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Nanostructured materials play an important role in advancing the electrochemical energy storage and

conversion technologies such as lithium ion batteries and fuel cells, offering great promise to address

the rapidly growing environmental concerns and the increasing global demand for energy. In this

review, we summarize some of the recent progress and advances in our laboratory on nanostructured

electrode materials for lithium ion batteries and platinum-based and platinum-free nanoalloy

electrocatalysts for the oxygen reduction reaction (ORR) in proton exchange membrane fuel cells

(PEMFC). Materials design, novel chemical synthesis and processing, advanced materials

characterization, and electrochemical evaluation data are presented.
1. Introduction

Energy is a central societal issue, impacting our way of life, world

economy, environment, and human health. Based on moderate

economic and population growth, the global energy consump-

tion is anticipated to triple by the year 2100. Although

combustion-based energy technologies continue to play a

dominant role in meeting our energy needs, it comes at a huge

price: rapid increase in greenhouse gas emissions, long lasting

environmental consequences, and global climate change. Rapid

depletion of fossil fuels and growing environmental concerns

pose serious scientific and technological challenges to address the

increasing global demand for energy. In view of these, energy will

be the greatest challenge facing humankind in the 21st century.
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Development of alternative, sustainable, clean energy techno-

logies is needed to address this inevitable challenge.

In this regard, solar, wind, hydrothermal, geothermal, nuclear,

biomass, fuel cells, high energy density batteries, and super-

capacitors are becoming appealing. Among them, fuel cells,

batteries, and supercapacitors are termed collectively as

electrochemical energy technologies as they rely on a common

electrochemical principle. They convert chemical energy directly

into electrical energy with little or no pollution and are

environmentally friendly. While fuel cell is an electrochemical

energy conversion device, both batteries and supercapacitors are

electrochemical energy storage devices. Among the various

alternative energy technologies, the electrochemical energy

technologies are the most viable option for automobiles. About

30% of the total energy consumption in the US is by the trans-

portation sector, which is also a major source of air pollution

particularly in large urban areas. However, a widespread

commercialization of the electrochemical energy technologies is
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Fig. 1 Illustration of the charge/discharge process involved in a lithium-

ion cell consisting of graphite as an anode and layered LiCoO2 as

a cathode.
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hampered by high cost, durability, and operability problems,

which are in turn linked to severe materials challenges.

For instance, although lithium ion batteries have revolution-

ized the portable electronics market such as cell phones and

laptop computers, their adoption for automobile applications

(e.g. electric vehicle (EV), hybrid electric vehicle (HEV), and

plug-in hybrid electric vehicle (PHEV) applications) is hampered

by high cost, safety concerns, and power and energy density

issues that are linked to the cathode, anode, and electrolyte

materials used. Similarly, the adoption of fuel cell technologies

for portable, automobile, and stationary applications is delayed

by the high cost and durability of the platinum-based electro-

catalysts and Nafion electrolyte membrane in addition to the

operability and system issues.

Design and development of new materials that can lower the

cost, increase the efficiency, and improve the durability can have

a significant impact in making these technologies commercially

viable. In this regard, nanostructured materials and nanotech-

nology offer great promise because of the unusual properties

endowed by confining their dimensions and the combination of

bulk and surface properties to the overall behavior.1–5 However,

solution-based synthesis approaches and the associated pro-

cessing play a critical role in controlling the particle composition,

size, morphology, and the overall electrochemical properties and

performances.6–9 We present here an overview of some of the

recent progress in our laboratory on how nanomaterials and

nanotechnology can impact the development of high perfor-

mance, affordable materials for electrochemical energy storage

and conversion. Specifically, olivine cathodes with unique

nanomorphologies and nano-oxide coated layered and spinel

oxide cathodes for lithium ion batteries are first presented. This is

followed by a brief overview of recent trends in nanostructured

anode materials for lithium ion batteries. Then, platinum-based

and platinum-free (palladium-based) nanoalloy electrocatalysts

for the oxygen reduction reaction in fuel cells are presented.

Rapid, microwave assisted solvothermal and hydrothermal

approaches to obtain highly crystalline olivine cathodes as well

as microwave assisted solvothermal synthesis approaches for the

electrocatalysts and the characterization and electrochemical
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evaluation of the resulting materials in lithium cells and fuel cells

are presented.

2. Electrochemical energy storage

2.1 Lithium-ion batteries as energy storage systems

Lithium-ion battery is a good illustration of how a strong

interdisciplinary interaction between materials chemistry and

electrochemistry can impact technological advances. Fig. 1

illustrates the operating principles involved in a lithium ion cell.

The science and technology of lithium ion batteries are available

extensively in reviews and dedicated books,10–22 and the readers

are referred to them for more details. Lithium ion batteries

involve a reversible insertion/extraction of lithium ions into/from

a host matrix, accompanied by a flow of electrons through the

external circuit, during the discharge/charge process as shown in

Fig. 1. Lithium ion cells presently use mostly graphite as the

anode host and the layered LiCoO2 as the cathode host. A

lithium-containing salt such as LiPF6 dissolved in a mixture of

aprotic solvents like ethylene carbonate (EC) and diethyl
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Fig. 3 Comparison of the energy diagrams of LiCoO2, LiNiO2, and

LiMnO2.
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carbonate (DEC) is used as the electrolyte. The chemical reaction

involved during the charging process is shown in reaction (1)

below, and the reverse reaction will occur during the discharge

process:

LiCoO2 + C6 / Li1�xCoO2 + LixC6 (1)

The free energy change involved in reaction (1) is taken out as

electrical energy during the discharge process.

Although initial efforts were focused on transition metal

chalcogenides (sulfides and selenides) as cathodes for recharge-

able lithium cells,14 a recognition by Goodenough’s group during

the 1980’s23,24 that it is difficult to stabilize higher oxidation states

of transition metal ions in chalcogenides and achieve cell voltages

> 2.5 V versus Li/Li+ with them led to the exploration of oxides as

cathode hosts. With this perspective, several transition metal

oxide hosts crystallizing in different structures have been iden-

tified as cathode materials during the past 25 years. Among them,

oxides with a general formula LiMO2 (M ¼ Mn, Co, and Ni)

having a two-dimensional layered structure, LiMn2O4 having the

three-dimensional spinel structure, and LiFePO4 having the

olivine structure as shown in Fig. 2 have become appealing as

cathodes since they exhibit a high charge/discharge potential of

> 3.4 V versus Li/Li+ while graphite with a charge/discharge

potential close to 0 V versus Li/Li+ and a theoretical capacity of

372 mA h g�1 has become appealing as an anode for lithium ion

cells. Coupling of one of these cathodes with graphite anode

offers > 3 V per cell with much higher energy densities than other

rechargeable systems like lead-acid, nickel–cadmium, or metal-

hydride batteries.

However, only 50% of the theoretical capacity of LiCoO2

could be utilized in practical lithium ion cells, which corresponds

to a reversible insertion/extraction of 0.5 lithium in Li1�xCoO2

and 140 mA h g�1 around 4 V versus Li/Li+. Although this

limitation was attributed originally to structural transitions

around (1 � x) ¼ 0.5,25 extensive chemical delithiation
Fig. 2 Crystal structures of various cathode materials for lithium ion

batteries.

This journal is ª The Royal Society of Chemistry 2008
experiments suggest that the limitation is related primarily to

chemical instability for (1 � x) < 0.5, arising from a significant

overlap of the redox active Co3+/4+:t2g band with the top of the

O2�:2p band as shown in Fig. 3.26,27 On the other hand, the redox

active Ni3+/4+:eg band only barely touches the top of the O2�:2p

band in Li1�xNiO2, while the redox active Mn3+/4+:eg band lies

well above the top of the O2�:2p band in Li1�xMnO2 as seen in

Fig. 3. As a result, both the Ni3+/4+ and Mn3+/4+ couples exhibit

better chemical stability than the Co3+/4+ couple in Li1�xMO2.

