0.33V2O5 (corresponding to
100 mAh g-1) in the potential window of 2.0–3.4 V, while that prepared by the

Fig. 5 a TEM image showing the rodlike Na0.44MnO2 particles. b Capacity retention upon
cycling of a Na0.44MnO2/C composite electrode at a C/10 rate [5]

402 L. Xao et al.



Fig. 6 a TEM images of Na4Mn9O18 nanowires calcined at 750 �C. b Cycle performance of
Na4Mn9O18 samples calcined at 600, 750, and 900 �C at a current density of 60 mA g-1 (0.5C)
[4]

Fig. 7 The charge/discharge
profile (a) and cycle
performance (b) of the
Na4Mn9O18/pyrolyzed carbon
Na–ion battery in the
potential range of 1.5–4.1 V
from the second cycle at a
constant current of
50 mA g-1 (~0.5 C) [4]
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solid-state reaction method can only accommodate 0.17 mole of Na
(~20 mAh g-1). The better performance of the material prepared by the sol–gel
process probably resulted from its high electrical conductivity along the b-axis,
high structural anisotropy and small particular size, which is favorable to fast
electronic and ionic diffusion [15]. V2O5 with a bilayered structure and an
orthorhombic nanostructure were investigated [16]. XRD results showed that the
bilayered V2O5 is composed of a stacking of V2O5 bilayers based on the square–
pyramidal VO5 units arranged in parallel (Fig. 8a). The spacing distance of the
bilayers is approximately 13.5 Å, significantly larger than that (only 4.4 Å) of the
orthorhombic V2O5. Undoubtedly, the larger spacing would be more flexible to
accommodate the volume change due to the intercalation of Na ions. As shown in
Fig. 8b, the bilayered V2O5 electrode delivered a reversible capacity of
250 mAh g-1 at 20 mA g-1, higher than that (only 150 mAh g-1) of the ortho-
rhombic V2O5. Besides, the bilayered V2O5 electrode demonstrated higher average
discharge potential and reversible capacity on repeated cycling than its ortho-
rhombic counterpart. This investigation illustrated that tailoring the nanoarchi-
tecture of the materials can offer special functional properties to facilitate the
reversible insertion of Na ions.

Analogous to NaxCoO2 and NaxMnO2, NaxVO2 also has different lamellar
structure depending on the concentration of Na. The lamellar structure is com-
posed of VO6 octahedra sharing edges to form VO2 layers, which are stacked to
form O3 and P2-type structures according to the occupation sites of Na ions
(octahedral site (O3) for x = 1 and trigonal prismatic site (P2) for x = 0.7)
(Fig. 3a, b). The electrochemical behaviors of O3–NaVO2 and P2–Na0.7VO2 have
been studied [17]. Both electrodes exhibited similar charge/discharge profiles
(Fig. 9). The intercalation concentration of Na ion for both materials is up to at
least 0.5 mol of Na+ per mole of NaVO2, corresponding to a reversible capacity of

Fig. 8 a Synchrotron X-ray diffraction, scanning electron microscopy, and molecular simula-
tions of electrodeposited vanadium oxide: a bilayered V2O5 annealed in vacuum at 120 �C (blue);
b orthorhombic V2O5 annealed in oxygen at 500 �C (green). b First four charge/discharge cycles
of bilayered V2O5 and orthorhombic V2O5 electrodes. Both cells were cycled at 20 mA g-1,
within the potential window of 3.8–1.5 V (vs. Na/Na+) from 1 M NaClO4 in PC solution [16]
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about 130 mAh g-1. For both materials, multiple step phase transitions can be
easily observed on the charge/discharge curves and the derivative curves (Fig. 9).
A careful observation can find that at low potential range, the voltage variation is
about 200 mV for O3–NaVO2, compared to 50 mV for P2–Na0.7VO2. The large
difference probably due to O3–NaVO2 is electron insulative, while P2–Na0.7VO2

is semiconductive [18, 19].

3.1.4 Mixed Metal Oxide

Except for NaxMO2, mixed metal oxides have also been surveyed in consideration
of the combination of the respective properties of different elements. Carlier et al.
used Mn to partly replace Co in P2–Na0.67CoO2 to form P2–Na0.67Co0.67Mn0.33O2

based on the consideration of the stabilization of Mn4+ ions in the lattice [20]. The
charge/discharge curves of the P2–Na0.67Co0.67Mn0.33O2 electrode are shown in

Fig. 9 Voltage–composition curves for a NaVO2 (O3) c Na0.7VO2(P2) and associated
respectively b and d derivative curves. Insets indicate the capacity evolution versus number of
cycles. The cells using 5–6 mg of positive electrode composites were cycled at C/20. The small
polarization between charge and discharge for the P2 phase suggests a high rate capability. This
was confirmed by power rate measurements (e.g. signature curves) as this electrode can deliver
90 % of its capacity at 1 C rate [17]
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Fig. 10. Unlike the multiple phase transitions of P2–Na0.67CoO2, it only showed a
typical solid-solution insertion/extraction process. The P2–Na0.67Co0.67Mn0.33O2

electrode delivered a high reversible capacity of ~130 mAh g-1 (more than 0.5 Na
per formula unit). However, the prolonged cycling performance of this electrode is
not shown in the literature.

It is believed that in NaNixM1–xO2, the displacement of Na+ by Ni2+ can hardly
happen due to their large difference in ion radius (Na+: 1.02 Å, Ni2+: 0.69 Å).
Thus, for NaMnO2, the part replacement of Mn by Ni could possibly result in an
ordered structure. Komaba et al. prepared NaNi0.5Mn0.5O2 via a co-precipitation
method [21]. XRD results showed that only 0.4 % of site exchange of Na with Ni
was detected, suggesting a stable layered structure and fast Na-ion diffusion
pathway. The NaNi0.5Mn0.5O2 electrode demonstrated an initial discharge capacity
of 125 mAh g-1 in the potential range of 2.2–3.8 V and high cycling capacity of
[100 mAh g-1 over 20 cycles (Fig. 11), showing better performance than
NaMnO2 [22]. However, the successive phase transition still occurred during
charge/discharge, capacity loss with cycling. Thus, stoichiometric Li was intro-
duced into the transition metal layer, to form a stabilizing charge ordering state
between Ni2+ and Mn4+, for example, Na1.0Li0.2Ni0.25Mn0.75Od [23]. Normalized
Mn and Ni K-edge x-ray absorption near edge structure (XANES) spectra showed
that the presence of Mn and Ni in the Na1.0Li0.2Ni0.25Mn0.75Od are predominantly
Mn4+ and Ni2+, respectively, resulting in no Jahn–Teller distortion in the structure.
The Na1.0Li0.2Ni0.25Mn0.75Od electrode lost only 2 % of its initial capacity over 50
cycles (Fig. 12), exhibiting excellent cycling stability. The shapes of charge/dis-
charge curves suggest a solid-solution insertion/extraction process, different from
the multiple phase transitions of Na0.67Ni0.5Mn0.5O2 (Fig. 11). ICP–OES analysis
found that after being charged to 4.2 V, less than 5 % of the total Li in
Na1.0Li0.2Ni0.25Mn0.75Od was removed from the lattices. These results demon-
strated that Li can stabilize the transition metal layer and restrict the phase tran-
sition during Na intercalation/deintercalation.

Fig. 10 Cycling curves of
Na/NaxCo2/3Mn1/3O2 cells
obtained with a C/100 current
rate, starting by a charge (red
curve) or a discharge (black
curve) [20]
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Recently, Komaba et al. used Fe to substitute Ni in Na0.67Ni0.5Mn0.5O2 to
obtain P2–Na0.67Fe0.5Mn0.5O2 [24]. This material achieved a reversible capacity of
190 mAh g-1 with an average voltage of 2.75 V (Fig. 13). Hence, the energy
density was estimated to be 520 Wh kg-1, which is comparable to that of LiFePO4

(about 530 Wh kg-1) and slightly higher than that of LiMn2O4 (about
450 Wh kg-1) [24]. If assembled with hard carbon (250–300 mAh g-1) or alloy
Sn/Sb (300–500 mAh g-1) anode, the energy density of the system would be
hopefully close to that of LiFePO4/C battery, even higher than that of LiMn2O4/C
battery. Besides, this material has the advantage of elemental abundance.

3.2 Polyanion-Based Cathode Materials

Over the last decade, polyanion compounds have attracted much attention as the
cathode materials for Li-ion battery, due to their highly thermal and structural

Fig. 11 a Galvanostatic charge and discharge curves and b variation in discharge capacity of
NaNi0.5Mn0.5O2 in Na cells at 4.8 mA g-1 [21]

Fig. 12 a voltage profiles (first and fifth charge/discharge cycle; open circles and diamonds) for
Na/Na0.85Li0.17Ni0.21Mn0.64O2 cell between 4.2 and 2.0 V. Additional discharge voltage profiles
for high-rate studies are also shown and labeled in the legend. The trickle charge data points have
been removed for clarity, and b capacity versus cycle number for Na/Na0.85Li0.17Ni0.21Mn0.64O2

cell between 4.2 and 2.0 V [23]
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stabilities, such as LiFePO4, LiMnPO4, and so on [25, 26]. Analogously, there are
a wide range of Na polyanion compounds with various structures based on the
difference in the polyanion and the stoichiometry of the elements. In these com-
pounds, the polyanion polyhedra constitute open 3D frameworks to form ion
diffusion channels. Several typical polyanion compounds are illustrated in Fig. 14.

3.2.1 Phosphate Compounds

Among the various Na polyanion compounds, phosphate-based compounds were
mostly studied for Na-ion intercalation/deintercalation. NASICON Na3V2(PO4)3,
as one of the Na super ion conductors, has fast Na-ion diffusion channels in its
crystal structure, [27, 32–34] and hence was widely studied. In the NASICON
Na3V2(PO4)3 structure (Fig. 14a), the octahedral VO6 links the tetrahedral PO4 via
corner to form [V2(PO4)3] unit, which is then interconnected via PO4 to build up a
three-dimensional framework. Na ions selectively occupy two Na sites (Na1 and
Na2 in Fig. 14a). One Na ion occupies the Na1 sites, the other two Na ions occupy
2/3 of the Na2 sites. Because the valence of V in Na3V2(PO4)3 is +3, only two Na
ions can freely move in/out, corresponding to the redox of the V4+/V3+ couple,
thus, the theoretical specific capacity of Na3V2(PO4)3 is 117.6 mAh g-1. Uebou
et al. first reported the Na intercalation behavior of Na3V2(PO4)3 [35]. In order to
improve the electrochemical performance, carbon was used as coating by one-step
solid-state reaction [33]. The initial discharge capacity of carbon coated
Na3V2(PO4)3 reached 93 mAh g-1 with a voltage plateau at 3.4 V and the
capacity maintained at 90.9 mAh g-1 after 10 cycles in the voltage range of 2.7–
3.8 V. Kim et al. synthesized highly crystallized, nano-scaled Na3V2(PO4)3

encapsulated by a conductive carbon-network (Fig. 15a) by using a polyol-assisted
pyro-synthetic reaction [32]. The nanophase Na3V2(PO4)3 delivered a capacity of
117 mAh g-1 at 0.08 C (Fig. 15b). Balaya et al. reported a porous Na3V2(PO4)3/C
composite obtained via a soft template approach [36]. TEM image (Fig. 16a)
showed the Na3V2(PO4)3 nanoparticles were well dispersed in the carbon matrix
(graphene clusters (SP2 type carbon)). This material not only exhibited a high
discharge capacity (116 mAh g-1), but also high rate capability (~65 mAh g-1 at
40 C) (Fig. 16b). Moreover, nearly 50 % of the initial capacity was retained after
30,000 cycles at 40 C (Fig. 16c).

Fig. 13 Galvanostatic
charge/discharge (oxidation/
reduction) curves for Na/P2–
Na0.67Fe0.5Mn0.5O2 cell at a
rate of 12 mA/g in the
voltage range of 1.5 and
4.3 V [24]
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Fluorophosphate materials commonly possess higher operating voltages than
the corresponding phosphate counterparts [28, 37, 38] due to the strong inductive
effect of the fluorine element. Na3V2(PO4)2F3 (space group of P42/mnm) was first
reported by Meins et al. [39]. In the structure, [V2O8F3] bi-octahedral units are
linked by the fluorine atoms while the oxygen atoms are all interconnected through
the [PO4] units, leading to the formation of the 3D formwork (Fig. 14b). Na ions
have two types of sites in the tunnel: Na1 sites are fully occupied and Na2 sites are
half occupied [28]. The charge/discharge profiles of Na3V2(PO4)2F3 showed two
voltage plateaus at about 3.7 and 4.2 V (Fig. 17a), with an average voltage of
~3.95 V [28]. The reversible capacity was ~110 mAh g-1 and showed almost no
decline after 30 cycles (Fig. 17b). Thus, the energy density of Na3V2(PO4)2F3 is
comparable to that of LiFePO4 and LiMn2O4 used in Li-ion batteries. Another
high-voltage fluorophosphate is NaVPO4F [37]. Its structure is similar to that of
Na3Al2(PO4)3F2 (space group I4/mmm) [39]. NaVPO4F was found to have two
voltage plateaus at 3.0 and 4.0 V, respectively, and a reversible capacity of
~80 mAh g-1 during charge/discharge [28]. This value is much lower than the
theoretical capacity (142.5 mAh g-1). Hence, there should still be a very large
improvement margin by adopting different synthesis methods or structural
tailoring.

A new family with the general formula Na3V2O2x(PO4)2F3–2x was also studied
for high voltage Na intercalation/deintercalation [38]. This type of compounds
have similar crystal structure with Na3V2(PO4)2F3 (tetragonal symmetry, P42/
mnm space group) (Fig. 14b). Na3V2O2x(PO4)2F3–2x showed two voltage plateaus

Fig. 14 Crystal structures of some typical polyanion compounds: a NASICON–type
Na3V2(PO4)3 (R–3c), [27] b Na3V2(PO4)2F3 (P42/mnm), [28] c Na2FeP2O7 projected along
the [011] direction (P1); [29], and d Na2FePO4F; [30] e cubic NaMnFe(CN)6 [31]
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at 3.6 and 4.1 V, high rate capability (100 mAh g-1 at 1 C) and good cyclability
(98 % capacity retention for 30 cycles).

Olivine LiFePO4 has been widely investigated as cathode for Li-ion batteries.
Unfortunately, NaFePO4 does not present an olivine phase through conventional
high temperature preparation conditions. NaFePO4 usually shows a maricite
structure, [40, 41] which is electrochemically inactive [30]. Moreau et al. syn-
thesized olivine FePO4 through chemical oxidation in acetonitrile with NO2BF4

[42]. FePO4 is electrochemically active and can allow reversible Na-ion interca-
lation/deintercalation. In order to obtain electrochemically active olivine-type
phosphate compound, Nazar et al. prepared metastable Na[Mn1–xFex]PO4 nano-
rods by a low-temperature solid-state method [41]. This material showed a sloping
voltage profile, indicating a single-phase reaction, which was different from the
two-phase reaction of olivine LiFePO4 [25].

Fig. 15 a TEM images of the Na3V2(PO4)3/C prepared by pyro–synthetic reaction. b The
voltage profiles and c the discharge capacities obtained at various C–rates in the voltage range
3.8–2.5 V [32]
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It was found that Na2FeP2O7 was electrochemically active [29]. Na2FeP2O7 has
a triclinic structure with the space group P1 (Fig. 14c). In the structure, metal
polyhedra (FeO6 and FeO5) and pyrophosphate (P2O7) are interconnected with
sharing corners that create various channel structures for Na-ion migration.

Fig. 16 a TEM images of the Na3V2(PO4)3 (NVP) particles anchored on the carbon matrix. b
Galvanostatic cycling profiles of NVP/C at different current rates between 2.3 and 3.9 V. c Long
term cycle life and coulombic efficiency for 30,000 cycles at 40 C [36]

Fig. 17 Electrochemical performance of Na3V2(PO4)2F3. a Charge/discharge profile at the first
cycle and thirtieth cycle and b cycle performance under a C/10 rate [28]
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The charge/discharge curves show one voltage plateau at 2.5 V based on a single-
phase reaction and another voltage slope in the potential range of 3.0–3.25 V
based on a two-phase reaction (Fig. 18). The material can deliver a reversible
capacity of 90 mAh g-1 and has good cycling stability, which make it a promising
cathode candidate for low cost and long-term Na-ion batteries.