Nevertheless, Li1�xNiO2 suffers from structural transitions and

thermal runaway, while Li1�xMnO2 suffers from a layered to

spinel structural transition during the charge-discharge

process.28–30

The spinel LiMn2O4 with a strong edge-shared [Mn2]O4 octa-

hedral framework, on the other hand, exhibits good structural

stability during the charge-discharge process. The major issue,

however, is the disproportionation of Mn3+ in presence of trace

amounts of H+ ions into Mn2+ and Mn4+, resulting in a leaching

out of Mn2+ ions from the cathode lattice into the electrolyte.31,32

The dissolved manganese ions subsequently deposit on the

graphite anode and leads to a huge rise in impedance and severe

capacity fade at elevated temperatures. Moreover, the capacity of

LiMn2O4 is limited to < 120 mA h g�1 around 4 V versus Li/Li+,

which corresponds to a reversible insertion/extraction of � 0.8

lithium per LiMn2O4 formula unit. Although an additional

lithium could be inserted into the empty octahedral sites of the

[Mn2]O4 framework at a lower voltage of� 3 V versus Li/Li+, it is

accompanied by a macroscopic structural transition from cubic

to tetragonal symmetry due to the Jahn–Teller distortion asso-

ciated with the high spin Mn3+:t2g
3eg

1 ions, resulting in a huge

volume change and severe capacity fade.24 Therefore, the

capacity in the 3 V region could not be used in practical cells.

The olivine LiFePO4 with covalently bonded PO4 groups and

chemically more stable Fe2+/3+ couple offers excellent chemical

stability.33,34 The good chemical stability is due to the lying of the

Fe2+/3+:t2g band well above the top of the O2�:2p band. However,

the major drawback with LiFePO4 is the poor, intrinsic elec-

tronic and lithium ion conductivities arising from a lack of mixed

valency and the one-dimensional lithium ion diffusion. Although

one lithium per LiFePO4 could be reversibly inserted/extracted,

the presence of heavier PO4 groups limits the theoretical capacity

to < 170 mA h g�1 while the lower valent Fe2+/3+ couple operates

at a lower voltage of � 3.4 V versus Li/Li+. Also, the olivine

structure is less dense than the layered and spinel structures,

resulting in a lower volumetric energy density.
Energy Environ. Sci., 2008, 1, 621–638 | 623
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2.2 Nanostructured electrode materials

Although lithium-ion batteries have significantly impacted the

portable electronics market, there is immense interest to increase

their energy density beyond the current values pointed out in

section 2.1, while satisfying other performance parameters such

as high rate (power) capability and long cycle life. Design and

development of breakthrough materials are needed to accom-

plish this objective. Nanostructured materials are appealing in

this regard particularly to increase the energy density and rate

capability,35 but there are advantages and disadvantages associ-

ated with them. Some of the advantages are listed below:

� The short diffusion length for Li+ ion transport can enhance

the rate capability and power density

� The high electrode/electrolyte contact area can help to

increase the rate capability

� A better accommodation of the strain during lithium inser-

tion/extraction can help to improve the cycle life

� The small particle size can aid to realize a better electro-

chemical utilization of the materials

Some of the disadvantages are given below:

� The large surface area can lead to enhanced reaction between

the electrode surface and electrolyte, resulting in an increase in

solid-electrolyte interfacial (SEI) layer area, self discharge, and

inferior cycle life

� The low packing density of the particles can lead to lower

volumetric energy density

� The complexity in the synthesis methods employed could

increase the processing and manufacturing costs

With these perspectives, nanostructured materials have been

pursued as both anode and cathode hosts for lithium ion

batteries, and the following sections present them briefly.
2.2.1 Nanostructured layered and spinel oxide cathodes. A

number of synthetic routes such as sol-gel,36 coprecipitation,37

reduction,38 emulsion,39 hydrothermal,40 and combustion41

methods have been pursued over the years to synthesize nano-

structured layered and spinel oxide cathodes. A few examples are

pointed out below. Caballero et al.42 developed a simple, direct

method for preparing nanostructured materials with three- and

two-dimensional structures for use as cathodes. The method

relies on the formation of nanostructured oxalates from highly

hydrated salts ground in the presence of hydrated oxalic acid,

followed by thermal decomposition of the precursors formed.

Such a simple procedure offers highly homogeneous nano-

particles of, for example, LiMn2�xNixO4 (x ¼ 0 and 0.5) spinel

cathodes at low temperatures. In contrast, the formation of

layered oxide cathodes such as LiCoO2 and LiNi0.5Co0.5O2 by

the same approach requires higher temperatures. Recently,

layered Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires have been

prepared directly via a hydrothermal reaction at 200 �C. The

nanowire cathodes showed a high reversible capacity of 230 mA

h g�1 at 1C rate with good cycling under high rates.43 Jiang et al.44

reported the formation of phase pure, well crystallized spinel

LiMn2O4 nanoparticles by a one-step hydrothermal reaction of

g-MnO2 with LiOH at 200 �C in a relatively short period of time.

The process is simple since the hydrothermal reaction involves

a redox reaction between Mn4+ and OH� without the addition of

any oxidants, reductants, or lower valent Mn source.
624 | Energy Environ. Sci., 2008, 1, 621–638
However, the major issue with such nanostructured cathode

materials with high surface area is the enhanced risk of secondary

reactions with the electrolyte and the associated safety problems.

In the case of LiMn2O4 spinel cathodes, the high surface area

results in an aggravated dissolution of manganese from the spinel

lattice into the electrolyte and severe capacity fade during

cycling, particularly at elevated temperatures. In view of these,

despite an advantage in increasing the lithium diffusion rate and

rate capability, nanoparticles of layered and spinel cathodes are

not particularly useful from a practical cell point of view.

Another interesting observation is that although LiMn2O4

spinel cycles poorly in the 3 V region due to the huge volume

change associated with the Jahn–Teller distortion, nano-

structured LiMn2O4 spinel particles formed during the charge-

discharge process of the layered LiMnO2 due to the layered to

spinel transition has been found to cycle well in the 3 V

region.45,46 The much smaller particles of LiMn2O4 formed in situ

accommodates the volume change smoothly and cycles well

without encountering a breakage of inter-particle contact.

2.2.2 Nanostructured olivine cathodes. One major drawback

with the cathodes containing highly oxidized redox couples like

Co3+/4+ and Ni3+/4+ is the chemical instability at deep charge and

the associated safety problems. Recognizing this, oxides like

Fe2(XO4)3 that contain the polyanion (XO4)
2� (X ¼ S, Mo, and

W) were initiated as lithium insertion/extraction hosts in the late

1980’s by Manthiram and Goodenough.47,48 Although the lower

valent Fe2+/3+ couple in a simple oxide like LiFeO2 would be

expected to offer a lower discharge voltage of < 3 V, the cova-

lently bonded groups like (SO4)
2� lower the redox energies of

Fe2+/3+ through inductive effect and increase the cell voltage to

> 3 V. Following this, LiFePO4 crystallizing in the olivine

structure (Fig. 2) and offering a flat discharge profile around

3.4 V and a theoretical capacity of 170 mA h g�1 was identified as

a cathode34 in late 1990’s. As Fe is inexpensive and environ-

mentally benign and the covalently bonded PO4 groups together

with the chemically more stable Fe2+/3+ couple offer excellent

safety, LiFePO4 has become an appealing cathode in recent

years. However, the major drawback with LiFePO4 is the poor

lithium ion conductivity resulting from the one-dimensional

diffusion of Li+ ions along the chains (b axis) formed by edge-

shared LiO6 octahedra and the poor electronic conductivity

resulting from the little solubility between LiFePO4 and FePO4

(lack of mixed valency) and the highly localized Fe2+ or Fe3+ ions

associated with the corner shared FeO6 octahedra.

These problems are being overcome in recent years by various

groups through cationic doping, decreasing the particle size via

solution-based synthesis, and coating with electronically con-

ducting agents.49–56 Keeping the particle size at the nanoscale has

been particularly useful with LiFePO4 in contrast to the layered

and spinel oxide cathodes discussed in section 2.2.1. While the

reactivity of the highly oxidized Co3+/4+ and Ni3+/4+ couples with

the electrolyte and the Mn dissolution from the spinel lattice

prevent the use of nanostructured layered and spinel cathodes in

practical cells, the better chemical stability of the lower valent

Fe2+/3+ couple together with a lying of the Fe2+/3+:3d band well

above the top of the O2�:2p band in contrast to that with the

Co3+/4+:3d band in Fig. 3 avoids such problems. As a result,

adoption of nanostructured samples has become particularly
This journal is ª The Royal Society of Chemistry 2008
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successful with the LiFePO4 system as the smaller particles are

extremely beneficial to overcome the sluggish lithium ion diffu-

sion rate associated with the olivine structure. We present below

the microwave assisted synthesis approaches developed in our

laboratory to obtain high performance nanostructured LiMPO4

(M ¼ Mn, Fe, Co, and Ni) within a short reaction time.

2.2.2.1 Microwave assisted solvothermal and hydrothermal

syntheses of nanostructured olivine cathodes. We have recently

developed a novel microwave assisted solvothermal and hydro-

thermal approach to obtain olivine LiMPO4 (M ¼ Mn, Fe, Co

and Ni) with nanstructured morphologies and controlled particle

size within a short reaction time of 5–15 min at temperatures as

low as 300 �C, offering important savings in manufacturing

cost.57,58 A schematic representation of the microwave-

solvothermal (MW-ST) process is shown in Fig. 4. A reaction of

the metal acetates with H3PO4 and LiOH in a polyol medium

under solvothermal conditions offers highly crystalline, nano-

structured LiMPO4. The MW-ST method56 offers a drastic

reduction in synthesis time (<15 min) compared to the time

consuming, traditional refluxing or heating in a furnace or in an

autoclave involving 5–24 h.59,60

Fig. 5 shows the XRD patterns of the pristine LiMnPO4,

LiFePO4, LiCoPO4, and LiNiPO4 obtained by such a MW-ST

process. All the reflections could be indexed on the basis of the

orthorhombic olivine structure (space group: Pnma),34 indicating
Fig. 4 Schematic representation of the MW-ST process to produce

LiMPO4 (M ¼ Mn, Fe, Co, Ni) nanorods within 5–15 min at 300 �C.

Fig. 5 XRD patterns of the LiMPO4 (M ¼ Mn, Fe, Co, Ni) nanorods

prepared by the MW-ST method within 5–15 min at 300 �C.

This journal is ª The Royal Society of Chemistry 2008
the formation of phase pure samples without any impurity

phases. The sharp diffraction peaks illustrate the highly crystal-

line nature of LiMPO4 achievable by the MW-ST process within

a short time without post annealing at elevated temperatures.

The reflections in Fig. 5 shift gradually to higher angles on going

from M ¼ Mn to Fe to Co to Ni due to the decrease in the ionic

radii values. Energy dispersive spectroscopic (EDS) analysis in

SEM and atomic absorption spectroscopic analysis of the

as-synthesized LiMPO4 confirmed a Li : M : P ratio of 1 : 1 : 1.

The TEM images shown in Fig. 6 reveal nanorod morphol-

ogies with controlled particle size. The nanorod dimension could

be controlled by altering the reaction conditions such as the

reactant concentrations. The high resolution TEM images with

the fringes shown in Fig. 7 demonstrate the highly crystalline

nature of the samples. The TEM data also reveal that each

nanorod is a single crystal. Analysis of the TEM data further

reveals that the nanorods grow along the [001] direction with the

lithium diffusion direction (the b axis) perpendicular to the long

nanorod axis as indicated in Fig. 7, which is particularly

attractive to achieve fast lithium diffusion and high rate

capability. Thus the MW-ST approach presented here offers

a unique nanomorphology, facilitating fast lithium ion diffusion.
Fig. 6 TEM images of LiMPO4 (M ¼ Mn, Fe, Co, Ni) nanorods

prepared by the MW-ST method within 5 to 15 min at 300 �C.

Fig. 7 High resolution TEM images of (a) LiFePO4 and (b) LiMnPO4

nanorods, showing the growth direction and the highly crystalline nature

(dark fringes) of the samples.

Energy Environ. Sci., 2008, 1, 621–638 | 625
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Fig. 9 Discharge profiles of the large (40 � 6 nm width and up to 1 mm

length) and (b) small (25� 6 nmwidth and up to 100 nm length) LiFePO4

nanorods after coating with p-TSA doped PEDOT.
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Although one of the drawbacks with LiFePO4 is the lower

discharge voltage (3.4 V versus Li/Li+), the analogous LiMnPO4,

LiCoPO4, and LiNiPO4 offer much higher voltages of, respec-

tively, 4.1, 4.8, and 5.2 V versus Li/Li+, which are beneficial to

increase the energy density. However, the extremely low elec-

tronic conductivity and the Jahn–Teller distortion associated

with LiMnPO4 lead to poor electrochemical performance while

the lack of stable electrolytes at higher operating voltages leads

to poor performance for LiCoPO4 and LiNiPO4. Development

of alternate electrolytes that are stable around 5 V could make

these olivine cathodes attractive for both high energy density and

high power application.

We have also developed a similar microwave assisted hydro-

thermal approach, employing rather the inexpensive and

environmentally benign solvent, water. The microwave-hydro-

thermal (MW-HT) method also offers highly crystalline LiMPO4

samples at temperatures as low as 235 �C within a short reaction

time (<15 min). However, the MW-HT method offers larger

particle size compared to the MW-ST method, which will be

discussed later.

2.2.2.2 Nano olivine/polymer nanocomposite cathodes.

Although the MW-ST method offers LiMPO4 nanorods with

controlled particle size at temperatures as low as 300 �C, the lack

of adequate electronic conductivity could still become an

impediment to achieve high rate capability. Accordingly, we have

encapsulated the LiFePO4 nanorods obtained by the MW-ST

method within a mixed electronically and ionically conducting

p-toluene sulfonic acid (p-TSA) doped poly(3,4-ethylenedioxy

thiophene) (PEDOT) at ambient-temperatures to obtain an

organic-inorganic nanocomposite.57 Fig. 8 shows the TEM

images of the LiFePO4 nanorods (in two different dimensions)

after encapsulating within the mixed conducting polymer. The

large nanorod sample in Fig. 8(a) has a width of 40 � 6 nm and

a length of up to 1 mm, while the small nanorod sample in

Fig. 8(b) has a width of 25 � 6 nm and a length of up to 100 nm.

The TEM image in Fig. 8(b) reveals the transparent polymer

coating (light region) on the highly crystalline LiFePO4 (dark

fringes) nanorods.

Fig. 9 compares the rate capabilities of the two samples before

and after coating with the conducting polymer.57 Both the

samples (large and small nanorods) exhibit higher capacities after

coating due to an enhancement in electronic conductivity and the

synergistic effects provided by the electronically and ionically

conducting doped PEDOT. Moreover, the small nanorods in
Fig. 8 High resolution TEM image of (a) large LiFePO4 nanorods (40�
6 nmwidth and up to 1 mm length) and (b) small LiFePO4 nanorods (25�
6 nmwidth and up to 100 nm length) after coating with p-toluene sulfonic

acid (p-TSA) doped poly(3,4-ethylenedioxythiophene) (PEDOT).
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Fig. 9(b) exhibit higher rate capability than the large nanorods in

Fig. 9(a) due to the short lithium diffusion length in the former.