Fe-based mixed polyanion cathode material (Na4Fe3(PO4)2(P2O7)) was studied
[43]. As shown in Fig. 19, this material exhibits higher reversible capacity
([100 mAh g-1) and potential plateau (~3.0 V) than Na2FeP2O7 [29]. (PO4F)4-

based Na–Fe compounds were also investigated [44–46]. Orthorhombic Na2Fe-
PO4F is composed of [FePO4F] layers, which are formed by the joining of bioc-
tahedral Fe2O7F2 units with PO4 tetrahedra. The [FePO4F] layers are stacked to
form two-dimensional pathways providing Na-ion migration. The reversible Na-
ion intercalation/deintercalation capacity reached 120 mAh g-1, with an average
voltage of 3.0 V and good cycling stability [44]. If Fe was partly substituted by
Mn, the electrochemical performance of this material decreased rapidly with
increasing Mn content, due to a strong tendency of structural transition from 2D to
3D [44].

3.2.2 Hexacyano-Type Compound

In the above-mentioned cathode materials, Na ions lie in the complex environment
composed of oxides and polyanions. The immigration of Na ions in these close
packed structures is difficult due to the strong interaction between Na+ and O2-

ions. The replacement of O2- ions by CN- ions would greatly weaken the
interaction of the complexants with Na+, leading to the reduction of the activation
energy for Na+ ion migration. Thus, Hexacyano-type compounds have attracted
great attention [31, 47, 48].

Yang et al. proposed a new family of Na transition metal cyanides, such as
hexacyanoferrate Na4Fe(CN)6 and Prussian blue NaxMyFe(CN)6 as Na-ion hosts.
The as prepared Na4Fe(CN)6/C nanocomposite displayed a full utilization of its
redox capacity of 87 mAh g-1 at a high potential of ~3.4 V, an excellent cycling

Fig. 18 The voltage profiles
of the Na2FeP2O7 electrode
charged/discharged at a C/20
rate [29]

412 L. Xao et al.



stability with 88 % capacity retention over 500 cycles and superior high rate
capability with 45 % capacity delivery at a 10 C rate (Fig. 20) [48]. Prussian blue
NaxMyFe(CN)6 (M = Fe, Co, Ni, Mn) compounds showed very different elec-
trochemical behaviors, when M was Fe, Co, and Mn, the specific capacities of
NaxFeyFe(CN)6, NaxCoyFe(CN)6, and NaxMnyFe(CN)6 reached 113, 120, and
113 mAh g-1, respectively, indicating that both the Fe(CN)6

4- and M2+ ions in the
Prussian blue lattices were electrochemically active. When M was Ni, Ni ions in
the Prussian blue lattice were found to be electrochemically inactive and Nax-

NiyFe(CN)6 could only deliver a specific capacity of 64 mAh g-1 but with quite
stable cyclability [31, 47]. Goodenough et al. reported two types of Na manganese
hexacyanoferrates: cubic Na1.40MnFe(CN)6 and rhombohedral Na1.72MnFe(CN)6

[31]. The rhombohedral Na1.72MnFe(CN)6 (Fig. 14e) showed higher discharge
capacity of 130 mAh g-1 while the cubic Na1.40MnFe(CN)6 exhibited higher
capacity retention of 96 % after 30 cycles. Overall, Hexacyano-type compounds

Fig. 19 a Galvanostatic charge/discharge profiles of Na4Fe3(PO4)2(P2O7) under a C/40 rate and
the calculated average voltage at each region. The inset shows the dQ/dV curve of the initial
charge/discharge profile. b Cycle performance of a Na cell under C/40 and C/20 rates [43]

Fig. 20 Electrochemical characterizations of the Na4Fe(CN)6/C composite: a charge and
discharge profiles at various C rates (1C = 90 mA g-1); and b discharge capacity versus cycle
numbers [48]
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with open framework have shown several advantages as Na-ion host materials: (1)
high discharge voltage plateau; (2) excellent cycling stability due to their stable
frameworks during Na intercalation/deintercalation; (3) high reversible capacity
([120 mAh g-1); (4) abundant resources and low cost. So, Hexacyano-type
compounds should be promising candidates as cathode hosts for low-cost and
long-term Na-ion batteries.

4 Anode Materials for Na-Ion Batteries

Appropriate anode materials should meet the following requirements:

1. Na-ion intercalation/deintercalation potentials are close to Na/Na+, and less
influenced by the concentration of Na ions in the lattices, so as to guarantee
high output voltage in the full cells.

2. The reversible Na-ion intercalation capacity and the discharge/charge effi-
ciency are as high as possible to provide high capacity density.

3. Low volume change during Na-ion intercalation/deintercalation, good com-
patibility with electrolyte to obtain good cycling stability.

4. High chemical as well as thermal stability to ensure intrinsical safety.
5. High electron conductivity and Na-ion diffusion rate to offer high C rate at

charge/discharge.
6. Low cost, abundant resources, environmental benignity, and easy to mass

produce.

The possible anode materials for Na-ion batteries mainly include carbonaceous
materials, alloy, and some metal oxides.

4.1 Carbonaceous Materials

Graphite and graphite-like materials were most often surveyed for alkali-ion
intercalation anodes. The Na intercalation behavior in graphite was first investi-
gated in the late 1970s [49, 50–52]. However, the intercalation amount of Na in
graphite is low (~NaC64) compared to that of LiC6 and KC8. Other carbon material
with microcrystalline graphitic structure and microporous domains were found to
have high Na storage capacity, such as carbon black (121 mAh g-1), [53] petro-
leum coke, [51] and carbon fibers (209 mAh g-1) [52, 54, 55].

A variety of precursors were used to obtain different structured hard carbon
materials. Dahn et al. found that the hard carbon obtained by the glucose pyrol-
yzation showed reversible Na intercalation capacity of ~300 mAh g-1 [56].
Microspherical hard carbon particles with disordered nanostructure (Fig. 21a)
synthesized by pyrolyzing resorcinol–formaldehyde compounds, [57] delivered an
initial capacity of 285 mAh g-1, and over 255 mAh g-1 after seven cycles in
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EC–THF mixture electrolyte (Fig. 21 b). Cao et al. reported hollow carbon
nanowires (HCNWs) prepared by the pyrolyzation of a hollow polyaniline nano-
wire precursor (Fig. 22a) [58]. The HCNW electrode delivered high reversible
capacity of 251 mAh g-1 and excellent cycling stability (82.2 % of capacity
retention over 400 cycles) (Fig. 22b). Such excellent electrochemical performance
was ascribed to the HCNWs that had a uniform hollow nanowire structure and an
appropriate interlayer distance, leading to short diffusion distance for Na insertion,
stable material structure, and feasible approach for Na-ion insertion into carbon
layers. Besides, Komaba et al. reported the effect of electrolytes on Na insertion
behavior in hard carbon [59]. It was found that in EC:DEC(1:1) solution con-
taining 1 mol L-1 NaClO4, the hard carbon electrode exhibited a high capacity of
ca. 240 mAh g-1 with a stable capacity retention over 100 cycles. This was related

Fig. 21 SEM of carbon microspheres. b Voltage/capacity plots corresponding to the first
discharge/charge cycles of carbon aerogel microspheres in Na cells, 1 M NaClO4 dissolved in
different solutions as electrolyte [57]

Fig. 22 a SEM images of the PANI–HNWs. b Cycle performance of the HCNW electrode at a
current density of 50 mA/g (0.2 C) [58]
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to the different chemical and electrochemical reaction of carbonate solution on the
surface of the hard carbon material [59].

It was found that the charge/discharge profiles of the hard carbon anodes
commonly comprise two parts: a slope at the high potential region and a plateau at
the low potential region, as shown in Fig. 21b [56, 59]. Several spectroscopy
technologies have been used to investigate the specific mechanism, such as ex-situ
or in-situ X-ray diffraction, small-angle X-ray scattering (SAXS), [55, 60, 61] 23Na
magic angle spinning nuclear magnetic resonance (MAS NMR) spectra, [57] and
Raman spectroscopy [59]. By in-situ SAXS investigation, Dahn et al. first dem-
onstrated that the slope at high potential region corresponded to Na intercalation/
deintercalation between the graphene layers and the plateau at the low potential
region corresponded to Na adsorption/desorption in the nanopores of the carbon
particles [60]. 23Na MAS NMR spectra corresponding to the hard carbon micro-
spheres also clearly showed that two signal responses during charge and discharge,
which could be ascribed to Na insertion between misaligned graphene carbon
framework and in the nanocavities or on a surface solid film, respectively [57]. In
Raman spectroscopy, the shift of the G-band indicates the change of the state of
negatively charged graphenes, the redshift observed during the voltage-sloping
region corresponds to the Na insertion between the graphene layers. No shift of G-
band in lower potential region can be ascribed to the formation of a nano-sized
cluster of quasimetallic Na in the nanopores of the hard carbon [59].

It is obvious that the interplanar distances of the graphene layers in hard carbon
will play a vital role on the Na intercalation behavior. Cao et al. carried out a
theoretical simulation on the energy cost for the Na-ion insertion into carbon as a
function of the carbon interlayer distance (Fig. 23) [58]. For comparison, the
energy cost curve for Li-ion insertion into carbon was also calculated (Fig. 23).
For graphite with an interlayer spacing of 0.335 nm, the energy cost for Li-ion and
Na-ion insertion are 0.03 and 0.12 eV, respectively. In consideration that the
energy of the thermal fluctuations at room temperature is 0.00257 eV, Li-ion
intercalation into graphite layers is permissible while Na-ion is prohibitive.

Fig. 23 Theoretical energy
cost for Na (red curve) and Li
(blue curve) ions insertion
into carbon as a function of
carbon interlayer distance
[58]
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However, when the layer spacings increase to 0.37 nm, the energy barrier for Na-
ion insertion drops markedly to 0.053 eV, indicating a feasibility of Na-ion
insertion. Therefore, it is important to seek carbon materials with appropriate layer
spacing to improve the Na insertion performance.

4.2 Alloy Materials

As shown above, the Na storage capacity of carbonaceous materials is commonly
\300 mAh g-1, it is difficult to further enhance their capacity due to the limited
host sites in the carbon structure. Besides, the Na intercalation potentials in car-
bonaceous materials are close to the plating potential of Na ions, which would lead
to a safety concern. Hence, it is necessary to seek alternative anode materials for
high-capacity and high-safety Na-ion batteries. Analogous to Li alloy, Na can also
alloy with some Group IVA and VA metal elements, such as Sn, Sb, Pb, and Ge
[62]. These alloys are estimated to deliver high reversible capacity due to their
high theoretical-specific capacities, such as 847 (Na15Sn4), 660 (Na3Sb), 1108
(Na3Ge), and 484 (Na15Pb4) mAh g-1, respectively. Besides, the alloying reac-
tions have higher thermodynamic potential than Na–C reactions, making them
potentially safer. Recently, Ceder et al. reported the Na–M voltage curves cal-
culated through density functional theory (DFT) for Si, Ge, Sn, and Pb (Fig. 24)
[63]. The voltage curves for Si and Ge showed only one voltage plateau, indicating
the formation of a single alloy phase. On the contrary, the voltage curves for Sn
and Pb exhibited multi-voltage plateaus, corresponding to the formation of mul-
tiple alloy phases during the Na intercalation/deintercalation. These theoretical
calculations are in good agreement with the experimental data in the literatures
[62, 64–68] Jow et al. studied the electrochemical performance of Na15Pb4 alloy
for Na intercalation [64]. The metallurgically formed Na15Pb4 gave out 86 % of
the Na storage capacity at a low rate of 50 lA cm-3.

Fig. 24 Na–M voltage
curves calculated using DFT
and known Na–M crystal
structures. a M–Si b M–Ge c
M–Sn, and d M–Pb [63]
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Xiao et al. first studied the Na storage properties in Sn and Sb (Fig. 25) [62]. As
shown in Fig. 25a, the voltage profiles of Sn/C nanocomposites clearly showed
two discharge and four charge plateaus, reflecting the stepwise Na–Sn alloy phase
transition processes, similar to the calculated theoretical data (Fig. 24). The Sn/C
electrode delivered a high reversible capacity of 509 mAh g-1 (Fig. 25a). After
deducting the capacity associated with carbon black, Sn individually can offer a
capacity of 653 mAh g-1, which is about 77.1 % of the theoretical capacity of
847 mAh g-1 based on Na15Sn4. The Sb/C electrode also showed high initial
capacity of 494 mAh g-1 (Fig. 25b). Sb individually can offer a capacity of
631 mAh g-1, which is equivalent to 95.6 % of the theoretical capacity based on
Na3Sb (660 mAh g-1). But both electrodes exhibited a rapid decrease in capacity
with cycling [62]. This situation is commonly found in Li–alloy electrode,
resulting from severe volume changes of the electrode during the alloying/deal-
loying processes which cause the pulverization of the metal particles, the loss of
the electric conducting between the active materials. However, the SnSb/C com-
posite exhibited high reversible capacity of 544 mAh g-1 and particularly excel-
lent cycling capability with 80 % of capacity retention over 50 cycles (Fig. 26)
[62]. It is proposed that when discharged to 0.4 V, Na ions insert into the SnSb

Fig. 25 The initial two discharge/charge profiles of the a Sn/C and b Sb/C nanocomposite
electrodes between 0.0 and 1.2 V versus Na/Na+ at a current rate of 100 mA g-1 [62]

Fig. 26 Cycling
performance of the SnSb/C
nanocomposite electrode at a
cycling rate of 100 mA g-1

[62]
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alloy to form Na3Sb and Sn phase, while the Sn phase is inactive at this time and
acts as the conducting buffer to maintain structural integrity. When discharge
continues to\0.4 V, alloying reaction of Na with Sn occurs and Na3Sb is inactive
and serves as a buffer matrix. So, such a self-supporting network can maintain the
integrity and conductivity of the whole electrode material to provide good cycling
stability of the electrode.

Yang et al. prepared an Sb/C composite by mechanical milling, which was
composed of ~10 nm nanocrystallite Sb embedded in the carbon matrix [67]. The
naocrystalline Sb/C electrode delivered an initial capacity as high as 610 mAh g-1

based on the pure Sb, very close to the theoretical capacity (Na3Sb, 660 mAh g-1).
The Sb/C electrode in a 5 % FEC-containing electrolyte maintained an almost
constant capacity of 575 mAh g-1 over 100 cycles [67]. The excellent electro-
chemical performances enable the Sb/C nanocomposite to be used as candidate
anode for high capacity and high safety Na-ion batteries.

4.3 Metal Oxide Materials

In general, the Na storage capacities in materials with an intercalation reaction
mechanism are limited by the number of host sites in their structures. One way to
circumvent this intrinsic limitation and to achieve higher capacities would be the
use of materials with a reversible conversion reaction mechanism. The Na storage
capacity then depends on the change of the redox valence states of the material
while not the material structure. Such materials are mainly oxides, [69–71] fluo-
rides, [72] and sulfides [73]. Among them, oxides have the most appropriate Na
storage potentials. Tirado et al. first reported the electrochemical characteristics of
NiCo2O4 spinel for Na storage [70]. It showed that the NiCo2O4 electrode
delivered a reversible capacity of ca. 200 mAh g-1 with an average potential of
1.5 V. Co3O4 was also investigated as Na storage anode [71]. This material
delivered a reversible capacity of 444 mAh g-1, but with poor cycling
performance.

Johnson et al. synthesized amorphous titanium dioxide nanotube (TiO2 NT) to
investigate its utilization for Na-ion batteries [74]. It was found that only when the
size of the nanotubes increased to [80 nm (wall thickness [15 nm), the amor-
phous TiO2 could show relatively low specific capacity initially, which then self-
improved as cycling proceeded. The electrode delivered a reversible capacity of
75 mAh g-1 in the first cycle and the capacity increased to 150 mAh g-1 after 15
cycles (Fig. 27a). This behavior can be explained that Na ions cannot adsorb on
TiO2 surface and screen the charge of electrons injected into the TiO2 matrix in the
relatively small-diameter tube, so that insufficient Na ions can not establish critical
ion concentration that supports cycling. Thus, it is important to tailor the nano-
structure of materials to enhance their Na insertion performance. Palacin et al.
reported the use of Na2Ti3O7 as anode for Na-ion batteries [75, 76]. Na2Ti3O7
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consists of zigzag layers of Ti–O octahedra with Na ions in the interlayer spacing
[77]. Additional Na ions (2 Na ions per formular unit) can insert into the interlayer
space. The Na2Ti3O7 electrode could reversibly deliver a capacity of
200 mAh g-1 at an average potential of 0.3 V and with good cycling stability.

5 Summary and Outlook

Although along with the development of Li intercalation materials, their Na
analogs have also been investigated, the performance of Na intercalation materials
is far inferior to the lithium counterparts, the energy density of the thus constructed
Na-ion batteries then is far below that of Li-ion batteries. Moreover, some research
on Na intercalation reactions focus only on the superficial exploratory study, deep
consideration of materials and systems are bare. Time enters in the twenty-first
century, and due to the shortage of fossil fuel and the worsening of environmental
pollution, the development of renewable energy sources and electric vehicles has
drawn more and more attention. Li-ion batteries that have occupied the portable
electronic product market are considered as the ideal system for electric vehicle
propulsion and renewable electric power storage. However, due to the concern of
insufficient Li reserves, scientists again begin to show interest in Na-ion battery
systems, which have no resource constraints. In the last 3 years, a wide range of
new types of Na intercalation materials have been proposed and deeply investi-
gated. The electrochemical performance of several materials was close to that of
Li-ion batteries. For example, P2–Na0.67Fe0.5Mn0.5O2 cathode material can reach
an energy density of 520 Wh kg-1, which is comparable to that of LiFePO4 (about
530 Wh kg-1) and slightly higher than LiMn2O4 (about 450 Wh kg-1). Rhom-
bohedral Na1.72MnFe(CN)6 has a reversible capacity of 134 mAh g-1 with a high
potential plateau of 3.4 V, very close to that of LiFePO4 (140 mAh g-1 and 3.4 V
potential plateau). For the anode, hard carbon with hollow nanowire structure can

Fig. 27 a Charge/discharge galvanostatic curves of amorphous 80 nm I.D. TiO2 NT in Na half
cell (red for discharge and black for charge) cycled between 2.5 and 0.9 V versus Na/Na+ at
0.05A g-1. b SEM top–view images of TiO2 NT electrodes [74]
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deliver a reversible capacity of 250 mAh g-1 with excellent cycling stability. The
capacity of Sb/C nanocomposite can achieve 420 mAh g-1 based on the material
including Sb and carbon. The electrochemical performance of these anode mate-
rials is close or superior to graphite commercially used in Li-ion batteries. If we
use the above-mentioned materials to construct practical Na-ion batteries, the
energy density of the batteries would be close to the commercial graphite/LiFePO4

system. Although some achievements are obtained in Na intercalation materials,
they are still far from realizing the real utility of Na-ion batteries. Some work
should be further pursued, such as the industrial mass production of materials,
balance and interaction of the cathode and anode, special design of the cell con-
figuration, and safety protection of batteries. All in all, the development of Na-ion
batteries is facing great chances as well as challenges, we believe that through the
unremitting efforts of scientists, this newly emerging energy storage system will
finally realize its application.
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Chemical Routes to Graphene-Based
Flexible Electrodes for Electrochemical
Energy Storage

Fei Liu and Dongfeng Xue

Abstract Due to their many fascinating properties and low-cost preparation by
chemical reduction method, particular attention has been paid to the graphene-based
materials in the application of energy storage devices. In the present chapter, we
focus on the latest work regarding the development of flexible electrodes for bat-
teries and supercapacitors based on graphene as well as graphene-based composites.
To begin with, graphene as the sole or dominant part of flexible electrode will be
discussed, involving its structure, relationship between structure and performance,
and strategies to improve their performances; The next major section deals with
graphene as conductive matrix for flexible electrode, the role of graphene to offer
efficient electrically conductive channels and flexible mechanical supports will be
discussed. Another role of graphene in flexible electrode is as active additives to
improve the performance of cellulose and carbon nanofiber papers, examples will be
given and such strategy is promising for further reducing the cost of flexible elec-
trodes. Finally, prospects and further developments in this exciting field of graph-
ene-based flexible energy storage devices will be also suggested.

Keywords Graphene � Composite � Flexible � Supercapacitor � Li-ion battery

1 Introduction

There has been an increasing interest recently in soft or bendable portable elec-
tronic equipment, such as roll-up displays, wearable devices and implanted
medical devices, to meet the various requirements of advanced applications [1–4].
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The fabrication of such devices requires the development of new type of batteries
or supercapacitors that are flexible as their power sources. Typically, batteries and
supercapacitors consist of several major parts, which are electrodes (including a
positive electrode and a negative electrode), separator, and electrolyte, in which
two electrodes are spaced by a separator, and all these parts are soaked in an
electrolyte solution or gel [5]. A conventional electrode for battery or superca-
pacitor is fabricated on a metal substrate that is coated with a thin layer mixture of
active material, electrical conductor, and binder, as illustrated in Fig. 1. This kind
of electrode configuration is not suitable for flexible or bendable application
conditions, because the heterogeneous interface between the active material layer
and the metal substrate is not strong enough to endure the shape changing process
[4]. The active material layer will be damaged or peeled off from the substrate
thereby causing the rapid performance fading.

Recent reports show that thin film or paper-like materials could be adopted as
key elements for application in flexible energy storage devices; several routes
toward the development of flexible batteries are being explored [6–9]. A range of
studies focus on batteries developed for disposable-card applications. However,
primary batteries can only produce current by an irreversible chemical reaction
and cannot be recharged, which therefore hindered their application in portable
electronic equipment [1]. Secondary Li-ion batteries (LIBs) and supercapacitors
are generally used to power portable electronic equipment [10–15]. Fabrication of
LIBs and supercapacitors into thin films while maintaining their high energy and
power density is crucial for their application in flexible devices. Making a flexible
LIB requires the development of soft electrode containing electrochemical-active
materials, such as metal oxide nanoparticles for cathodes and nanocarbons for
anodes, while flexible supercapacitor requires electrodes with high surface area for
electro double layer capacitance (EDLC) or high electrochemical activity for
pseudocapacitance [16–19]. There has been a great number of research works on
the development of electrode materials designed for LIBs and supercapacitors in
regular use conditions, in which conventional electrodes fabricated on metal
substrates are applied, and tremendous achievements have been accomplished [13,
20–27]. But the researches on the flexible electrode for the application in the soft
or bendable LIB and supercapacitors have just been carried out in the very recent
years.

For flexible devices, polymers can be used as substrate [4]. However, most
polymers cannot offer stability for electrode fabrication, since they degrade easily
at a wide range of environments. Also, poor adhesion between polymer and oxide
materials would be problematic upon long-term battery cycling. The free-standing
paper-like carbon-based materials, featured by light-weight, flexible, and high
conductivity, appear to be promising electrodes for wearable or rolling-up devices.
Flexible electrode materials made of carbon nanotubes (CNT) and their compos-
ites have been extensively studied [6, 28, 29]. Although these binder-free elec-
trodes afford wonderful mechanical properties and desirable electrochemical
properties, the still high production cost of CNTs and the difficulty in making
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stable CNT dispersions (which is essential to make CNT papers) have limited their
practical application as flexible electrodes.

Following the discoveries of fullerene and CNT in the earlier decades, the
successful fabrication of graphene has recently opened up an astonishing new field
in the research of materials science and technology [30–38]. Graphene is a two-
dimensional (2D) monolayer sheet of sp2-bonded carbon, which possesses unique
optical, electrical, mechanical, and electrochemical properties. The surface area of
graphene is calculated to be 2,630 m2 g-1; graphene has high structural stability,
high electric conductivity, and easy to be functionalized with other molecules, and
all these characters are highly favorable for energy storage applications [39–41]. A
family of graphene-related materials, can all be commonly called ‘‘graphene’’ by
the research community, consists of structural or chemical derivatives of graphene.
These include double- and few-layer graphene and chemical reduced graphene
oxide (reduced GO, RGO) [42]. Inspired by their promising properties and enor-
mous potential applications, great attentions have rapidly been paid to explore new
significant scientific problems about graphene since its discovery. Actually,
graphene-based materials have the enormous potential to rival or even surpass the
performance of their CNT-based counterparts, given that cheap, large-scale pro-
duction and processing methods for high-quality graphene have already been
achieved [42–44].

Micromechanical cleavage from bulk graphite was firstly to be used to produce
graphene by Geim et al. [30], but the yield of this method is extremely low and the
process is uncontrollable. After that, various synthesis methods have been
developed, including epitaxial growth, chemical vapor deposition (CVD), etc.
[42, 45, 46]; however, these methods usually require high temperature, high-cost

Fig. 1 Schematic illustration of conventional electrode and flexible electrode
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apparatus, and accurate control over operating, which hindered the large-scale
manufacturing of graphene. Instead of the high-cost methods for generating
graphene, the production of graphene sheets by oxidative exfoliation of graphite
and subsequent reduction (Fig. 2) can offer the high-volume production of RGO
(graphene) [42]. Furthermore, functionalized graphene materials are highly dis-
persible in a wide range of solvents, make it easy processable and can be
assembled into various desired macroscopic structures or incorporated with other
nanomaterials into functional composites [32, 41, 44, 47]. Although graphene
materials produced by the chemical route possess such advantages, they are still
far inferior to products prepared by mechanical cleavage or CVD due to the high
density of plane defect, which may be undesirable for some technological appli-
cations such as in electronics. However, the defects induced by the chemical
process can provide chemical active sites on the graphene surface, which may
enhance the performance of graphene in the application where high chemical
activity is required, combined with its low cost and large yield, the chemical
reduction generated graphene is especially suitable in the area of energy storage,
catalyst, and chemical sensors, etc.

Recently, Ruoff and Wallace et al. demonstrated that vacuum filtration of the
as-prepared GO or graphene dispersion can result in the formation of free-standing
paper-like materials exhibiting smooth surfaces, which can be called graphene
paper (GO paper) or film [44, 48]. A typical graphene paper possesses a layered
structure through the entire cross section (SEM image in Fig. 3a) [49]. And in X-
ray diffraction pattern, the graphene paper obtained by vacuum filtration displayed
a weak, broad diffraction peak of at about 2h = 23� (Fig. 3b), which corresponds
to a layer–layer distance (d-spacing) of 0.379 nm, such value is a little larger than

Fig. 2 Illustration of the production of graphene from the graphite oxidation route
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the d-spacing of graphite (0.336 nm). The increased d-spacing of graphene paper
can be ascribed to the presence of residual oxygen-containing functional groups
and structural defects formed in the chemical process. The graphene papers
obtained by vacuum filtration of graphene dispersion are mechanically strong and
electrically conductive, with Young’s modulus of 41.8 GPa, tensile strength of
293.3 MPa, and conductivity of 351 S cm-1 [49]. These flexible, robust graphene
papers are expected to be promising candidates as electrodes in flexible energy
storage devices.

In this review chapter, we will focus on recent developments on the graphene
and graphene composite-based flexible electrodes for electrochemical energy
storage, including LIB and supercapacitor applications. The following discussion
will be categorized into three sections by the role of graphene in the flexible
electrode, which are (a) graphene as the sole or dominant part of flexible electrode;
(b) graphene as conductive matrix for flexible electrode; and (c) graphene as active
additives for flexible electrode. The applications in LIBs and supercapacitors are
mentioned to be discussed together due to their many commons from the material
science viewpoint.

Fig. 3 a SEM image of a graphene paper obtained by vacuum filtration method. b XRD patterns
of graphite, graphene paper and graphene paper after treatment at 800 �C. c Cyclic voltammo-
gram (CV) curves of graphene paper in LiPF6 with Li as counter and reference electrode (scan
rate: 0.1 mV s-1). d Charge/discharge profiles of graphene paper at a current density of
50 mA g-1. Reprinted with permission from [49]. Copyright (2009)
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2 Graphene as the Sole or Dominant Part
of Flexible Electrode

The charging/discharging process of batteries and supercapacitors is generally
dominated by the electron and counter-ion transport at the surface of the electrodes
[5, 50]. Since the invention of LIB in 1990s, there has been an intensive research
on the insertion of Li-ions into the lattice of graphite and, recently, in graphene-
based materials [2, 51]. Graphitic carbon can form LiC6 structures with lithium,
which leads to a relatively low theoretical capacity of graphite, 372 mAh g-1. In
the condition of individual graphene sheets, LiC3 structures can be formed in
which lithium is stored on both sides of the graphene sheet, which can increase the
theoretical capacity to 744 mAh g-1.

The lithium storage in graphene papers was firstly investigated by Wallace and
coworkers (Fig. 3c, d) [49]. The initial discharge capacity of a graphene paper
obtained by vacuum filtration of graphene dispersion was measured to be
680 mAh g-1 at a current density of 50 mA g-1, but rapidly decreased to only
84 mAh g-1 in the second cycle. Nguyen et al. investigated in detail the LIB
anode performance of graphene paper prepared via hydrazine reduction of GO
paper compared with graphene powder-based electrodes fabricated by conven-
tional method with polyvinylidene fluoride (PVDF) binder [52]. Under a current
density of 50 mA g-1, graphene paper and PVDF–graphene powder anodes
exhibited initial reversible capacities of 84 and 288 mAh g-1, respectively
(Fig. 4a, b). The larger reversible capacity for the graphene powder anode may be
attributed to the more disordered packing of the graphene sheets (Fig. 4d), which
is conducive to anisotropic Li diffusion. Significant increases in the reversible
capacity of graphene paper (from 84 to 214 mAh g-1) were observed as the
current density decreased from 50 to 10 mA g-1 (Fig. 4c), suggesting the well-
ordered structure of the graphene nanosheets in the bulk paper form would create a
kinetic barrier for the diffusion of Li-ions during electrochemical process.

Graphene with its maximal surface area of 2,630 m2 g-1 is an ideal medium for
supercapacitors as the EDLC is directly proportional to the surface area. Their
application as supercapacitor electrodes was first explored by Ruoff and cowork-
ers, who found that chemically derived graphene powder exhibits specific
capacitances of 135 and 99 F g-1 in aqueous and organic electrolytes, respectively
[53], and then different forms of graphene with improved performances have been
reported [54–56]. The different values obtained with different forms of graphene
mainly because the graphene nanosheets used tends to restack thus reducing the
surface areas as only the surfaces can contact with the electrolyte contribute to the
specific capacitance.

The supercapacitor application of graphene-based flexible electrodes was first
studied by Chen et al. [57]. The ultrathin graphene films were also prepared using
the vacuum filtration method. The thickness of graphene films can be tuned by
choosing different volume of graphene solution and films of 25, 50, 75, and
100 nm thick can be obtained. The supercapacitor tests were performed using a
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three-electrode half-cell system in aqueous 2 M KCl solution. At a scan rate of
10 mV s-1, specific capacitances of 111, 105, 102, and 99 F g-1 were obtained
for the 25, 50, 75, and 100 nm films, respectively. Such values are relatively low
compared with many other forms of graphene.