We believe the nanorod morphology with the easy lithium

diffusion direction (b axis) perpendicular to the long nanorod

axis as indicated in Fig. 7 offers particular advantages to realize

facile lithium diffusion. The small nanorods offer a capacity of

166 mA h g�1, which is close to the theoretical value of 170 mA h

g�1. The data in Fig. 9 demonstrate that both the electronic and

lithium ion conductivity play a critical role in controlling the

electrochemical properties of olivine LiFePO4.
57

2.2.2.3 Nanoscale networking of olivine cathodes with carbon

nanotubes. With an aim to enhance the electronic conductivity,

we have also networked the LiFePO4 nanorods synthesized by

the MW-ST method with multi-walled carbon nanotubes

(MWCNT) at ambient temperatures. Fig. 10 shows the SEM

images of MWCNT and LiFePO4 networked with MWCNT. As

seen in Fig. 11, the LiFePO4 nanorods exhibit a significant

improvement in rate capability after networking with MWCNT.

The superior rate performance of the LiMPO4-MWCNT nano-

composite is due to the combined effect of the small lithium

diffusion path length and the electronically conductive matrix

provided by the carbon nanotubes.61 Fig. 12 compares the
This journal is ª The Royal Society of Chemistry 2008
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Fig. 12 Cyclability of pristine LiFePO4 prepared by the MW-ST

method, after networking it with MWCNT, and after encapsulating it

with p-TSA doped PEDOT.

Fig. 13 (a) XRD patterns of the as-synthesized LiFePO4/C nano-

composite obtained by the facile one step microwave-hydrothermal

process within � 15 min, (b) XRD pattern of the LiFePO4/C nano-

composite after heating at 700 �C for 1 h in 2% H2–98% Ar, and (c)

Raman spectrum of the LiFePO4/C nanocomposite.

Fig. 10 SEM images of (a) multiwalled carbon nanotubes (MWCNT) and (b) nanoscale networked LiFePO4-MWCNT nanocomposite.

Fig. 11 Discharge profiles at various C rates of LiFePO4 nanorods

before and after their nanoscale networking with MWCNT.
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cyclability of the LiFePO4-MWCNT nanocomposite with those

of both the pristine sample obtained by the MW-ST method and

after encapsulating within the mixed conducting polymer. The

LiFePO4-MWCNT nanocomposite exhibits excellent cyclability

like the LiFePO4 encapsulated within the p-TSA doped PEDOT

polymer with a capacity value close to the theoretical value

(170 mA h g�1).

2.2.2.4 Nano olivine/carbon nanocomposite cathodes. In

another approach, we have also pursued an in situ coating of the

nano LiFePO4 with conductive carbon to enhance the electronic

conductivity. This was achieved by a simultaneous in situ coating

of a thin nanolayer of carbon on the LiFePO4 nanorods via
This journal is ª The Royal Society of Chemistry 2008
a hydrothermal carbonization of glucose during the microwave

hydrothermal (MW-HT) process.65 The hydrothermal carbon-

ization of glucose not only acts as a reducing agent and offers an

in situ coating of carbon on LiFePO4, but also helps to prevent

the growth or agglomeration of the LiFePO4 nanoparticles

during the hydrothermal process.

Fig. 13(a) shows the XRD pattern of the LiFePO4/C nano-

composite obtained by the MW-HT process. The sharp diffrac-

tion peaks without any impurity phases indicate the formation of

a highly crystalline, phase pure LiFePO4 at a low temperature of
Energy Environ. Sci., 2008, 1, 621–638 | 627
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Fig. 15 Discharge profiles recorded at different C-rates of the (a)

as-synthesized LiFePO4/C nanocomposite obtained by the one step

microwave-hydrothermal carbonization method, (b) after heat treating

the LiFePO4/C nanocomposite at 700 �C for 1 h in 2% H2–98% Ar

atmosphere, and (c) cyclability of the LiFePO4/C nanocomposite

obtained by the microwave-hydrothermal method.
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235 �C within a short reaction time of 15 min by the MW-HT

process. In order to improve the structural order of the carbon

coating, the as-synthesized LiFePO4/C nanocomposite was

further heated in an inert atmosphere at 700 �C for 1 h, and the

corresponding XRD pattern is shown in Fig. 13(b). All the

reflections in Fig. 13(a) and (b) could be indexed on the basis of

an orthorhombic olivine-type structure with the Pnma space

group, and the lattice parameter values of a ¼ 10.321(1), b ¼
6.001(1), and c ¼ 4.696(1) Å are in close agreement with the

literature values.34 No reflections corresponding to carbon is seen

possibly due to its low content and/or its low crystallinity.

The Raman spectrum in Fig. 13(c)) shows the characteristic

bands for both carbon and LiFePO4, suggesting the coating of

carbon on LiFePO4. The sharp band at 948 cm�1 together with

those at 995 and 1068 cm�1 can be attributed to the symmetric

PO4
3� stretching vibration of LiFePO4 as shown in the inset of

Fig. 13(c).62 The band observed at 1607 cm�1 corresponds to the

graphite band (G-band), which is characteristic of carbon

materials with a high degree of ordering.63 On the other hand, the

band observed around 1337 cm�1 corresponds to a disorder-

induced phonon mode (D-band) for disordered carbon mate-

rials. It is generally believed that the ID/IG value (the peak

intensity ratio between the 1337 and 1607 cm�1 peaks) provides

a useful index for comparing the degree of crystallinity of various

carbon materials.64 A smaller ID/IG ratio in Fig. 13(c) indicates

a high degree of ordering in the carbon coated on LiFePO4.

Fig. 14 shows the TEM images of the carbon coated LiFePO4

prepared by the MW-HT process. The images indicate well-

defined, crystalline nanorod morphology with controlled size.

The high resolution TEM image of the LiFePO4/C nano-

composite shown in Fig. 14(b) contrasts the LiFePO4 nanorods

(dark region) from the carbon coating (white region). Typically,

the cabon coating was found to be 5–12 nm thick while the core

LiFePO4 nanorod was found to have a diameter of around 225�
6 nm. Also, a comparison of the TEM data before and after heat

treatment at 700 �C for 1 h suggests that the high temperature

treatment does not change the crystallite size of LiFePO4 as the

carbon coating inhibits the crystallite growth normally encoun-

tered during high temperature heat treatment.

Fig. 15 shows the discharge profiles collected at different

C-rates and the cyclability of the as-synthesized LiFePO4/C

obtained by the MW-HT method and after annealing the

LiFePO4/C nanocomposite at 700 �C for 1 h.65 The annealed
Fig. 14 (a) TEM image of the LiFePO4/C nanocomposite obtained by

the microwave-hydrothermal method after heat treatment at 700 �C for

1 h, illustrating the nanorod-like morphology and (b) high resolution

TEM image of LiFePO4/C, showing the thin carbon coating on LiFePO4.

628 | Energy Environ. Sci., 2008, 1, 621–638
LiFePO4/C nanocomposite exhibits an initial discharge capacity

of 150 mA h g�1 at C/10 rate, which is 88% of the theoretical

capacity. Although the first initial discharge capacity values of

the as-synthesized (144 mA h g�1) and annealed samples (150 mA

h g�1) do not differ much, the annealed LiFePO4/C nano-

composite exhibits better rate capability compared to the

as-synthesized LiFePO4/C. The cyclability data in Fig. 15(c)

reveal that while the as-synthesized LiFePO4/C sample exhibits

some capacity fade, the annealed sample exhibits excellent

capacity retention.

We also carried out an ex situ coating of the LiFePO4 nano-

rods with carbon by heating with sucrose at 700 �C for 1 h the

LiFePO4 nanorods obtained by the MW-ST method.65 The

LiFePO4/C nanocomposite obtained by this approach exhibits

higher discharge capacity of 162 mA h g�1 (Fig. 16) than that

exhibited by the LiFePO4/C sample obtained by the in situ MW-

HT process (150 mA h g�1) in Fig. 15 due to the smaller particle

size. The LiFePO4/C nanocomposite sample also exhibits

excellent cyclability with no noticeable fade compared to the

as-synthesized sample obtained by theMW-STmethod as seen in

Fig. 16(b).