Therefore, the application of graphene paper as flexible electrodes for energy
storage faces a key scientific and technical challenge. The performance of bulk
material strongly depends on the manner the individual sheets are arranged.
During the process of graphene nanosheets assembled into bulk form, the inter-
sheet van der Waals attractions inevitably cause aggregation or restacking of
individual graphene sheets. Consequently, many of the unique properties that
individual sheets possess, including high surface area and high ion conductivity

Fig. 4 Charge–discharge profiles of a Li/graphene half-cell at a current rate of 50 mA g-1,
where the graphene component is either a graphene paper or b graphene powder. c Cycle
performance of a Li/graphene paper half-cell at three different current densities. d, e Schematic
illustration of Li-ion storage capability of graphene powder and graphene paper. Reprinted with
permission from [52]. Copyright (2010)
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are significantly compromised in a bulk form of graphene such as thin film or
paper. Effective prevention of intersheet restacking or creating fast ion/electrolyte
transportation ways are essential to allow the individual sheets in multilayered
graphene structures to behave as graphene in electrochemical energy storage
applications. Up-to-date, several strategies have been applied to enhance the
performance of flexible graphene electrode.

2.1 Exfoliating Stacked Graphene Sheets by Rapid
Expanding

Rapid expanding is an effective technique for exfoliating stacked graphene sheets
[42]. High temperature treatment can reduce GO and spontaneously generate a
tremendous amount of gaseous species. Kaner et al. present a strategy for the
production of flexible graphene electrode for supercapacitor by a simple laser
scribing approach that avoids the restacking of graphene sheets [58]. The process is
schematically illustrated in Fig. 5. Initially, GO thin film was drop-cast onto the
DVD disk. Then, irradiation of the film with the infrared laser in a commercially
available LightScribe CD/DVD optical drive can reduce the GO to laser-scribed
graphene (LSG). In this rapid reduction process, the closely stacked GO sheets can
be well-exfoliated to a porous LSG sheets. The as-formed LSG film possessed
excellent conductivity of 1,738 S m-1 and excellent mechanical flexibility with
only *1 % electrical resistance change after 1,000 bending cycles. When two LSG
films were directly assembled in a supercapacitor without any binders or conductive
additives, the areal capacitance can be obtained as 3.67 mF cm-2 in 1.0 M H3PO4

aqueous electrolyte (4.04 mF cm-2 in 1.0 M H2SO4 aqueous electrolyte) with the
current density of 1 A g-1, a capacitance of 1.84 mF cm-2 can still be achieved
even when operated at an high charge/discharge rate of 1,000 A g-1, indicating the
high rate capability of such electrode. Additionally, the LSG electrode retained
96.5 % of its initial capacitance after 10,000 cycles. The liquid electrolyte can
further be replaced with poly(vinyl alcohol) (PVA)–H3PO4 polymer gelled elec-
trolyte, which also acts as the separator. In this condition, the performance of
electrode was comparable with those obtained with an aqueous electrolyte. The high
performance of LSG electrode can be attributed to the porous structure of the
graphene film, which can provide an electrolyte reservoir to facilitate ion transport
and minimize the diffusion distance to the interior surfaces.

2.2 Separating Graphene Sheets with ‘‘Nanospacers’’

Another approach to prevent the restacking of graphene nanosheets is blending
graphene sheets with other nanoparticles as ‘‘spacers’’ to form composites with
high porosity and surface area. For example, Lian et al. demonstrated that flexible
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graphene paper pillared by carbon black (CB) nanoparticles can be obtained by
introducing inexpensive CB nanoparticles as spacer [59]. With the similar vacuum
filtration method, restacking of graphene sheets can be greatly mitigated during the
assembly process (Fig. 6). The pillared graphene paper exhibit excellent electro-
chemical performances and cyclic stabilities compared with graphene paper
without the addition of CB nanoparticles when used as supercapacitor electrodes.
The specific capacitances of the pillared GP electrode were calculated to be

Fig. 5 Schematic illustration of the fabrication of laser-scribed graphene (LSG)-based electro-
chemical capacitors

Fig. 6 Schematic demonstrating the concept of manipulating the geometry and performance of
graphene paper by pillared with carbon black
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138 F g-1 in 6 M KOH aqueous electrolyte and 83.2 F g-1 in 1 M LiPF6 organic
electrolyte at a scan rate of 10 mV s-1, and 80 F g-1 can be reached at a high scan
rate of 500 mV s-1 in aqueous electrolyte. Meanwhile, after 2,000 cycles, the
degradations of its specific capacitance in aqueous and organic electrolytes are
only 3.85 and 4.35 %, respectively. The ability to maintain high conductivity and a
high surface area provides an effective route to improve the performance of
graphene paper for energy-storage electrodes.

Shi et al. reported that flexible mesoporous graphene films with high conduc-
tivities can be prepared by graphitizing the composite films of GO and nanodia-
mond (ND) [60]. After graphitization, ND was changed into onion-like carbon
(OC) and GO was reduced to conductive graphene. In this kind of graphene films,
OC nanoparticles were sandwiched between graphene sheets, which not only
prevented the aggregation of graphene sheets, but also formed mesopores in the
range of 2–11 nm. The mesopores film possesses high specific surface area of
about 420 m2 g-1 and high conductivities in the range of 7,400–20,300 S m-1.
Such films are flexible and can be directly used as the electrodes of supercapac-
itors. In a three electrode configuration with 1.0 M H2SO4 aqueous electrolyte, the
supercapacitor showed specific capacitances of 143 and 78 F g-1 at the current
density of 0.2 and 10 A g-1, respectively.

A three-component, flexible electrode has also been developed for superca-
pacitors utilizing CNT decorated with c-MnO2 nanoflowers (c-MnO2/CNT) as
spacers for graphene nanosheets [61]. Such electrode can deliver a high specific
capacitance of 308 F g-1 for two-electrode symmetric supercapacitors with
30 wt% KOH aqueous electrolyte, at a scan rate of 20 mV s-1. A maximum
energy density of 43 Wh kg-1 can be obtained for this kind of supercapacitors at a
constant current density of 2.5 A g-1. The fabricated supercapacitor device also
exhibits excellent stability by retaining &90 % of the initial specific capacitance
after 5,000 cycles.

Instead of the above-mentioned ‘‘hard’’ spacers, Li et al. developed a ‘‘soft’’
approach to prevent the restacking of graphene sheet in the paper form by delicately
employing the solvent molecule as spacers [62]. They discovered that the assembly
of graphene can be manipulated using the principles of colloidal chemistry and
water can serve as an effective ‘‘soft spacer’’ to prevent the restacking of graphene
sheets. This kind of hydrated graphene paper can be obtained when the filtration is
just completed and the resultant paper is still wet. Without any drying, graphene
paper is found to contain &92 wt% water. The hydrated graphene paper containing
0.045 mg cm-2 of graphene gives a sheet resistivity of 1,860 X square-1. Hydrated
graphene sheets can remain significantly separated as assembled in the bulk paper
form. The high specific surface area of graphene sheets can be effectively reserved.
When testing the supercapacitance properties of hydrated graphene paper in a two-
electrode configuration, a specific capacitance of up to 215.0 F g-1 in 1.0 M H2SO4

aqueous electrolyte can be obtained at the current density of 1.08 A g-1, and more
importantly, a capacitance of 156.5 F g-1 can still be retained and even discharged
at an ultrahigh current density of 1,080 A g-1. And the hydrated graphene paper can
retain over 97 % of its initial capacitance after cycling in a high operation current of
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100 A g-1 for 10,000 times. Thus, this strategy has been proven to be very effective
to make graphene nanosheets remain largely separated in a solvated state, providing
a simple strategy for addressing the key challenge that has limited the large-scale
application of graphene.

2.3 Creating Fast Ion/Electrolyte Transportation Ways
in Graphene Paper

Besides preventing graphene nanosheets from restacking, generating fast ion/
electrolyte transporting ways is another approach to improve the electrode per-
formance of graphene paper. As an illustration, Kung et al. reported an approach
by introducing in-plane carbon vacancy defects (pores) into graphene sheets using
a facile solution method to enhance the electrochemical energy storage perfor-
mance of graphene paper electrodes [63]. In-plane defects was firstly introduced
into the basal planes of GO by treating it in hot HNO3 with the assistance of
ultrasonic vibration. As illustrated in Fig. 7a. Under such conditions, sections of
GO can be transformed into soluble polyaromatic hydrocarbons, left a holey GO
(HGO) sheet. Thermal reduction of a free-standing HGO paper led to an electri-
cally conducting graphene paper constructed by holey graphene sheets. The in-
plane porosity can provide a high density of cross-plane ion diffusion channels that
facilitate ion transport and storage at high rates. The electrochemical performance
of holey graphene papers with a thickness of *5 lm was examined as LIB anode;
reversible capacities of 454 and 178 mAh g-1 can be obtained with optimized
reduction conditions at the current densities of 50 and 2,000 mA g-1, respectively.

Recently, Ruoff et al. reported that KOH activation can generate holes or
defects on the surface of graphene [64]. Based on the similar method, activated
graphene films can also be fabricated (Fig. 7b) [65]. First, an ‘‘ink paste’’ was
prepared by adding KOH into GO colloidal suspension and then concentrated by
heating. Films composed of stacking GO nanosheets decorated with KOH were
obtained through vacuum filtration method. The activation step was carried out
under flowing argon at 800 �C for 1 h. The final activated graphene film was
obtained after washing and drying, which is flexible free-standing porous carbon
film with high specific surface areas of up to 2,400 m2g-1 and a very high in-plane
electrical conductivity of 5,880 S m-1. Such electrode showed a capacitance
normalized to BET surface area of 14 lF cm-2 at the scan rates of 50 mV s-1 and
can be retained at 11 lF cm-2 at 400 mV s-1. The high rate performances of the
above two graphene film electrodes is closely related to their highly interconnected
3D structure and short diffusion pathway, which favor fast ion transportation.

Up to now, the mentioned fabrications of graphene thin film or paper are all
based on the vacuum filtration method, as an alternative strategy, Xue et al.
developed a novel graphene aerogel pressing approach to fabricate graphene paper
with folded structured graphene sheets, the process is illustrated in Fig. 8 [66]. The
graphene aerogel was prefabricated by freeze-drying GO aqueous dispersion and
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Fig. 7 Schematic illustration and digital images of graphene paper with plane defects (holes)
fabricated by a acid oxidation and b KOH activation method. Reprinted with permission from [63
and 65]. Copyright (2011 and 2012)

Fig. 8 Illustration of the formation process of graphene paper a GO aqueous dispersion. b GO
dispersion frozen at -50 �C. c GO aerogel obtained by freeze drying (b) in vacuum. d Graphene
aerogel obtained by treating (c) at 200 �C in air. e Mechanical press graphene aerogel to form
graphene paper
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subsequent thermal reduction. As shown in Fig. 9a and b, this new type of
graphene paper is freestanding and highly flexible. SEM images of the graphene
paper in Fig. 9c show flat surface, which is similar with graphene paper fabricated
by vacuum filtration method, and assembled graphene nanosheets can be observed
in the entire paper sample. The SEM image taken from the cross section in Fig. 9d
revealed many close edges of graphene nanosheets instead of open edges in
graphene paper obtained by vacuum filtration, and TEM images in Fig. 9e–g
indicated that besides layer stacking, the folding of graphene layers is also a
common structure feature in the graphene paper. The X-ray diffraction pattern in

Fig. 9 Digital images (a, b), SEM images (c, d) and TEM images (e–g) of folded structured
graphene paper. h XRD pattern and i structure illustration of folded structured graphene paper
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Fig. 9h show a broad peak centered at 2h = 23.4�, with the interlayer spacing
calculated to be 0.38 nm, which is slightly higher than that of graphene paper
obtained by vacuum filtration (0.37 nm). Besides the broad peak, this type
graphene paper is distinguished with two sharp and strong XRD peaks at
2h = 11.8� and 24.3�. As shown in Fig. 9i, these two peaks correspond to the
folding edge of multilayer graphene sheets. The peak at 2h = 24.3� is a result of
more regular d-spacing of graphene layers at the curved edge, and the peak at
2h = 11.8� originates from the uniform spacing of the channel at the folding axis,
which is similar with the intertube space of multi wall CNT (MWCNT).

When test the performance of folded structured graphene paper as anode in LIB,
the first discharge and charge capacities of graphene sheets are 1,091 and
864 mAh g-1 at the current density of 100 mA g-1, reached a Coulombic effi-
ciency of 79.2 % (Fig. 10a), the discharge and charge capacities are as high as 815
and 806 mAh g-1 at the second cycle, and high Coulombic efficiencies that all
over 98 % can be obtained in the following cycles. These results indicate that the
reversible capacity of folded structured graphene paper is much higher than that of

Fig. 10 Performance test of folded structured graphene paper. a Discharge/charge profiles (1st,
2nd, 5th and 100th cycle) at the current density of 100 mA g-1 as LIB anode. b Cycling stability
and rate capacity of the graphene paper as LIB anode at different current densities. c CV curves of
the graphene paper as supercapacitor electrode at different scan rates. d Specific capacitance of
the graphene paper as a function of charge/discharge rate
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regular graphene paper obtained by vacuum filtration (84 mAh g-1). Such
graphene paper also possesses high rate capability and stability; at the current
densities of 200, 500, 1000, and 1500 mA g-1, the corresponding reversible
specific capacities are 557, 268, 169 and 141 mAh g-1, respectively. And
568 mAh g-1 can still be reached after 100 cycles at 100 mA g-1 (Fig. 10b).

The performance of folded structured graphene paper as supercapacitor elec-
trode has also been tested in a two-electrode configuration with 1 M H2SO4

aqueous electrolyte. Figure 10c shows the CV curves at the scan rates of
50–1,000 mV s-1 over the voltage range from 0 to 1 V, which all display
quasirectangular shape, indicating the excellent capacitance characteristics of the
folded structured graphene paper. From the galvanostatic charge/discharge test, a
specific capacitance up to 172 F g-1 can be obtained at the current density of
1 A g-1, which can still be retained at 110 F g-1 even when the supercapacitor is
operated at a fast rate of 100 A g-1 (Fig. 10d). Additionally, after 5,000 times
cycling at a current density of 20 A g-1, the graphene paper can retain over 99 %
of its initial capacitance, indicating its excellent stability.

The high performance of such graphene paper is originated from its folded
structured graphene sheets, and when used as LIB anode, such folds can provide
slightly increased intersheet spacing and nucleation sites, which can facilitate Li-ion
diffusion and SEI formation, leading to higher reversible capacity. And in the
application as supercapacitor electrode, the folded structure is helpful for graphene
paper to contact the electrolyte and remarkably improve the capacitance properties.

3 Graphene as Conductive Matrix for Flexible Electrode

To further increase the specific energy density of graphene paper as flexible LIB
and supercapacitor electrodes, incorporation of materials such as metal oxides or
conducting polymers into the graphene matrix has been proved to be an effective
approach [67]. From another point of view, due to the large specific surface area
and the conductive robust structure, graphene can be a promising matrix for dis-
persing functional materials in which the charge transfer, redox reaction, as well as
the mechanical stability will be enhanced. Moreover, the aggregation of graphene
sheets can be partly prevented by sandwiching with other nanomaterials [67].
Therefore, anchoring redox active materials on graphene will yield highly porous
composites attractive for fabricating high performance LIBs and supercapacitors.

3.1 Fabricating Graphene Composite Papers by In Situ
Reaction

Strategies for preparing graphene-based composites can be generally categorized
into two types: in situ reaction and blending. Many graphene-based composites
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with conducting polymers or inorganic nanoparticles were prepared via in situ
chemical or electrochemical reactions. In chemical syntheses, positively charged
metal ions (e.g. Sn2+) or monomer molecules (e.g., aniline hydrochloride) can
adsorb on the negatively charged graphene sheets via electrostatic or p–p stacking
interactions. Therefore, crystallization or polymerization preferentially occurred
on graphene sheets to form the corresponding composite materials [67]. Cheng
et al. reported a freestanding and flexible graphene/polyaniline composite paper
can be prepared by in situ anodic electro-polymerization of a polyaniline film on
graphene paper (Fig. 11a and b) [68]. In the electro-polymerization process, the
adsorbed aniline monomers on the surface of graphene sheets can be anodized to
form polyaniline interspacing in the layers of assembled graphene nanosheets. The
composite paper can maintain the flexibility of the original graphene paper, and the
mechanical and electrochemical properties of composite paper can be tuned by
simply adjusting the electro-polymerization time. This composite paper, which
combines flexibility, conductivity, and electrochemical activity, exhibits a gravi-
metric capacitance of 233 F g-1 and a volumetric capacitance of 135 F cm-3

Fig. 11 a, b Illustration of the fabrication of graphene/polyaniline composite paper through
in situ anodic electro-polymerization. c CV curves of graphene/polyaniline composite paper from
2 to 20 mV s-1 in 1 M H2SO4 aqueous electrolyte. Reprinted with permission from [68].
Copyright (2009)
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when tested as supercapacitor electrode in a three-electrode cell with 1 M H2SO4

aqueous electrolyte (Fig. 11c).
Aksay et al. employed surfactants to modify the surface of graphene since they

can not only assist the dispersion of the graphene nanosheets in aqueous media but
also direct the self-assembly of metal oxides into nanostructures [69]. The sur-
factants assembled on the graphene nanosheets can bind to Sn2+ and SnO2 was
then crystallized between graphene nanosheets forming an ordered nanocomposite
in which alternating layers of graphene and SnO2 nanocrystals were assembled
into layered nanostructures (Fig. 12). Free-standing flexible films can be obtained
by vacuum filtration of the layered SnO2/graphene nanocomposites. This kind of
composite films featured both overall layer structure from 2D graphene and the
locally ordered alternating layers of graphene nanosheets and SnO2, which are
favorable for conductivity and structural integrity. When tested as LIB anode, a
steady specific capacity of 760 mAh g-1 for the nanocomposite electrode can be
obtained at a current density of 0.008 A g-1, close to the theoretical capacity of
SnO2 (780 mAh g-1). And the capacity has no significant fading over 100 charge/
discharge cycles, which is superior to both pure SnO2 nanocrystals and SnO2/
graphene composites with disordered structures.

Fig. 12 Illustrations of the ternary self-assembly approach to ordered metal oxidegraphene
nanocomposites. a Adsorption of surfactant hemimicelles on the surfaces of the graphene. b The
self-assembly surfactant with Sn2+ and the transition into the lamella mesophase of SnO2–
graphene nanocomposites. c Nanocomposites composed of alternating layers of SnO2 nanocrys-
tals and graphene. d, e TEM and HRTEM images of SnO2–graphene nanocomposites. Reprinted
with permission from [69]. Copyright (2010)
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3.2 Fabricating Graphene Composite Papers by Blending

Blending is a convenient and effective route to graphene-based composites. GO
nanosheets are rich in functional groups and highly soluble or dispersible in water
or organic solvents [67]. Thus, they can easily composite with organic molecules,
polymers, or inorganic nanostructures by one-step solution-blending and converted
to graphene composites by chemical reduction.

Silicon is considered as an ideal anode material for next-generation LIBs due to
its low discharge potential and the highest theoretical capacity (4,200 mAh g-1).
However, silicon suffers from a seriously irreversible capacity and a poor cycling
stability, which results from the large volume change (about 300 %) during the
lithium ion insertion/extraction process [70, 71]. Dispersing silicon into carbon
matrix is believed to be an effective approach to buffer the volume changes and
improve the electronic and ionic conductivities. Fan et al. reported that Si/
graphene nanocomposite films can be prepared by vacuum filtration and a sub-
sequent thermal reduction, in which silicon nanoparticles were dispersed directly
into an aqueous suspension of GO nanosheets (Fig. 13a–c) [72]. When tested as
LIB anodes, pure silicon exhibits a high discharge capacity only for the initial five
cycles, and then the capacity degrades rapidly to below 500 mAh g-1. The Si/
graphene nanocomposite film delivers a reversible specific capacity of
1,040 mAh g-1 and a significantly improved cyclic stability (Fig. 13d). After 30
cycles, the capacity that can be obtained is 977 mAh g-1 (Fig. 13e) and
786 mAh g-1 can still be obtained after 300 cycles (at the current density of
50 mA g-1). The improved electrochemical performance of such composite film
can be attributed to the graphene matrix, which offers an efficient carrier channel
and a robust mechanical support for strain release.

On the other hand, the large conjugated basal plane of graphene provides an
ideal substrate for assembling aromatic organic molecules and conducting poly-
mers through p–p stacking. And graphene nanosheets derived from chemical
reduction can be easily functionalized with positively or negatively charged sur-
faces. Thus, they can form composites with other charged components via direct
blending or layer-by-layer (LBL) assembly. Wang et al. reported that flexible
graphene/polyaniline nanofibers composite paper can be prepared via a two-step
route composed of electrostatic adsorption between negatively-charged poly(-
sodium 4-styrenesulfonate) decorated graphene and positively-charged polyaniline
nanofibers and then vacuum filtration of the as-prepared graphene/polyaniline
nanofibers suspension [73]. The effective synergy can remarkably improve elec-
trochemical properties of graphene by introducing polyaniline nanofibers, which
can ascribe to high surface area of graphene and good contact between the com-
ponents. The highest specific capacitance of the composites reaches 301 F g-1

when tested in a three-electrode configuration in 1 M H2SO4 aqueous electrolyte at
the current density of 0.5 A g-1.

Chen et al. employed a LBL filtration technique to assembly hybrid graphene–
MnO2 nanotube thin films and studied as anodes for LIBs (Fig. 14) [74].
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Composite films were assembled LBL by 20-layer films (10 layers graphene, 10
layers MnO2 nanotube, and the weight ratio of graphene/MnO2 nanotube is 1:1),
with each layer prepared by filtration of graphene or MnO2 nanotube dispersion.
By this method, the number of layers and composition of each were properly
controlled. Each thin layer of graphene provides not only conductive pathways to
accelerating the electrochemical reaction, but also buffer layers for strain release
during lithium insertion/extraction in MnO2 (Fig. 14b). The graphene–MnO2

nanotube films as anode present excellent cycle and rate capabilities with a

Fig. 13 a Schematic diagram of the fabrication of Si/graphene film. b SEM and c TEM images
of the Si/graphene film. d The first charge/discharge curves of Si/graphene film, graphene film
and Si nanoparticles at a current density of 50 mA g-1. e Cycling stabilities of Si/graphene film,
graphene film and Si nanoparticle electrodes at a current density of 50 mA g-1. Reprinted with
permission from [72]. Copyright (2011)
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reversible specific capacity based on electrode composite mass of 495 mAh g-1 at
100 mA g-1 after 40 cycles. On the contrary, graphene-free MnO2 nanotube
electrodes demonstrate only 140 mAh g-1 at 80 mA g-1 after 10 cycles. Fur-
thermore, at a high current rate of 1,600 mA g-1, the charge capacity of graphene–
MnO2 nanotube film can still reach 208 mAh g-1.

Graphene paper-based composite electrodes fabricated by methods like LBL
deposition need tedious procedure, and developing facile and versatile strategy to
fabricate graphene composite paper electrodes is still a challenge. Xue et al.
extended the method mentioned in Sect. 2.3 to the fabrication of graphene com-
posite papers [75]. Graphene composite aerogels are prefabricated by freeze-drying
GO/active material aqueous dispersions and subsequent thermal reduction. By
pressing such aerogels at the pressure of 10 MPa can produce graphene composite
papers, which are robust and flexible. Figure 15a and b show the digital and SEM
images of graphene composite papers containing MnO2 nanowires and LiFePO4

particles fabricated by such method. SEM images show that introduced MnO2

nanowires and LiFePO4 particles are interspersed between layers of graphene
nanosheets. The good contact between introduced active nanomaterials and
graphene layers can significantly enhance the overall electrical conductivity and
stability of electrodes, which is favorable for their applications in flexible LIBs.

Fig. 14 Schematic illustration of a the process for layer-by-layer constructing of graphene–
MnO2 composite paper, and b the enhancement of electrode performance. c, d Cross-sectional
SEM images of graphene–MnO2 composite paper. Reprinted with permission from [74].
Copyright (2011)
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Figure 15c shows the comparison of galvanostatic charge/discharge curves for
the graphene–MnO2 composite paper and MnO2 nanowire electrode prepared by
conventional method with CB and PVDF binder. The initial reversible capacities
achieved for the free-standing graphene–MnO2 composite paper was
531 mAh g-1 as LIB anode, the capacity is much higher than that of graphene-free
MnO2 nanowire electrode (320 mAh g-1), indicating that the interspaced graph-
ene layers can facilitate electron and Li-ion transport in the electrode. After 10
cycles, the capacity of graphene–MnO2 reached 548 mAh g-1, but the capacity of
graphene-free MnO2 nanowire electrode rapidly faded to 174 mAh g-1. Imply the
effective protection of the MnO2 nanowires by graphene matrix. Similar to the
results of the graphene–MnO2 composite paper, graphene–LiFePO4 composite
paper also shows higher reversible capacity (160 mAh g-1) compared with elec-
trode prepared by traditional method (140 mAh g-1), when tested as LIB cathode
(Fig. 15d). The improved performance can also be attributed to the acceleration of
electron transport by graphene matrix. Such method is quite versatile and a wide
range of nanomaterials can be applied to composite with graphene to fabricate
flexible electrode for LIBs. Table 1 compares of the performance of several

Fig. 15 Digital and SEM images of graphene composite papers containing a MnO2 nanowires
and b LiFePO4 particles. c Comparison of galvanostatic charge and discharge curves at different
cycles for the graphene–MnO2 composite paper and MnO2 nanowire electrode prepared by
conventional method. d Comparison of galvanostatic charge and discharge curves at different
cycles for the graphene–LiFePO4 composite paper and LiFePO4 nanoparticle electrode prepared
by conventional method

Chemical Routes to Graphene-Based Flexible Electrodes 445



nanomaterials in its composite in graphene paper form and in the conventional
electrode form with CB and PVDF binder, from which we can see both reversible
capacity and cycling stability can be improved by composite into graphene paper.

Table 1 Comparison of the performance of several nanomaterials in its composite in graphene
paper form and in the conventional electrode form with carbon black and PVDF binder, current
densities are all at 100 mA g-1

Material form Reversible capacitance at different cycles
(mAh g-1)

1st 2nd 5th 50th

MnO2 nanowire 1,108 320 206 91
MnO2 nanowire–graphene paper 1,321 531 501 546
MnO2 nanotube 1,221 303 202 89
MnO2 nanotube–graphene paper 1,292 500 453 369
MnO2/SnO2 1,400 445 362 113
MnO2/SnO2–graphene paper 1,119 510 435 272
Sn nanoparticle 726 175 57 0
Sn nanoparticle–graphene paper 593 672 573 83
Sn nanoparticle–graphene paper (calcined) 1,107 823 715 437
Si particle 2,498 198 71 0
Si particle–graphene paper 2,540 2,080 1,768 886
Si particle–graphene paper (calcined) 3,009 2,663 2,100 44
LiFePO4 136 137 136 149
LiFePO4–graphene paper 161 161 159 159
V2O5 185 178 169 50 (200th)
V2O5–graphene paper (calcined) 25 25 30 198 (200th)

Fig. 16 a Digital photograph of the flexible battery. b Schematic illustration of the flexible
battery configuration. c Galvanostatic charge/discharge curves of the flexible battery
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A flexible battery can further be built employing the obtained flexible cathode
and anode (Fig. 16a). The graphene–LiFePO4 paper cathode and the graphene–
MnO2 paper anode were separated by a polypropylene membrane (Celgard 2400)
dipped in liquid electrolyte and sealed by two PET films. Such battery is able to be
bended or rolled up (Fig. 16b). The charge–discharge cycles of the assembled
battery shows the typical charge–discharge behavior of a LIB with charge/dis-
charge occurring reversibly (Fig. 16c). The capacity fading observed in the full
cell is due to various engineering factors in a lab scale fabrication.

According to the discussion above, assembled graphene nanosheets can be used
as high performance matrix to disperse various functional components to form
flexible electrodes. The incorporation of graphene into the composites can provide
them with the unique properties of graphene and also possibly induce new prop-
erties and functions based on synergetic effects. The composites exhibited
improved electrical conductivity, mechanical stability, and enhanced electro-
chemical reactivity, which are promising in the energy storage application.

4 Graphene as Active Additives for the Flexible Electrode

The introduction of an active phase into a flexible matrix such as cellulose paper can
make it electrically active for applications such as electrochemical energy storage.
Traditional cellulose-based electric papers are commonly mixed with CB, metal
powders or carbon fibers as the electric active or conductive additives. Such papers
suffer from weak adhesion with additives and performance degradation upon long
services or repeatedly bending [4, 76]. Composite papers fabricated by dispersing
CNTs into cellulose papers or imprinting them as a conductive layer have been
extensively studied as high performance electrode materials in flexible superca-
pacitor and battery devices [6]. However, the high cost of CNTs and difficulty to be
dispersed in solution hindered their wide application. Due to the easy preparation
and low cost of chemical derived graphene, it can displace CNTs in many condi-
tions. And the flexible 2D nanosheet geometry of graphene, in combination with its
high mechanical and electric properties, makes it an attractive additive material for
the development of novel electric or multifunctional flexible electrodes.

By directly dispersing chemically reduced graphene nanosheets into cellulose
pulp and then subjected to a typical paper-making process by infiltration, Li et al.
fabricated a conductive and electrochemically active composite paper of graphene
nanosheets/cellulose [76]. The graphene nanosheets introduced were coated onto
the surface of cellulose fibers and form a continuous conductive network through
the interconnected cellulose fibers. The composite paper is flexible as cellulose
paper and has a conductivity of 11.6 S m-1. The application of the composite
paper as a flexible double layer supercapacitor in LiPF6 organic electrolyte dis-
plays a high capacity of 252 F g-1 at the current density of 1 A g-1 (respect to the
mass of graphene). Moreover, the paper can be used as the anode in a LIB, a
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reversible capacity of 257 mAh g-1 can be obtained after 10 cycles, which
overpassed the performance of a CNT/cellulose composite paper (140 mAh g-1).

Cheng et al. also reported a different method to fabricate graphene/cellulose
composite paper by simply filtering a graphene nanosheets suspension through a
cellulose filter paper [77]. During filtration, the graphene suspension penetrated
throughout the filter paper, and graphene nanosheets were anchored to the cellu-
lose fibers by electrostatic interaction. As the process continued, the voids of the
filter paper were gradually filled with graphene nanosheets, a composite paper with
graphene nanosheets distributed through the macroporous texture of the filter
paper was achieved. Benefiting from the structural characteristics, when tested as
supercapacitor electrode with H2SO4–PVA gel electrolyte at 1 mV s-1, the
graphene/cellulose paper electrodes show good rate capability and long cyclic
stability with a capacitance per geometric area of 81 mF cm-2, which is equiva-
lent to a gravimetric capacitance of 120 F g-1 of graphene, and retains [99 %
capacitance over 5,000 cycles.

Different with cellulose, carbon nanofibers, which have high surface area,
controllable electronic conductivity, and low cost have already been playing the
leading role in supercapacitor electrodes. However, the performance of carbon
nanofiber as supercapacitor electrodes is still limited by their low power and energy
density. To improve the performance of carbon nanofiber-based supercapacitors,
modifying carbon nanofiber with other electroactive materials is an effective route.
Yan et al. prepared flexible and freestanding carbon nanofiber/graphene composite
paper via a high throughput electrospinning method followed by high-temperature
annealing, in which polyacrylonitrile/graphene/dimethylformamide mixture was
used as electrospun precursor (Fig. 17) [78]. The structure characterizations show
that graphene nanosheets homogeneously distributes in the carbon nanofiber,

Fig. 17 Schematic illustration of the formation process of carbon nanofiber/graphene composite
paper. Reprinted with permission from [78]. Copyright (2012)
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forming a thin, light-weight, and flexible composite paper. Due to the reinforcing
effects coming from carbon nanofiber and graphene nanosheets, the specific surface
area, conductivity, and capacitance performance are significantly improved after
compositing. When tested as supercapacitor electrode in 6 M KOH aqueous elec-
trolyte at the scan rate of 100 mV s-1, the composite paper exhibits a specific
capacitance of 197 F g-1, 24 % higher than that of pure carbon nanofiber paper.