Fig. 17 compares the rate capacities of the LiFePO4/C nano-

composite obtained by heating the MW-ST LiFePO4 with

sucrose at 700 �C and by heating at 700 �C the LiFePO4/C

nanocomposite obtained by the MW-HT method. Although

both samples were subjected to a constant annealing of 1 h at

700 �C, the former exhibits higher initial discharge capacity due
This journal is ª The Royal Society of Chemistry 2008
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Fig. 17 Comparison of the rate capacities of LiFePO4/C nanocomposite

obtained by an ex situ carbon coating of the MW-ST LiFePO4 nanorods

by heating with sucrose at 700 �C for 1 h in a flowing 2% H2–98% Ar

atmosphere and LiFePO4/C nanocomposite obtained by an in situ carbon

coating with glucose during the MW-HT process, followed by heating at

700 �C for 1 h in a flowing 2% H2–98% Ar atmosphere.

Fig. 16 Comparison of the (a) first charge-discharge profiles recorded at

C/10 rate and (b) cyclability of the as-synthesized LiFePO4 nanorods

obtained by the MW-ST method and the LiFePO4/C nanocomposite

obtained by an ex situ carbon coating of the MW-ST LiFePO4 nanorods

by heating with sucrose at 700 �C for 1 h in a flowing 2% H2–98% Ar

atmosphere.
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to a smaller particle size (25� 6 nm and a length of up to 100 nm)

compared to the latter (width of 150� 6 nm and a length of up to

225 nm). The observation demonstrates that both the lithium ion

conduction and electronic conduction play a critical role in

controlling the electrochemical properties of LiFePO4. A smaller

lithium diffusion length in the MW-ST sample leads to better

electrochemical properties.57,65

The results in sections 2.2.2.1 to 2.2.2.3 demonstrate that the

microwave assisted solvothermal and hydrothermal (MW-STand

MS-HT) methods offer a facile synthesis route to obtain high

performance olivine cathodes within a short reaction time,

providing significant savings inmanufacturing cost. Although the
This journal is ª The Royal Society of Chemistry 2008
samples prepared by the MW-ST method exhibit higher capacity

and rate capability due to the smaller particle size, the use of water

as a solvent in theMW-HTprocessmay be advantageous in terms

of cost and environmental impact. Furthermore, the microwave

assisted approach has the potential to access the LiMPO4 (M ¼
Mn, Fe, Co, and Ni) olivines and their solid solutions as well as

after doping with ions like Mg2+ or Zn2+ ions54 in different

nanomprphologies (e.g., nanospheres, nanorods, nanosheets, and

nanowires) by altering the reaction conditions.

Although nanosize particles of olivines have proved useful to

overcome the poor lithium ion conduction, the small particle size

could lead to less dense packing and a consequent decrease in

overall volumetric energy density. The lower packing density

together with the lower operating voltage of LiFePO4 make it

less attractive for portable applications although it has emerged

as one of the leading candidates for automobile applications.

2.2.3 Nano-oxide coated cathodes

2.2.3.1 Surface modified layered oxide cathodes. As pointed

out in section 2.1, only 50% of the theoretical capacity of layered

LiCoO2 cathode could be utilized in practical lithium ion cells

due to the chemical instability in contact with the electrolyte for

(1� x) < 0.5 in Li1�xCoO2.
26,27 One way to suppress the chemical

reactivity of the cathode surface with the electrolyte is to coat or

modify the surface of the cathode with other inert oxides. In fact,

surface modification of the layered LiCoO2 cathode with nano-

structured oxides like Al2O3, TiO2, ZrO2, SiO2, MgO, ZnO, and

MPO4 ((M ¼ Al, Fe, SrH, and Ce)) has been found to increase

the reversible capacity of LiCoO2 from 140 mA h g�1 to about

200 mA h g�1, which corresponds to a reversible extraction of

� 0.7 lithium instead of 0.5 lithium per LiCoO2 formula unit.66–73

The surface modification suppresses the impedance growth

arising from a reaction of the cathode surface with the electrolyte

and improves the capacity retention to higher capacity or higher

cutoff charge voltages. This demonstrates that the limitation in

the practical capacity of LiCoO2 is primarily due to the chemical

instability at deep charge and not due to the structural (order-

disorder) transition at (1 � x) ¼ 0.5.25 However, the long term

performance of these nano-oxide cathodes will rely on the

robustness of the coating. Recently, nano-coating of carbon on

LiCoO2 has also been shown to improve its rate capability.74

More recently, solid solutions between layered Li[Li1/3Mn2/3]O2,

which is commonly designated as Li2MnO3, and layered

Li[Ni1�y�zMnyCoz]O2 have become interesting as they exhibit

much higher capacities of around 250 mA h g�1.75,76 This capacity

value is nearly two times higher than that found with the

conventional layered LiCoO2 cathode. These layered solid

solutions between Li[Li1/3Mn2/3]O2 and Li[Ni1�y�zMnyCoz]O2

exhibit an initial sloping region A, which corresponds to the

oxidation of the transition metal ions to 4+ state, followed by

a plateau region B, which corresponds to an oxidation of the O2�

ions to neutral oxygen and an irreversible loss of oxygen from the

lattice, during the first charge as seen in Fig. 18. After the first

charge, the material cycles with a sloping discharge-charge

profile involving a reversible reduction-oxidation of the transi-

tion metal ions. However, these layered solid solution cathodes

tend to exhibit a large difference between the first charge capacity

and the first discharge capacity as seen in Fig. 18, which is

referred to as irreversible capacity loss.
Energy Environ. Sci., 2008, 1, 621–638 | 629
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Fig. 20 First charge-discharge profiles of the layered (1� x)Li[Li1/3Mn2/3]

O2–xLi[Ni1/3Mn1/3Co1/3]O2 solid solutions before and after surface

modification with 3 wt.% nanostructured Al2O3, followed by heating at

400 �C.

Fig. 18 First charge-discharge profiles of solid solutions between

layered Li[Li1/3Mn2/3]O2 and Li[Ni1�y�zMnyCoz]O2.
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The large irreversible capacity loss is believed to be due to the

extraction of lithium as ‘‘Li2O’’ in the plateau region B in Fig. 18

and an elimination of the oxygen vacancies formed to give an

ideal composition ‘‘MO2’’ at the end of first charge, resulting in

a less number of lithium sites available for lithium insertion/

extraction during the subsequent discharge/charge cycles.77,78

However, a careful analysis of the first charge and discharge

capacity values in our laboratory with a number of compositions

suggests that part of the oxygen vacancies should be retained in

the lattice to account for the high discharge capacity values

observed in the first discharge.79 More importantly, we find that

the irreversible capacity loss in the first cycle can be reduced

significantly by coating these layered oxide solid solutions with

nanostructured oxides and phosphates like Al2O3 and AlPO4.
79,80

The TEM image shown in Fig. 19 reveals that the coating species

forms a nanoporous layer of � 5 nm thick on the cathode

surface.

Fig. 20 and 21 compare the first charge-discharge profiles and

the corresponding cyclability data of a series of solid solutions

between layered Li[Li1/3Mn2/3]O2 and Li[Ni1/3Mn1/3Co1/3]O2

before and after surface modification with nanostructured

Al2O3.
80 Clearly, the surface modified samples exhibit lower

irreversible capacity loss and higher discharge capacity values

than the pristine, unmodified samples. This improvement in the

surface modified samples has been explained on the basis of the

retention of more number of oxygen vacancies in the layered

lattice after the first charge compared to that in the unmodified

samples.79 It appears that the bonding of the nano-oxides to the
Fig. 19 TEM image of 4 wt.% nano AlPO4 modified Li[Li0.2Mn0.54
Ni0.13Co0.13]O2 cathode.

630 | Energy Environ. Sci., 2008, 1, 621–638
surface of the layered oxide lattice suppresses the diffusion of the

oxygen vacancies and their elimination.

It is remarkable that the surface modified (1� x)Li[Li1/3Mn2/3]

O2–xLi[Ni1/3Mn1/3Co1/3]O2 composition with x ¼ 0.4 exhibits

a high discharge capacity of � 280 mA h g�1, which is two times
Fig. 21 Cyclability of the layered (1 � x)Li[Li1/3Mn2/3]O2–xLi[Ni1/3
Mn1/3Co1/3]O2 solid solutions before and after surface modification with

3 wt.% nanostructured Al2O3, followed by heating at 400 �C.