Although graphene itself can form paper like bulk forms without the assistant of
other substances, using commercialized flexible matrix such as cellulose and
carbon nanofiber paper to load graphene nanosheets is an effective way to further
reduce the cost of flexible electrodes. The composite papers can also reserve the
macro-porous texture of the cellulose or carbon nanofiber paper, which helps to
overcome the low porosity of graphene papers. Furthermore, the cellulose fibers in
the composite electrode can significantly absorb electrolyte and act as electrolyte
reservoirs to facilitate ion transport, which is of significant importance for the
application as electrochemical energy storage electrodes.

5 Conclusions and Outlook

The LIB and supercapacitor performances of graphene-based flexible electrodes
mentioned in this review chapter have been summarized in Tables 2 and 3. From
which we can see specific capacities, specific capacitances, current densities, and

Table 2 Summarization of the LIB performances of graphene based electrodes mentioned in this
review chapter

Material form Reversible capacity
(mAh g-1)

Cycling stability
(mAh g-1/
Cycles)

Reference number

Graphene powder 288 (50 mAh g-1) – Abouimrane et al. [52]
Graphene paper 84 (50 mAh g-1) – Wang et al. [49],

Abouimrane et al. 52214 (10 mAh g-1)
Holey graphene paper 454 (50 mAh g-1) – Zhao et al. [63]

178 (2,000)
Folded structured

graphene paper
864 (100 mAh g-1) 568/100 Liu et al. [66]
169 (1,000 mAh g-1)

SnO2/graphene
composite paper

760 (8 mAh g-1) No fading after
100 cycles

Wang et al. [69]

Si/graphene composite
film

1,040 (50 mAh g-1) 977/30 786/300 Tao et al. [72]

graphene–MnO2

nanotube thin films
581 (100 mAh g-1) 495/40 Yu et al. [74]

MnO2 nanowire–
graphene paper

531 (100 mAh g-1) 546/50 Liu et al. [75]

LiFePO4–graphene
paper

161 (100 mAh g-1) 159/50 Liu et al. [75]
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Table 3 Summarization of the supercapacitor performances of graphene based electrodes
mentioned in this review chapter

Graphene form Cell configuration electrolyte Specific capacitance
(F g-1)

Reference
number

Chemically modified
graphene

Two-electrode (5.5 M KOH aq) 165 (10 mA g-1) Stoller et al.
[53]Two-electrode (TEABF4/AN) 99 (10 mA g-1)

Graphene hydrogel Two-electrode (5 M KOH aq) 220 (1 A g-1) Zhang and Shi
[54]165 (100 A g-1)

Functionalized
graphene

Three-electrode (1 M H2SO4

aq)
276 (0.1 A g-1) Lin et al. [55]
205 (5 A g-1)

Graphene film (25 nm
thick)

Three-electrode (2 M KCl aq) 111 (10 mV s-1) Yu et al. [57]

Laser-scribed
graphene

Two-electrode (1 M H3PO4 aq) 3.67 mF cm-2

(1 A g-1)
El-Kady et al.

[58]
1.84 mF cm-2

(1,000 A g-1)
Two-electrode (1 M H2SO4 aq) 4.04 mF cm-2

(1 A g-1)
Graphene paper

pillared by carbon
black

Two-electrode (6 M KOH aq) 138 (10 mV s-1) Lin et al. [59]
80 (500 mV s-1)

Mesoporous graphene
films

Three-electrode (1 M H2SO4

aq)
143 (0.2 A g-1) Sun et al. [60]
78 (10 A g-1)

Graphene/c-MnO2/
CNT paper

Two-electrode (30 wt% KOH
aq)

307 (20 mV s-1) Rakhi et al.
[61]

Hydrated graphene
paper

Two-electrode (1 M H2SO4 aq) 215(1.08 A g-1) Yang et al.
[62]156 (1,080 A g-1)

Porous graphene paper Two-electrode (1 M KOH aq) 14 lF cm-2

(50 mV s-1)
Zhang et al.

[65]
11 lF cm-2

(400 mV s-1)
Folded structured

graphene paper
Two-electrode (1 M H2SO4 aq) 172 (1 A g-1) Liu et al. [66]

119 (100 A g-1)
Graphene-polyaniline

composite paper
Three-electrode (1 M H2SO4

aq)
233 (20 mV s-1) Wang et al.

[68]
Graphene-polyaniline

composite paper
Three-electrode (1 M H2SO4

aq)
301 (0.5 A g-1) Liu et al. [73]

Graphene/cellulose
composite paper

Two-electrode (LiPF6 organic
electrolyte)

252 (1 A g-1) Kang et al.
[76]

Graphene/cellulose
composite paper

Two-electrode (H2SO4–PVA
gel)

120 (1 mV s-1) Weng et al.
[77]

Graphene/carbon
nanofiber
composite paper

Two-electrode (1 M H2SO4 aq) 197 (100 mV s-1) Tai et al. [78]
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cycling numbers up to 1080 mAh g-1, 307 F g-1, 1080 A g-1, and 10,000 cycles,
respectively, have been reported for prototype devices based on different types of
graphene papers, indicating that graphene-based flexible LIBs and supercapacitors
can indeed compete with many other energy storage devices. At present, there is still
an interesting ongoing development involving the design of flexible graphene-based
energy storage devices, either with or without other active materials. These types of
devices hold great promise for a number of new applications, which are incom-
patible with conventional contemporary battery and supercapacitor technologies.

Although graphene-based flexible electrodes have already become one of the
most promising candidates for bendable or roll-up electrochemical energy storage
devices, the following challenges still remain. First, high-quality graphene nano-
sheets are still required. New techniques have to be developed for producing
graphene nanosheets with highly controlled chemical and physical properties.
Second, the properties and functions of the electrodes depend strongly on their
microstructures. Therefore, the assembly behaviors of graphene sheets and with
other functional building blocks require more intensive investigation to achieve the
precise control. Finally, the applications of graphene-based flexible electrodes are
at their initial stages. They need to be studied systematically from both theoretical
and experimental aspects, for example, although many research works tested the
mechanical stability of different graphene papers, but the performance of graphene
papers built in a flexible device especially with liquid electrolytes after repeat
bending is still mistiness. With the multidisciplinary efforts from chemistry,
physics, and materials science, we believe that many applications of these mate-
rials will become reality in the near future.
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Phase Change Material Particles
and Their Application in Heat
Transfer Fluids

J. J. Xu, F. Y. Cao and B. Yang

Abstract Phase change materials (PCMs) have received considerable attention for
the application of thermal energy storage and transfer. This chapter discusses synthesis
and characterization of several types of PCM particles, as well as the use of PCMs to
enhance the performance of heat transfer fluids. Two different PCM microcapsules are
introduced first: one comprises solid–liquid PCM paraffin encapsulated in polymer
shell; the other involves solid–solid PCM neopentyl glycol (NPG) core and silica
shell. Then the synthesis of low-melting metallic nanoparticles and NPG nanoparticles
without shells are discussed. The last part of this chapter is dedicated to a new type of
phase-changeable fluids, nanoemulsion fluids, in which the dispersed nanodroplets
can be liquid–vapor PCM or liquid–solid PCM, depending on the PCM properties and
the operating temperature. Material synthesis and property characterizations of these
phase-changeable fluids are two main aspects of this chapter.

1 Introduction

Phase change materials (PCMs) have received considerable attention for the
application of thermal energy storage and transfer, which offer the potential to
reduce energy consumption and in turn lower the related environmental impact
[1–7]. PCMs are capable of absorbing and releasing large amounts of thermal
energy when they undergo phase transition. Latent heat storage materials provide
much higher energy storage density with a smaller temperature difference between
storing and releasing processes, than the sensible thermal storage materials [4, 8–
10]. PCMs’ latent heat storage can be normally achieved through solid–solid,
solid–liquid, and liquid–gas phase change.
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The strategy of adding PCM particles to improve thermal performance of heat
transfer fluids has been pursued [5, 7, 11–16]. The need for high-performance heat
transfer fluids is driven by the increasing thermal management demand. The
advances in semiconductor materials and more precise fabrication techniques have
the unfortunate side effect of generating higher amounts of waste heat within a
smaller volume. The need for higher capacity and more complex cooling systems
is limiting the full potential of the advances in electronics and power electronics.
The solution is the development of significantly improved heat transfer systems
and their kernel components. One important component of these heat transfer
systems is the cooling fluid used inside. The inherently poor heat transfer prop-
erties of some of the coolants, lubricants, oils, and other heat transfer fluids used in
today’s thermal systems limit the capacity and compactness of the heat exchangers
that use these fluids. Therefore, there is an urgent need for innovative heat transfer
fluids with improved thermal properties over those currently available.

This chapter discusses several types of PCM particles that can be potentially
used in the application of heat transfer fluids. These PCM particles can be cate-
gorized into three groups: solid–liquid phase change particles, solid–solid phase
change particles, and liquid–vapor phase change droplets. This chapter starts with
the introduction of two types of PCM microcapsules: paraffin–polymer and neo-
pentyl glycol (NPG)-silica microcapsules. Then the low-melting metallic nano-
particles and NPG nanoparticles, which both are synthesized by physical methods,
are discussed [5, 7]. The last part of this chapter is dedicated to phase-changeable
nanoemulsion fluids, in which the dispersed nanodroplets can be liquid–vapor
PCM or liquid–solid PCM, depending on the PCM and the operating temperature
[11–16]. Both material synthesis and property characterization of these PCM
microcapsules and particles will be covered. This chapter is not intended to serve
as a complete description of all phase-changeable particles available for heat
transfer applications. The selection of the coverage was influenced by the research
focus of the authors and reflects their assessment of the field.

2 Use of PCMs to Increase the Fluid Thermal Properties

Most research on thermal fluids to date has focused on how to increase thermal
conductivity [17–19]. This chapter will introduce the concept of using PCM parti-
cles to increase the effective heat capacity as well as the effective thermal con-
ductivity of thermal fluids. Both the heat capacity and thermal conductivity of the
fluids strongly influence the heat transfer coefficient. For example, for a fully
developed turbulent flow of a single-phase fluid, the convective heat transfer
coefficient, h, can be described in terms of thermal conductivity, kf, and specific heat,
Cf, as h / k0:6

f C0:4
f [20]. If the particles are made of PCMs, the effective specific heat

of the PCM fluid will be increased by a factor of 1þ a�HPCM

DT �Cf
, where a is the weight

fraction of the PCM nanoparticles in the fluid, HPCM is the latent heat of the PCM per
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unit mass, and DT is the temperature difference between the heat transfer surface and
the bulk fluid. For example, a 5 % mass fraction of solid–liquid phase-changeable
hexadecane (melting point, 291 K) may enhance the effective heat capacity of FC-
72 by up to 100 % at DT = 10 K. Therefore, the use of PCMs as the dispersed
particles will be able to boost the thermal properties of thermal fluids much more
significantly than non-PCM particles at the same volume fraction.

Current PCMs available for thermal fluid application can be divided into three
main categories: solid–solid, solid–liquid, and liquid–vapor transitions. The ther-
mophysical properties of the state-of-the-art PCMs with potential use in thermal
fluids are listed in Table 1. Liquid–vapor PCMs, such as ethanol and water, have a
much larger latent heat and therefore result in a higher heat transfer rate, but a
condenser is needed for vapor condensation. Solid–liquid PCMs have small vol-
ume change during phase transition, and therefore the suspension of solid–liquid
phase change particles can be used in the thermal management system designed
for single-phase fluids. Solid–solid PCMs do not involve the liquid phase, so there
is no concern about liquid leakage and thermal expansion during phase transition.

3 PCM Microcapsules

PCM microcapsules comprise a PCM core and a polymer or inorganic shell. The
microcapsules can avoid the PCM leakage and the possible interaction between the
PCM and the matrix. This section will discuss synthesis and characterization of
two types of PCM microcapsules; one is paraffin–polymer microcapsules that are

Table 1 PCMs with potential use in thermal fluids [21, 22]

Compound name Phase change
temperature (�C)

Thermal conductivity
(W/mK)

Latent heat
(J/g)

Solid–
liquid

Water 0 0.6 (liquid) 334
Myristic acid + Capric 24 0.15 (liquid) 147
CaCl2�6H2O 29 0.56 (liquid) 192
Na2SO4�10H2O 32 0.54 (liquid) 251
Paraffin C17 22 0.15 (liquid) 215
Paraffin C18 28 0.15 (liquid) 245
Paraffin C19 32 0.15 (liquid) 222
Capric Acid 32 0.15 (liquid) 152
Zn(NO3)2�6H2O 36 0.47 (liquid) 147
Indium 157 82 (solid) 29
FC-72 56 0.06 (liquid) 88

Liquid–
vapor

Ethanol 78 0.2 (liquid) 855
Water 100 0.6 (liquid) 2260
Trihydroxy methyl-

aminomethane
134.5 0.22 285

Solid–
solid

Pentaglycerin 81 0.22 193.2
Neopentyl glycol 43 0.22 131.5
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synthesized using the in situ polymerization method, and the other is NPG-silica
microcapsule fabricated by the interfacial hydrolysis method.

3.1 Paraffin–Polymer Microcapsules (Solid–Liquid PCM)

Paraffins, the n-alkanes (CnH2nþ2) with different numbers of carbon atoms in their
chain, are common solid–liquid PCMs used as the core material of microcapsules
because of their appropriate phase transition temperature, large latent heat of
fusion, chemical stability, and capability of being microencapsulated [9, 23–27].

3.2 Synthesis of Paraffin–Polymer Microcapsules

In situ polymerization method has been widely used to synthesize microcapsules
comprising PCM paraffin encapsulated in polymer shells [28]. This method gen-
erally involves two immiscible liquids, e.g., paraffin and water, in which poly-
merization reaction occurs at the interface between the PCM particles and the
continuous phase water. Melamine–formaldehyde (M/F) and urea–formaldehyde
are often used as the shell materials due to their good chemical stability and
mechanical strength. Figure 1 shows the fabrication process of microcapsules
comprising solid–liquid paraffin core and melamine–formaldehyde shells. In the
process, melamine and formaldehyde were first added into alkaline water solution
with a certain weight ratio [28]. The mixture was heated to make a transparent
aqueous solution of melamine–formaldehyde prepolymer. In the meantime, an oil-
in-water emulsion of paraffin oil-in-acidic water was made with a homogenizer
and heated up to 60 �C. A certain amount of the hot melamine–formaldehyde
prepolymer solution was added into the paraffin oil-in-water emulsion, and a
polymerization was processed for hours to form shells of melamine–formaldehyde
resin at the oil–water interface.

Two reaction steps are involved in the formation of the microcapsule resin shell.
The first step is melamine–formaldehyde precondensation in basic environment.
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It is followed by in situ polymerization of the prepolymer in acidic environ-
ment, in which the melamine–formaldehyde resin shell is formed on the surface of
the octadecane droplets,
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The microstructure of the melamine–formaldehyde shell can be characterized
by the degree of crosslink and bridge types between two triazine rings, which can
be either methylene ether ones or methylene ones [29, 30]. The parameters of the
encapsulation process, including surfactant concentration, F:M ratio, the pH values
of prepolymer solution, and HAc concentration in emulsion, affect significantly the
microstructure and phase changing properties of the microcapsules.

Fig. 1 Schematic illustrating the formation of the microcapsules comprising paraffin core and
melamine–formaldehyde shell [28]

Phase Change Material Particles and Their Application 461



Figure 2a shows the SEM image of the as-produced microcapsule comprising
paraffin core and melamine–formaldehyde shell. It can be found that the micro-
capsules are shaped spherically, with their sizes in about 5–15 microns. The
surface of the microcapsules is relatively smooth, with small concaves on the
surface of some particles, which are caused by contraction during the temperature
drop from the experimental temperature to room temperature. Figure 2b shows the
core–shell structure of a microcapsule particle, in which the melamine–formal-
dehyde shell is uniform in thickness of about 110 nm.