This journal is ª The Royal Society of Chemistry 2008
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higher than that of LiCoO2. However, one drawback with these

oxides is that they require charging up to about 4.8 V and more

stable, compatible electrolyte compositions need to be developed

to fully exploit their potential as high energy density cathodes.

Moreover, oxygen is lost irreversibly from the lattice during the

first charge, and it may have to be vented appropriately during

cell manufacturing. Also, the long-term cyclability of these high

capacity cathodes needs to be fully assessed.

2.2.3.2 Surface modified spinel oxide cathodes. As pointed

out in section 2.1, the major issue with the LiMn2O4 spinel

cathode is the Mn dissolution from the lattice in contact with the

electrolyte. Accordingly, coating of the LiMn2O4 spinel cathode

with nanostructured oxides like Al2O3, TiO2, ZrO2, SiO2, MgO,

and ZnO has been found to suppress theMn dissolution from the

spinel lattice in contact with the electrolyte and improve the

capacity retention.81–84 However, the coated species could strip

off during long term cycling, and the challenge is to achieve

robust coatings that will be stable under aggressive charge–

discharge conditions.

Another drawback with the spinel LiMn2O4 cathode is the

lower energy density arising froma limited capacity of < 120mAh

g�1 compared to the layered oxide cathodes. In this regard, the

LiMn1.5Ni0.5O4 spinel cathode is appealing as it offers a discharge

capacity of around 130mAhg�1 at a higher voltage of 4.7V versus

Li/Li+. However, the spinel LiMn1.5Ni0.5O4 encounters the

formation ofNiO impurity during synthesis and the phasewith an

ordering betweenMn4+ andNi2+ has been found to exhibit inferior

performance than the disordered phase.85 We have found that

the formation of the NiO impurity phase and the ordering

could be suppressed by appropriate cation doping as in

LiMn1.5Ni0.42Zn0.08O4 and LiMn1.42Ni0.42Co0.16O4.
86

One major concern with the spinel LiMn1.5Ni0.5O4 cathode is

the chemical stability in contact with the electrolyte at the higher

discharge voltage of 4.7 V versus Li/Li+. To overcome this diffi-

culty, we have modified the surface of the cation substituted

LiMn1.42Ni0.42Co0.16O4 cathode with nanostructured oxides like

Al2O3.
87 The surface modified cathodes exhibit better cyclability

and rate capability retention as the material is cycled compared

to the unmodified pristine sample. A careful investigation of the

cathodes by electrochemical impedance spectroscopy before and

after surface modification with the nanostructured Al2O3 reveals

that the improvement is due to a decrease in both the solid-

electrolyte interfacial (SEI) layer resistance and electron transfer

resistance. It appears that the surface modification suppresses the

reaction between the cathode surface and the electrolyte and

modifies the SEI layer formation. The results suggest that surface

modification is an effective way to improve the chemical stability

of the 4.7 V spinel cathodes in contact with the electrolyte and

improve their cyclability and rate capability during long term

cycling.

2.2.4 Nanostructured anode materials. Carbon with a low

atomic weight, a redox energy close to that of metallic lithium,

and a high theoretical capacity of 372 mA h g�1 has become an

attractive anode in the present generation of lithium-ion

cells.15,88,89 However, one of the drawbacks with the carbon

anodes is the occurrence of a significant amount of irreversible

capacity loss during the first discharge-charge cycle due to
This journal is ª The Royal Society of Chemistry 2008
unwanted, irreversible side reactions with the electrolyte. The

reaction with the electrolyte produces a solid-electrolyte inter-

facial (SEI) layer, which could also pose safety concerns with

large cells. These difficulties have generated immense interest in

alternative anode materials. A brief summary of the nano-

structured anode materials is given below.

Alloying of lithium with other elements like Si, Sn, and Ge are

appealing as anodes since some of them exhibit high theoretical

capacities of >1000 mA h g�1.90–92 However, the major challenge

with these alloys is the huge volume change occurring during the

discharge-charge process, which leads to a breaking of inter-

particle contact and severe capacity fade during cycling. One

approach that is being pursued to overcome this problem is to

embed the electrochemically active nano-size clusters in an

electrochemically active or inactive matrix to suppress the strain

considerably and improve the reversibility of the lithium inser-

tion/extraction reaction.93–97 Examples of this include formation

of nanocomposites of silicon with carbon, graphite and SiOx.
95–97

Another approach that is being pursued is one-dimensional

nanowires that can accommodate large strain with good elec-

trical contact without pulverization during the charge-discharge

process.90,91 The nanowire strategy with both Si and Ge has been

found to improve the cyclability significantly with high

capacities, but it could lead to significant reduction in overall

volumetric energy density.

Metal oxides that undergo displacement reactions have also

been found to exhibit high capacities. For example, SnO2 reacts

with lithium to form Li2O and nanosize tin particles.98–101 The Sn

particles are finely dispersed in the Li2O matrix, and the Li2O

surrounding the tin particles accommodates the mechanical

stresses occurring during the alloy formation-decomposition

process. This greatly improves the cycling performance although

there is a significant irreversible capacity loss during the first

cycle and agglomeration of tin particles tend to occur during

prolonged cycling. More recently, a variety of nano-architectures

have also been pursued as anode hosts.102,103 Employing novel

synthesis approaches, for example, mesoporous SnO2 grown on

multi-walled carbon nanotubes, carbon nanotube coated SnO2

nanowire arrays,104 hollow core-shell mesospheres of SnO2 and

carbon, and tin particles encapsulated in hollow carbon spheres

have been found to exhibit interesting electrochemical properties.

Additionally, nanostructured oxides like FeO, NiO and CoO

involving a displacement reaction with lithium to form Li2O and

Fe, Ni, or Co have also been found to show reversibility.

However, they exhibit higher voltages versus Li/Li+ compared to

carbon anodes, resulting in a lower cell voltage.105

In addition, nanocrystalline Li4Ti5O12 crystallizing in the

spinel structure exhibits excellent lithium insertion/extraction

properties with little volume change (near zero strain material)

during charge-discharge cycling. Interestingly, it does not form

any undesirable solid-electrolyte interfacial (SEI) layer or any

serious safety problems unlike the carbon anode.106 Also, it is not

poisoned by the dissolved manganese released by the LiMn2O4

cathode. A lying of the Ti3+/4+:t2g band well above the top of the

O2�:2p band and the excellent chemical stability of the Ti3+/4+

couple (due to a smaller work function compared to the Co3+/4+

couple) allow the nanostructured Li4Ti5O12 work well like

LiFePO4 without encountering any undesirable reaction with the

electrolyte. However, the main drawback with Li4Ti5O12 is that it
Energy Environ. Sci., 2008, 1, 621–638 | 631
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exhibits a much lower capacity of 175 mA h g�1 at a much higher

voltage of 1.5 V versus Li/Li+, resulting in a significant reduction

in the energy density of the lithium ion cells. Recently, nano-

coating of carbon on Li4Ti5O12 has also been pursued to improve

its rate performance.107

Overall, nanomaterials and nanoarchitectures offer great

potential to overcome some of the persistent problems with

the anodes. Although, the small particle size could decrease the

volumetric energy density as in the case of nano olivines, the

significantly much higher capacities of the alloy anode materials

can readily offset this issue. Novel synthesis and processing

approaches could greatly benefit the development of successful

alloy anodes.

3. Electrochemical energy conversion

3.1 Fuel cells as energy conversion systems

Fuel cells are an attractive option for energy conversion as they

offer high efficiency with little or no pollution. Among the

various types of fuel cells, the proton exchange membrane fuel

cells (PEMFCs) and direct methanol fuel cells (DMFC) are

appealing for automotive and portable electronic applications

due to their low temperature (< 100 �C) of operation. The science

and technology of fuel cells are available extensively in reviews

and dedicated books,108–113 and the readers may refer to them for

more details. Fig. 22 illustrates the operating principles of

a PEMFC that uses hydrogen as a fuel and oxygen as an oxidant.