3.3 Phase Change Behavior of Paraffin–Polymer
Microcapsules

Figure 3 shows the cyclic DSC heating and cooling curves for the paraffin–
polymer microcapsules and the bulk paraffin. The latent heat of the microcapsules

Fig. 2 a SEM image of the
as-produced paraffin
microcapsules with
melamine–formaldehyde
shell. b TEM image of the
melamine–formaldehyde
shell of a microcapsule [28]
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is found to be 209 J/g by measuring the integral area of the single endothermic
peak on the bottom. The weight percentage of paraffin in the microcapsules is
about 88 %, by comparing the latent heat of the microcapsules and the bulk
paraffin.

Three peaks were observed on the cooling curve of the microcapsules, which is
different from the bulk curve with a single endothermic peak and a single exo-
thermic peak [28]. These DSC curves suggest that the microencapsulated n-C18H38

first changes to a metastable rotator phase from melt rather than directly into the
solid triclinic phase, as for bulk n-C18H38. Later on, with temperature further
dropping, the metastable rotator phase converts to the stable triclinic phase. Based
on this analysis, the second exothermic peak with smaller subcooling is assigned to
the bulk crystallization from melt to a metastable rotator phase, while the third one
is the phase transition from the metastable rotator phase to the stable triclinic phase.

3.4 NPG–Silica Microcapsules (Solid–Solid PCM)

Certain molecular crystals, such as polyalcohols, undergo solid-state crystal
transformations that absorb sufficient latent heat; they can be used for practical
thermal energy storage and transfer application [9, 31]. Those polyalcohols,
including neopentyl glycol (NPG), pentaerythritol (PE), etc., will transform from
heterogeneous crystals to homogeneously face-centered cubic (FCC) crystals with
high symmetry when the temperature rises across a certain point. A sufficient
latent heat is associated with such a solid–solid phase transition, due mainly to the
formation of hydrogen bonds among these molecules [9, 31]. Compared to con-
ventional solid–liquid PCMs, the solid–solid PCMs do not involve the liquid
phase, so there is no concern about liquid leakage and thermal expansion during

Fig. 3 DSC curves of bulk
and microencapsulated
paraffin n-C18H38
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phase transition. One interesting feature of these polyalcohol PCMs is that their
phase transition temperature can be continuously tuned by mixing two or more
polyalcohols. This flexibility is important in order to address many applications
that have different operation temperatures.

In some applications, NPG microcapsules are needed to protect the NPG core
from the reactive base fluids. The NPG microcapsules can be synthesized by the
method of interfacial hydrolysis of TEOS in W/O emulsions [32]. The synthesis
process is illustrated in Fig. 4. Highly concentrated NPG aqueous solution with
HCl was used as the water phase of the W/O emulsion. The silicon oxide shell is
formed by the hydrolysis of TEOS, as given in the equation below:

C2H5Oð Þ4Siþ H2O! C2H5OHþ SiO2 � xH2O ð3Þ

As the precursor TEOS is hydrophobic and the product silica is hydrophilic, the
hydrolysis reaction of TEOS occurs at the interface between aqueous droplets and
the bulk cyclohexane. During this reaction, water in the aqueous solution is

acidic 
NPG
solution 

surfactant 
cyclohexane 
solution

TEOS

NPG
with SiO2 shell

W/O emulsion

(a) (b)

(d) (c)

Fig. 4 Process of synthesizing NPG microcapsules. a mix water into cyclohexane with
surfactant; b add TEOS; c hydrolysis of TEOS to form silica shell; and d collection of
microcapsules [32]
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consumed by the hydrolysis of TEOS. These microcapsules are dried in a vacuum
oven to remove the residual ethanol.

The SEM image of the NPG–silica microcapsules is shown in Fig. 5a. It can be
seen that these microcapsules are spherical in shape with smooth surface. The
diameter of these microcapsules is in the range of 0.2–4 lm. The NPG micro-
capsules have a relatively wider size distribution due to the large viscosity of the
aqueous phase, NPG solution [33]. After removing NPG from the microcapsule,
the silica shell collapses without rupture on the shell, as shown in Fig. 5b. The
flexibility of the silica shell is due to its thin thickness, about 30 nm.

3.5 Phase Change Behavior of Heat Transfer Fluids
with Microcapsules

The effective heat capacity of heat transfer fluids can be enhanced by dispersing
appropriate PCM particles into them. Figure 6 shows the DSC curves of the PAO
dispersion with 20 wt% of paraffin microcapsules. PAO has been widely used as
dielectric heat transfer fluids and lubricants. It remains oily in a wide temperature
range due to the flexible alkyl branching groups on the C-C backbone chain, but it
has relatively poor thermal properties. The overall latent heat of the fluid is
measured as 23.5 J/g. The effective specific heat capacity is about 3.37 J/g k when
the temperature difference between the heat transfer surface and the fluid is
assumed to be 20 �C. This value indicates a more than 50 % increase in effective
heat capacity in the microcapsule dispersions, compared to the pure PAO.

Fig. 5 SEM image of a as-synthesized microcapsules of NPG in silica shell, and b wrinkled
silica shell after removal of NPG [32]
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It is interesting to note that on the cooling side of the DSC curve, the liquid-rotator
and rotator-triclinic phase transition processes are well separated from each other,
peaking at 19.7 and 21.0 �C, representatively. The latent heat of the liquid-rotator
phase transition dominates in the freezing process, and the subcooling for the
liquid-rotator phase transition is about 3.2 K, as shown in the DSC curve in Fig. 6.

4 PCM Nanoparticles Without Shell

PCM microcapsules are often synthesized using the chemical process, as discussed
in the previous section. Physical methods, including direct emulsification and
spray drying, are capable of producing PCM particles smaller than 1 lm without
shell. The following sections will discuss two types of PCM nanoparticles: low-
melting-point metallic nanoparticles and NPG nanoparticles.

4.1 Low-Melting-Point Metallic Nanoparticles
(Solid–Liquid PCM)

Low melting metals, such as Indium and BiSn alloy, have thermal conductivity
much higher than conventional dielectric thermal fluids; for example, thermal
conductivities of Indium and PAO are 82 and 0.14 W/(mk), respectively. The use
of low-melting metallic PCM nanoparticles provides a way to simultaneously
improve the effective thermal conductivity and heat capacity of the base fluids [5,
7]. When the metallic PCM particles are small enough (e.g., below 50 nm in size)
and stabilized with surfactant molecules, the nanoparticle suspensions could
remain stable during freezing and melting of the PCM particles.

Fig. 6 DSC curves of
dispersions of paraffin
microcapsules in PAO
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4.1.1 Synthesis of Low-Melting-Point Metallic Nanoparticles

A one-step, nanoemulsification technique has been developed to prepare suspen-
sions of metallic PCM nanoparticles [5]. The fabrication process of metallic PCM
nanoparticles is illustrated in Fig. 7. Briefly, this technique exploits the extremely
high shear rates generated by the ultrasonic agitation and the relatively large
viscosity of the continuous phase–PAO, to rupture the molten metal down to
diameter below 100 nm. As an example, the preparation of Indium (melting point:
156.6 �C) and Field’s metal (melting point: 63.2 �C) metallic PCM fluids is dis-
cussed below.

A large number of factors can affect the metallic particle size in the emulsifi-
cation process. These include selecting an appropriate composition, controlling the
reaction temperature, choosing the order of addition of the components, and
applying the shear in an effective manner. However, the fundamental relationship

(a) (b)

(c) (d)

Fig. 7 Schematic illustrating the formation of metallic PCM nanoparticles. a PAO and molten
metal are in the reaction vessel. These two liquids are immiscible and phase separate. b The
polymer surfactant is soluble in PAO and preferentially adsorbs at the interface. c The mixture is
stirred using a magnetic stirrer and the bulk molten metal breaks into microscale droplets. d The
microscale emulsion is exposed to high-intensity ultrasonication until the PCM nanoparticles are
formed [5]
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governing how the dispersed phase can be ruptured in another immiscible liquid
under a shear stress is given simply by Taylor’s formula [34]:

d � 2 � r
gc � ĉ

; ð4Þ

where d is the droplet diameter, r is the interfacial tension between the droplet and
continuous phase, gc is the viscosity of the continuous phase, and ĉ is the shear
rate. Based on Taylor’s formula, it is possible to estimate the shear rate required to
form PCM nanoparticles. The nanoparticle size may be effectively regulated by
changing the synthesis temperature in order to vary the viscosity of the continuous
phase.

The size distribution of the Field’s metal and Indium nanoparticles was exam-
ined using transmission electron microscopy (TEM, JEOL 2100F). TEM bright
field (BF) images of Field’s and Indium nanoparticles are shown in Fig. 8a and b,
respectively. These nanoparticles are spherical because the liquid nanodroplets

Fig. 8 TEM images (bright
field) and size distributions of
a the Field’s metal
nanoparticles, and b Indium
nanoparticles, which were
fabricated using the
nanoemulsion method. The
scale bars in both TEM
images represent 200 nm [5]
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have a positive interfacial tension (i.e., surface energy) in emulsion. In addition,
these nanoparticles are highly dispersed. The polymer surfactants appear to provide
sufficient steric stabilization despite the strong cohesion forces among molten metal
nanodroplets.

4.1.2 Thermal Conductivity of Metallic PCM Fluids

The thermal conductivity of the pure PAO and dispersions of Indium nanoparticles
in PAO, and as well as the relative thermal conductivity, are plotted against
temperature in Fig. 9. Results estimated from the Maxwell Model are also shown
for comparison. The relative thermal conductivity is defined as knf

�
ko, where ko

and knf are thermal conductivity of the base fluids and dispersions of Indium
nanoparticles in PAO, respectively. The thermal conductivity of the PAO at room

Fig. 8 continued
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temperature is experimentally found to be 0.143 W/(mK), which compares well
with the literature values [35].

It is evident in Fig. 9 that the thermal conductivity enhancement increases
slightly with increasing temperature in the Indium-In-PAO PCM fluids about
10.7 % at 30 �C and 12.9 % at 90 �C. This weak dependence on temperature was
measured with the 3x-wire technique, which is very different from the very strong
dependence observed in some other nanofluids obtained with the hot-wire tech-
nique. For example, the data of Hong et al. showed a factor of about three increase
in thermal conductivity enhancement for a temperature increase of 50 �C [36]. As
also seen in Fig. 9, the solid Indium nanoparticles increase thermal conductivity of
the pure PAO by about 12 % for volume fraction of 8 %. The experimental data
are well captured in the temperature range of 30-90 �C by the Maxwell Model,

knf ¼ ð1þ 3U
affi 1
aþ 2

Þko ð5Þ

when a constant interfacial resistivity Rb ¼ 3:22� 10ffi8 m2k/W is used [37]. Here,
/ is the volume fraction of the particles, a ¼ rp

�
Rbko

, rp is the particle radius, and

Rb is the thermal resistance per unit area of the particle/fluid interface. The
interface resistance appears to play a significant role in thermal transport in the
metallic PCM fluid. The interface resistance plays a significant role in thermal
transport in the nanofluid, as predicted by the Maxwell Model. For example, for a
negligible interface resistance, Rb = 0, the conductivity enhancement would
increase to 24 % in the PAO-based metallic PCM fluids containing 8 vol% of
nanoparticles. These experimental data suggest that the thermal conductivity
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Fig. 9 Thermal conductivity of the pure PAO and the indium-in-PAO nanofluid (left x-axis) and
relative conductivity of the nanofluid (right x-axis) versus temperature. The relative thermal
conductivity estimated from the Maxwell model (solid line) is also shown for comparison. A
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enhancement observed in the Indium–PAO PCM fluids using the 3x-wire tech-
nique can be explained using the Maxwell model, and no anomalous enhancement
of thermal conductivity is observed in this study. However, many other studies in
nanofluids have shown a thermal conductivity increase beyond the Maxwell pre-
dictions [38].

4.1.3 Phase Change Behavior of Metallic PCM Fluids

Knowledge of the phase change behavior of these low-melting metallic nano-
particles is critical for their use as thermal fluids [39–42]. The melting–freezing
phase transition of the as-prepared Field’s metal and Indium nanoparticles is
measured using DSC measurements which were taken at an ordinary cyclic ramp
mode, with a scan rate of 10 �C/min. Figure 10 shows the cyclic DSC heating and
cooling curves for the nanoemulsions containing Field’s metal and Indium
nanoparticles and similar data for each material in the bulk state.

A relatively large melting–freezing hysteresis, about 45 �C for Field’s metal
nanoparticles and about 50 �C for Indium nanoparticles, can be seen in Fig. 10.
Based on the classical nucleation theory, the melting and freezing of these
nanoparticles are dependent on the interface energies between the solid metal
nanoparticles and the oil matrix, the liquid metal and oil matrix, and the solid and
liquid metals [43]. The observed Tm slightly below the bulk value implies that
cSM [ cSL þ cLM (or cLM\cSM þ cSL), where c is the interfacial energy and the
subscripts S, L, and M represent the solid phase, the liquid phase, and the oil
matrix. In this situation, the molten phase would not ‘‘presolidify’’ at the inter-
faces, instead, it would require critical nuclei inside these nanoparticles, i.e.,
homogeneous nucleation. Therefore, these liquid nanoparticles supercool to tens of
degrees below the bulk melting temperature, until critical nuclei associated with
solidification are formed. This characteristic may provide a mechanism to tailor
the phase transition behavior of nanoparticles by varying their interfacial energy or
size for different applications.

The phase change within the metallic PCM fluid has its greatest impact on the
effective specific heats of these fluids. The effective specific heat can be defined as
Ceff ¼ C0 þ / � Hparticle

�
DT , where / is the volume fraction of the phase-

changeable nanoparticles, Hparticle is the latent heat of the phase-changeable
nanoparticles per unit volume, and DT is the temperature difference between the
heat transfer surface and the bulk fluid or the difference between the nanoparticle
melting and freezing temperature. If assuming DT = 47 �C, the effective volu-
metric-specific heat can be increased by about 20 % for the PCM fluids containing
8 vol% Indium nanoparticles. If DT could reduce to 10 �C, which is feasible by
introducing external nucleating agents to suppress the melting–freezing hysteresis,
the effective volumetric-specific heat of the metallic PCM fluids would be
increased by up to 100 %.

Phase Change Material Particles and Their Application 471



4.2 NPG Nanoparticles (Solid–Solid PCM)

NPG is a solid–solid PCM, which can eliminate potential issues with having a liquid
dispersed phase. The section will discuss the synthesis of NPG nanoparticles.

4.2.1 Synthesis of NPG Nanoparticles

An aerosol system has been employed to synthesize NPG PCM nanoparticles. The
schematic setup is shown in Fig. 11. In this system, PCM droplets are generated
by the Atomizer, dried in the Diffusion Dryers, and then directly bubbled to the
base fluids to form PCM nanofluids. The PCM nanoparticle size can be real-time
monitored by passing them to the Differential Mobility Analyzer (DMA) and a
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Fig. 10 DSC heating and
cooling curves for as-
prepared a field’s metal and
b indium nanoparticles
dispersed in PAO oil. For
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transition points correspond
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Condensation Particle Counter (CPC). Advantages of this method include its ability
to control particle size and chemical composition, and also its high reliability.

4.2.2 Size Control of NPG Nanoparticles

The NPG PCM nanoparticle size can be effectively regulated by changing the air
flow rate (or inlet air pressure) and the solution concentration in our aerosol
system. For example, higher inlet air pressure would generate higher shear force in
the air flow, and then rupture solution droplets to smaller size. The nanoparticle
size distribution can be real-time monitored using the DMA. The as-prepared PCM
nanoparticles are polydisperse in nature, as shown in Fig. 12. However, mono-
disperse nanoparticles (2-1,000 nm) can be generated by using an electrostatic
band-pass filter from the initial wider distribution. The filtration is accomplished
using a DMA or a nano-DMA developed most recently.