While the H+ ions produced by an electrocatalytic oxidation of

H2 gas by the Pt catalyst migrates from the anode to the cathode

through the proton-conducting Nafion membrane, the electrons

flow through the external circuit from the anode to the cathode,

where it electrocatalytically reduces with the assistance of the Pt

catalyst the O2 gas to O2� ions, which combines with the H+ ions

to produce water. The free energy change involved in the

chemical reaction (2) below is tapped out as electricity:

2 H2 + O2 / 2 H2O (2)

However, the commercialization of the fuel cell technology is

hampered by high cost, durability, and operability problems,
Fig. 22 Operating principles of a proton exchange membrane fuel cell

(PEMFC).
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which are linked to severe materials challenges. For example, the

limited abundance and high cost of Pt catalyst,114,115 its instability

(dissolution, precipitation, and migration) during cell opera-

tion,116–118 and poisoning by the methanol fuel that may cross-

over from the anode to the cathode through the Nafion

membranes are some of the serious problems to be addressed.108

For transportation applications, the cost of a PEMFC system is

estimated to be $200–300 kW�1, and the cost of platinum

contributes to half of it.114 Design and development of break-

through electrocatalysts that can overcome these difficulties are

critical to advance the technology. Nanomaterials and nano-

technology play a critical role in this regard, and the sections

below provide an overview of some of the recent developments in

nanostructured electrocatalysts.
3.2 Nanostructured electrocatalysts

The oxygen reduction reaction (ORR) involving a four electron

transfer is much more sluggish than the hydrogen oxidation

reaction (HOR) in a PEMFC. This requires a much higher

catalyst loading for ORR at the cathode than for HOR at the

anode, implying a significantly higher contribution of the

cathode to the cost of PEMFC. Nanostructured Pt with

a particle size of about 3 nm is still the state-of-the-art electro-

catalyst for ORR in PEMFC and DMFC. A great deal of

research effort has been devoted both to identify less expensive

electrocatalysts and to lower the Pt loading in the membrane-

electrode assembly (MEA). For example, alloying of Pt with

other less expensive metals like Cr, Fe, Co, Ni and Cu,119–124 as

well as development of alternative electrocatalysts such as metal

carbides,125 metal oxides,126 metal chalcogenides,127,128

enzymes,129,130 and platinum-free metal combinations131–136 have

been widely pursed over the years for ORR. Also, extensive

efforts have been made to lower the amount of the expensive Pt

catalyst per unit area.137–142 In these efforts, innovative synthesis

approaches and optimization of the particle size as well as novel

processing and fabrication methodologies play a critical role in

achieving high catalytic activity. The sections below focus on

some of the recent developments in our laboratory on platinum-

based and platinum-free nanoalloy electrocatalysts for ORR.

3.2.1 Nanostructured platinum-based alloy electrocatalysts.

Considerable worldwide research is aimed at enhancing the

kinetics of ORR on Pt-based electrocatalysts. It has been shown

that alloying of Pt with other less expensive metals like Cr, Mn,

Co, Ni, Fe, and W enhances the catalytic activity for ORR.119–124

Alloying non precious metals with Pt is appealing as it helps to

bring down the cost. One of the major issues in alloying Pt with

other metals is to obtain a high degree of alloying at the lowest

temperatures while keeping the particle size extremely small at

the nanoscale (� 3 nm). This becomes a challenge particularly

when the two or more metals involved in the alloy differ signi-

ficantly in their electrochemical reduction potential and in their

tendency to form the oxide (i.e. free energy change for oxide

formation). A less positive electrochemical reduction potential

and a greater tendency to form oxides with metals like Fe or W

invariably requires post annealing in reducing atmospheres at

elevated temperatures (500–900 �C) to achieve a high degree of

alloying. This often results in unwanted particle growth and
This journal is ª The Royal Society of Chemistry 2008
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decrease in electrochemical active sites per unit mass of the

electrocatalyst.143–145

We have developed a novel synthesis approach based on

microwave solvothermal (MW-ST) method to obtain nano-

structured alloy catalysts with a high degree of alloying at lower

temperatures (300 �C).146 Fig. 23(a) compares the XRD patterns

of the Pt70Pd20Co10 and Pt75Co25 samples synthesized by the

MW-ST method at 300 �C without any post annealing in

reducing atmospheres. The (111) reflections shift to higher angles

compared to that of Pt, indicating the substitution of smaller Co

and Pd for Pt. The decrease in unit cell volume from 60.38 Å3 for

Pt to 54.08 and 58.45 Å3, respectively, for Pt75Co25 and

Pt70Pd20Co10 and a correlation between the degree of alloying

and lattice parameter values indicate that most of the Co and Pd

are incorporated into the Pt lattice.

Fig. 23(b) compares the hydrodynamic polarization curves

obtained in O2 saturated 0.5 M H2SO4 at 1600 rpm. The ternary

Pt70Pd20Co10 catalyst exhibits catalytic activity for ORR similar

to that of commercial Pt catalyst despite a larger particle size

(7.7 nm) compared to that of Pt (2–3 nm). It is interesting to note

that Pt70Pd20Co10 exhibits slightly higher catalytic activity than

Pt75Co25 although they have comparable particle sizes (7.7 nm

for Pt70Pd20Co10 and 6.2 nm for Pt75Co25). The cost of Pd is 20%

of the cost of Pt, and the substitution of both Pd and Co for Pt

decreases the catalyst cost significantly. The results suggest that

microwave assisted solvothermal approach offers a potential

route to obtain high degree of alloying at low temperatures and

achieve high catalytic activity.146
Fig. 23 (a) XRD patterns of Pt, Pt75Co25, and Pt70Pd20Co10. The dotted

line refers to the expected position of the (111) reflection of Pt. (b)

Comparison of the hydrodynamic polarization curves of Pt75Co25 and

Pt70Pd20Co10 with that of commercial Pt (Alpha Aesar HiSpec 3000)

that were recorded in O2 saturated 0.5M H2SO4 with a rotation speed of

1600 rpm at room temperature (the current density refers to geometric

area). The sweep rate was 5 mV s�1.

This journal is ª The Royal Society of Chemistry 2008
ORR is a multi-electron process, involving a number of reac-

tion steps, intermediates, and adsorbed species. The rate deter-

mining step and the kinetics not only differ for different

electrocatalysts, but also dependent on the crystal faces of the

electrocatalysts. For example, Pt(111) has been found to be more

active than Pt(100) in perchloric acid. The lower activity of

Pt(100) has been explained on the basis of a strong adsorption of

OH� ions that inhibit ORRby decreasing the number of available

active sites.147 Enhanced ORR activity of the Pt-alloy catalysts

has been explained by (i) modification of the electronic structure

of Pt (5d-orbital vacancies), (ii) changes in the Pt-Pt bond distance

and coordination number, and (iii) inhibition of adsorbed

oxygen-containing species from the electrolyte onto the Pt

surface.143,148–151 More recently, it has been suggested that the

electrocatalytic activity is dependent on the interaction between

oxygen 2p states and the metal d states. The filling of the anti-

bonding states of O2:2p, which determines the strength of inter-

action of the metal-oxygen bond, is dependent on the position of

themetal d states relative to the Fermi level.152–157A shifting of the

metal d states upward relative to the Fermi level results in less

filling of antibonding states and a strong metal-oxygen bond. It

has also been found that Pt enriched surfaces in bi-metallic alloys

enhance ORR by inhibiting OH� adsorption.155,156

3.2.2 Nanostructured platinum-free alloy electrocatalysts.

Recently, alloying of Pd with other elements like Co and Ti has

drawn much attention for ORR as the cost of Pd is one-fifth of

the cost of platinum.134–136 Binary and ternary alloys such as

Pd70Co30, Pd70Co20Au10, and Pd70Co20Mo10 have been found to

exhibit good catalytic activity for ORR along with a high toler-

ance to methanol that may crossover from the anode to the

cathode through the Nafion membrane.135,158 However, Pd alone

is less active and unstable in acidic solution. Theoretical calcu-

lations have shown that the location of the metal d band of Pt,

Pd, and Ni is, respectively, �1.98, �1.54 and, �1.21 eV relative

to the Fermi level.159,160 Thus, oxygen binds more strongly on Pd

compared to that on Pt. Additionally, the formation and

incipient growth of PdO and Pd(OH)2 films and subsequent

dissolution of Pd as Pd2+ in acidic solutions in the potential range

of 0.5–1.3 V versus SHE causes loss of activity.161–163 Alloying of

Pd with other transition metals like Co have been found to

suppress the dissolution and enhance the activity.134–136,164

However, while the catalytic activity of the binary Pd–Co system

for ORR has been investigated, no data are available on the

binary Pd–Mo or Pd–W systems. With this perspective, our

laboratory has focused on the synthesis and characterization of

nanostructured Pd–Mo and Pd–W electrocatalysts, and the

results are briefly presented below.