5 Phase-Changeable Nanoemulsion Fluids

A new type of PCM fluids, nanoemulsion fluids, has been recently developed for
thermal energy storage and transfer [44]. The synthesis and properties of these fluids
are fundamentally different from traditional PCM fluids, such as microcapsule
slurries and nanofluids, as discussed below. One fluid is dispersed into another
immiscible fluid as nanosized structures such as droplets and tubes to create a

Atomizer

Diffusion Dryer

Sample Collection

DMA

CPC

Fig. 11 An aerosol system for production of PCM nanoparticles
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‘‘nanoemulsion fluid.’’ Those nanostructures are reverse micelles swollen with the
dispersed phase and stabilized by the surfactant molecules. Nanoemulsion fluids are
part of a broad class of multiphase colloidal dispersions [11–16]. Some nano-
emulsion fluids can be spontaneously generated by self-assembly without the need
of external shear and are suited for thermal management applications [12–15, 45–
58]. Self-assembled nanoemulsion fluids are thermodynamically stable. Figure 13
shows a picture of Ethanol-in-polyalphaolefin (PAO) nanoemulsion heat transfer
fluids: both PAO- and PAO-based nanoemulsion fluids are transparent but the
nanoemulsion exhibits the Tyndall Effect [11–16, 59, 60]. Note that nanoemulsions
are emulsions are very difference in terms of microstructures and materials prop-
erties. Emulsions are dispersions of micron-sized droplets and are stable only for a
relatively short time [56, 61–68]. Table 2 is the comparison between self-assembled
nanoemulsion fluids and conventional emulsions. Self-assembled nanoemulsion
fluids are thermodynamically stable system, and possess long-term stability.

Phase change nanoemulsion fluids can be divided into two groups, liquid–vapor
nanoemulsions and liquid–solid nanoemulsions, depending on the phase transition
behavior of the dispersed particles and the fluid operating temperature. These two
types of nanoemulsion fluids are discussed in the following sections.

5.1 Liquid–Vapor Phase Change Nanoemulsion Fluids

Ethanol-in-Polyalphaolefin (PAO) is a liquid–vapor phase change nanoemulsion
fluid, in which the ethanol nanodroplets could evaporate explosively and thus
enhance the heat transfer rate of the base fluid PAO [12]. The microstructure and
thermophysical properties of the Ethanol-in-PAO nanoemulsion fluids are dis-
cussed below.
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5.1.1 Microstructure of Ethanol-in-PAO Nanoemulsion Fluids

The microstructure of nanoemulsion fluids is affected by many factors, including
surfactant type and concentration, dispersed liquid type and concentration,
molar ratio of dispersed liquid to surfactant, temperature, pH value, and salinity
[56, 69–75]. The characterization of the microstructure of nanoemulsion fluids is a
challenging task. Small angle neutron scattering (SANS) and Small angle X-ray
scattering (SAXS) are often used because they can be applied to the ‘‘concen-
trated’’ colloidal suspensions (e.g.,[1 vol%) [76–82]. Figure 14 shows the SANS
data for ethanol-in-PAO nanoemulsion fluid. The wave vector is given by:

q ¼ 4p sin h=2ð Þ=k ð6Þ

where k is the wavelength of the incident neutrons and h is the scattering angle.
The analysis of the SANS data suggests that the inner cores of the swollen
micelles, i.e., the ethanol droplets are spherical and have a radius of about 0.8 nm
for 9 vol%.

Bottle ABottle B

Fig. 13 Pictures of ethanol-
in-PAO nanoemulsion fluids
(Bottle A) and pure PAO
(Bottle B). Liquids in both
bottles are transparent. The
Tyndall effect (i.e., a light
beam can be seen when
viewed from the side) can be
observed only in Bottle
A when a laser beam is passed
through Bottles A and B [11,
44]

Table 2 Comparison of nanoemulsion fluids and emulsions [44]

Sample Property Nanoemulsion Emulsion

1 Appearance Transparent Turbid
2 Interfacial tension Ultra low (usually \\1 mN/m) low
3 Droplet size \50 nm [500 nm
4 Stability Thermodynamically stable,

long shelf-life
Thermodynamically unstable

5 Preparation Self-assembly Need of external shear
6 Viscosity Newtonian Non-newtonian
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5.1.2 Thermal Conductivity of Ethanol-in-PAO Nanoemulsion Fluids

Figure 15 shows the relative thermal conductivity in Ethanol-in-PAO nano-
emulsion fluids as a function of the ethanol loadings. The observed conductivity
increase in the Ethanol-in-PAO nanoemulsion fluids is rather moderate. The
prediction by the Maxwell model is also plotted in Fig. 15 for comparison. The
relative thermal conductivity is defined as keff/ko, where ko and keff are thermal
conductivities of the base fluid and nanoemulsion fluids, respectively. The
effective medium theory reduces to Maxwell’s equation for suspensions of well-
dispersed, noninteracting spherical particles,

keff

ko
¼ kp þ 2ko þ 2/ðkp ffi koÞ

kp þ 2ko ffi /ðkp ffi koÞ
ð7Þ

where ko if the thermal conductivity of the base fluid, kp is the thermal conductivity
of the particles, and / is the particle volumetric fraction. This equation predicts
that the thermal conductivity enhancement increases approximately linearly with
the particle volumetric fraction for dilute nanofluids or nanoemulsion fluids (e.g.,
/\ 10 %), if kp [ ko and no change in particle shape. It can be seen in this figure
that the relative thermal conductivity of Ethanol-in-PAO nanoemulsion fluids
appears to be linear with the loading of ethanol nanodroplets over the loading
range from 0 to 9 vol%. However, the magnitude of the conductivity increase is
rather moderate in the ethanol-in-PAO nanoemulsion fluids, e.g., 2.3 % increase
for 9 vol% (kPAO = 0.143 W/mK and kalcohol = 0.171 W/mK [35, 83]). No strong
effects of Brownian motion on thermal transport are found experimentally in those
fluids although the nanodroplets are extremely small, around 0.8 nm.
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5.1.3 Phase Change Behavior in Ethanol-in-PAO Nanoemulsion Fluids

The pool boiling of these Ethanol-in-PAO nanoemulsion fluids have been inves-
tigated, in which the dispersed ethanol nanodroplets undergo liquid–vapor phase
transition. In these Ethanol-in-PAO nanoemulsion fluids, the dispersed phase
ethanol has a boiling point of 78 �C at 1 atm which is much lower than the boiling
point of the base fluid PAO (277 �C) [35]. The pool boiling heat transfer curves
are plotted in Fig. 16 for the pure PAO and PAO-based nanoemulsion fluids. When
the wire temperature is less than 170 �C, the heat transfer coefficient values of the
pure PAO and the PAO-based nanoemulsion fluids appear to be the same. This
indicates that these ethanol nanodroplets have little effect on the fluid heat transfer
efficiency if there is no phase transition in these nanodroplets. This is also con-
sistent with the measured thermal conductivity shown in Fig. 15. When the heater
temperature is further increased, an abrupt increase in convective heat transfer
coefficient is observed in the PAO nanoemulsion fluids, compared to that of the
pure PAO case. For example, the dissipated heat flux q is found to be 90 and
400 W/cm2 at Twire = 200 �C for the pure PAO and the PAO nanoemulsion fluid,
respectively. What is more interesting is that the CHF of the PAO nanoemulsion
fluids is significantly larger than that of their pure components ethanol and PAO.

The causes of the observed abrupt increase in the heat transfer coefficient can be
first examined by evaluating the Morgan correlation that works for free convection
over a long cylinder [84],

NuD ¼ CRan
D ð8Þ

where Ra is the Rayleigh number, and C and n are constants. The Rayleigh number
is in the range 10ffi10� 10ffi2 for the nanoemulsion experiment, so n = 0.058. A
direct impact of the nanodroplet vaporization would be the enhanced effective heat
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capacity due to the heat of vaporization. The effective heat capacity can be
evaluated using the formula:

Ceff ¼ C0 þ / � Hdroplet

�
DT ð9Þ

where / is the volume fraction of the phase-changeable nanodroplets, Hdroplet is
the heat of vaporization of the nanodroplets per unit volume, and DT is the
temperature difference between the heat transfer surface and the bulk fluid. In this
experiment, if it is assumed that DT = 10 �C, the effective volumetric-specific
heat can be increased by up to 162 % for the 4 vol% nanoemulsion fluid when the
ethanol nanodroplets undergo liquid–vapor phase transition. However, this would
provide only 2.7 % enhancement of the heat transfer coefficient according to the
Morgan correlation.

The nanodroplet vaporization can enhance heat transfer mainly through
inducing drastic fluid motion within the thermal boundary layer around the heat
transfer surface. The Ethanol-in-PAO interface constitutes a hypothetically ideal
smooth surface, free of any solid motes or trapped gases, so the heterogeneous
nucleation and ordinary boiling are suppressed. In this case, the ethanol nano-
droplets can be heated to a temperature about 120 �C above their normal
atmospheric boiling point (78 �C). Such a temperature is very close to the
thermodynamic limit of superheat or the spinodal state of ethanol, and is only
about 10 % below its critical point. The spinodal states, defined by states for
which oP

oV

��
T ;n
¼ 0, represent the deepest possible penetration of a liquid in the

domain of metastable states [85–88]. When those ethanol nanodroplets vaporize
after reaching their limit of superheat, the energy released could create a sound-
shock wave, a so-called vapor explosion. This sound wave would lead to strong
fluid mixing within the thermal boundary layer, therefore enhancing the fluid

Fig. 16 Surface heat flux as
a function of heater
temperature for pure PAO,
pure ethanol, and PAO
nanoemulsion fluids. These
data were measured in a pool
boiling setup with an
untextured heater surface (Pt
wire, 25.4 lm in diameter),
where the bulk liquid was at
atmospheric pressure and
room temperature (25 �C, not
saturated state). The CHF is
determined within an
accuracy of 5 % [44]
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heat transfer. These fluids with enhanced heat transfer rate are expected to find
applications in various energy conversion systems, heat exchange systems, air-
conditioning, refrigeration and heat pump systems, and chemical thermal pro-
cesses [84, 86, 89–93].

5.2 Liquid–Solid Phase Change Nanoemulsion Fluids

Water in FC-72 nanoemulsion fluids are discussed below as an example of liquid–
solid phase change fluids, in which water could undergo liquid–solid transition
with appropriate operation temperature range and thus increase heat transfer rate
of the base fluid FC-72. FC-72 is one of a line of FluorinertTM Electronic Liquids
developed by 3 MTM, which is used as the cooling fluids in liquid-cooled thermal
management systems [94]. But it has poor thermal conductivity and heat capacity,
compared to other fluids such as water.

5.2.1 Microstructure of Water in FC-72 Nanoemulsion Fluids

Water in FC-72 nanoemulsion fluids are generated by emulsifying deionized water
into FC-72 with a small amount of perfluorinated amphiphiles. Figure 17 shows
the picture of the prepared water in FC-72 nanoemulsion fluids and the pure FC-72
liquid and schematic diagram of a water nanodroplet dispersed in 3 M’s FC-72
thermal fluid.

The Dynamic Light Scattering (DLS) technique is used to measure the size and
Brownian diffusivity of the nanodroplets in the prepared water in FC-72 nano-
emulsion fluid [95]. The autocorrelation function of the scattered light for the 12
vol% water in FC-72 nanoemulsion fluids is plotted in Fig. 18. The curve shows a
typical exponential decay of the correlation function versus time [15, 16]. The
Brownian Diffusivity and effective hydrodynamic radius of the nanodroplets are
found to be 3.5 9 10-7 cm2/s and 9.8 nm at T = 25 �C, respectively.

5.2.2 Thermal Conductivity of Water in FC-72 Nanoemulsion Fluids

Thermal conductivity of the water in FC-72 nanoemulsion is measured for dif-
ferent water loadings, and the results are shown in Fig. 19. It can be seen in Fig. 19
that a very large increase in thermal conductivity is achieved in the prepared
water-in-FC72 nanoemulsion fluids, with thermal conductivity enhancements of
up to 52 % observed in the nanoemulsion fluid containing 12 vol% (or 7.1 wt%) of
water nanodroplets. The observed enhancement in thermal conductivity is much
larger than that predicted by the effective medium theory (EMT) with assumption
of spherical droplets [96]. This suggests that the water droplets are column-like
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with high aspect ratio of length to radius, which leads to a higher thermal con-
ductivity enhancement in nanoemulsion fluids than the spherical droplets.

5.2.3 Phase Change Behavior in Water in FC-72 Nanoemulsion Fluids

The heat capacity of nanoemulsion fluid can be enhanced through two different
mechanisms: one is due to the high specific heat of the dispersed phase; the other is
due to the latent heat of the dispersed PCMs. The latter one, i.e., use of PCMs, is
much more efficient for the heat capacity enhancement. In water in FC-72 nano-
emulsion fluids, the fluid’s heat capacity can be increased by the high specific heat
of water (i.e., Cwater = 4.2 J/g C, CFC 72 = 1.1 J/g C) or the latent heat of water
(DH ¼ 334 J=gÞ, depending on the operating temperature of the fluids [94].

Water FC-72

(a)

(b)

Fig. 17 a Pictures of water
in FC-72 nanoemulsion fluids
(Bottle A) and pure FC-72
(Bottle B). Liquids in both
bottles are transparent. The
Tyndall effect can be
observed only in Bottle
A when a laser beam is passed
through Bottles A and
B. b Schematic diagram of a
water nanodroplet dispersed
in 3 M’s FC-72 thermal fluid.
A micelle of amphiphiles
surrounds the nanodroplet,
with the polar head
interacting with water [15]
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When the water nanodroplets do not undergo solid–liquid phase change, the
specific heat of the water in FC-72 nanoemulsion fluids follows the simple mixture
rule:

Cnanoemulsion ¼ 1ffi Uð Þcoil þ UCwater ð10Þ

where U represents the concentration of the ‘‘water’’ phase. The specific heat of
the pure FC-72 and water in FC-72 nanoemulsion fluids are measured using a
Differential Scanning Calorimetry (DSC). The specific heat of FC-72 and water-in-
FC-72 nanoemulsion fluids is measured using a TA-CC100 DSC. The measured
and calculated heat capacities of the water in FC-72 nanoemulsion fluids are
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shown in Fig. 20. It can be seen that over 15 % increase in heat capacity can be
achieved for a water volumetric fraction of 12 %.

In contrast with single-phase water droplets, the solid–liquid phase change of
these droplets will significantly enhance the effective specific heat of the nano-
emulsion fluids. The effective specific heat of the nanoemulsion fluid will be
increased by a factor of 1þ a�Hwater

DT �CFC72
, where a is the water volume fraction, Hwater is

the latent heat of fusion of water per unit volume, and DT is the temperature
difference between the heat transfer surface and the bulk fluid. The heat of fusion
Hwater of pure water is 334 J/ml. The measured a � Hwatervalues of the water in FC-
72 nanoemulsions for water loadings of 3, 6, 9, and 12 vol% are 10.52, 15.44,
25.48, 39.78 J/ml, respectively, as shown in Fig. 21a and b. The effective heat
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capacity of FC-72 can be enhanced by more than 200 % for a 12 % volume
fraction of water, according to these experimental data. However, a critical issue
for this type of nanoemulsion fluids is the large subcooling, more than 20 C
observed in water in FC-72 nanoemulsion fluids. More work needs to be conducted
in the future to reduce the subcooling of the dispersed PCM nanodroplets.

6 Conclusions

The use of PCMs in thermal fluids has emerged in recent years as a way to enhance
the performance of heat transfer fluids. This chapter discusses several types of
PCM microcapsules and nanoparticles that can be potentially used in application
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of heat transfer fluids. Synthesis processes of PCM particles are usually catego-
rized into two groups: chemical processes and physical processes. A major
chemical process is the in situ polymerization, which has been widely used to
fabricate polymer–paraffin microcapsules. The interfacial hydrolysis method was
recently developed to synthesize silica-NPG microcapsules. Physical methods
include spray drying and direct emulsification processes, which are capable of
producing PCM particles smaller than 1 lm. Many interesting properties have
been reported in these PCM particles and PCM fluids. For example, the use of low-
melting metallic nanoparticles, such as Field’s metal and Indium, can increase the
fluid conductivity and heat capacity simultaneously in the base fluids. In the
ethanol-in-PAO nanoemulsion fluids, explosive vaporization of the dispersed
nanodroplets would significantly improve the heat transfer.
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