Fig. 24 compares the XRD patterns of the carbon supported

Pd100�xMox (0 # x # 40) and Pd100�xWx (0 # x # 30) catalysts

that were synthesized by a thermal decomposition of palladium

acetylacetonate and molybdenum carbonyl or tungsten carbonyl

solutions in o-xylene, followed by heat treatment at 700–900 �C

in H2 atmosphere for 2 h.165 The reflections in Fig. 24 are char-

acteristic of a face-centered cubic lattice. Due to similar atomic

sizes, the formation of a solid solution alloy between Pd and Mo

or W could not be established from the XRD data alone.

However, the Pd–Mo and Pd–W phase diagrams suggests that

the formation of a face centered cubic solid solution up to
Energy Environ. Sci., 2008, 1, 621–638 | 633
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Fig. 25 TEM images and particle size distributions of (a) as-synthesized

Pd, (b) as-synthesized Pd90Mo10, (c) 900
�C Pd, and (d) 900 �C Pd90Mo10.

Fig. 24 XRD patterns of Pd-Mo and Pd-W samples after heat treatment

at 700–900 �C in H2 atmosphere. The dotted line refers to the expected

position of the (111) reflection of Pd. The reflections marked with C in

Pd60Mo40 refer to the Mo2C impurity phase and + in Pd70W30 corres-

pond to the W impurity phase.
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33 atom% Mo and 23 atom% W and phase separations on

increasing theMo orW contents further.166 In the case of Pd–Mo

system, no impurity phases are seen at 700 �C but reflections

corresponding to the Mo2C impurity phase are seen after heat

treating Pd60Mo40 at 900
�C. However, no Mo2C phase is seen in

the case of Pd70Mo30 even after heat treating at 900 �C, sug-

gesting the formation of single phase solid solution up to about

30 atom%Mo after annealing at 900 �C, which is consistent with

the literature phase diagram data.166 Similarly, in the Pd–W

system, reflections corresponding to metallic W appear in

Pd70W30 after heat treatment at 800 �C, indicating the formation

of solid solution at least up to 20 atom% W, which is consistent

with the literature phase diagram data.166 Both X-ray photo-

electron spectroscopic (XPS) analysis and energy dispersive

spectroscopic (EDS) analysis in SEM confirmed the homoge-

neity of the samples with no surface segregation, which is

consistent with the theoretical calculations of Ruben et al.167

Fig. 25 compares the TEM photographs of Pd and Pd90Mo10
before and after heat treatment at 900 �C. The data indicate

a good dispersion of the catalysts on the carbon support with

a mean particle diameter of 5.6 nm for the as-synthesized

Pd90Mo10 and 4.5 nm for the as-synthesized Pd. However, the

particle size increases significantly on annealing at 900 �C, and

the 900 �C Pd90Mo10 sample has larger particle size than the

900 �C Pd sample.

Fig. 26(a) compares the catalytic activity for ORR of selected

Pd–Mo and Pd–W electrocatalysts after heat treatment at,
634 | Energy Environ. Sci., 2008, 1, 621–638 This journal is ª The Royal Society of Chemistry 2008
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Fig. 26 (a) Comparison of the hydrodynamic polarization curves

(ORR) of Pd90Mo10 and Pd95W5 after heat treatment at, respectively, 900

and 800 �C with that of as-synthesized Pt under conditions similar to that

described in Fig. 23(b). Comparison of the catalytic activity for ORR in

single cell PEMFC at 40 �C of as-synthesized Pt, 900 �C Pd90Mo10, and

900 �C Pd with a catalyst loading of 0.4 mg cm�2 at both the anode and

cathode.
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respectively, 900 and 800 �C with that of as-synthesized Pt

electrocatalyst. As seen, the catalytic activity of the Pd–Mo and

Pd–W alloy catalysts are close to that of as-synthesized Pt

although the particle sizes of the Pd–Mo and Pd–W electro-

catalysts are almost two times larger than that of the

as-synthesized Pt. Further increase in W or Mo beyond 5 or

10 atom% was found to decrease the catalytic activity, indicating

an optimumMo or W content to maximize the catalytic activity.

Furthermore, cyclic voltammetry experiments in 0.5 M H2SO4

revealed that the alloying of Pd with Mo or W suppresses the

dissolution of Pd and increases the durability.165

Fig. 26(b) compares the performance in single cell PEMFC of

900 �C heat treated Pd and Pd90Mo10 with that of as-synthesized

Pt at 40 �C. The data demonstrate that alloying of Pd with Mo

increases the catalytic activity significantly for ORR. Similar

results were also found with the Pd95W5 electrocatalyst. More-

over, the activity of Pd90Mo10 is close to that of as-synthesized

Pt. However, the data in Fig. 26(b) were collected at 40 �C, and it

was found that as the temperature increases, the difference

between the activities of Pt and Pd90Mo10 become more

pronounced since the catalytic activity of Pt increases much more

rapidly with increasing temperature compared to that of

Pd90Mo10. Nevertheless, the Pd-based alloy catalysts exhibit
This journal is ª The Royal Society of Chemistry 2008
remarkable tolerance to methanol, suggesting its significant

advantage in DMFC to lower the catalyst loading and improve

the performance. Although limited literature is available, it has

been suggested that the Pd-based alloy electrocatalysts promote

a four-electron pathway for the oxygen reduction reac-

tion.164,167,168 As in the case of Pt and Pt-based alloys like Pt–Co,

Pt–Ni, and Pt–Fe, the kinetics of the net oxygen reduction

reaction will depend on two competing processes: the dissociative

adsorption of O2 and the subsequent transfer of electrons and

protons to the adsorbed O2 and the removal of adsorbed OH and

O species from the surface.152,155,156 Theoretical calculations

suggest that oxygen binds more strongly with Pd than with Pt.

As pointed out earlier, one of the major concerns with the

platinum electrocatalyst is its dissolution, migration and subse-

quent precipitation,114,115 resulting in a loss of electrochemical

active surface area and catalytic activity during long term oper-

ation. The dissolution problem is even more severe in the case of

palladium.161,163However, we have demonstrated that alloying of

Pd with other elements like Mo and W reduces dissolution

significantly. Moreover, further studies are required to establish

the long term stability of the Pd-based alloy electrocatalysts.

Another issue is that our present synthesis procedure for

Pd-based alloy electrocatalysts like Pd-Mo and Pd-W results in

larger particle size with a wider size distribution due to the higher

heat treatment temperature (800 �C) to realize alloy formation. It

is imperative that alternative synthesis approaches for Pd-based

alloys to obtain smaller particle size (2–3 nm) and narrow size

distribution need to be developed. While platinum and its alloys

have been studied extensively for ORR, relatively less informa-

tion is available in the literature for palladium and its alloys. The

reaction pathway and the intermediates generated during ORR

on palladium and its alloys are yet to be established. Further

studies could help to design and develop non-platinum electro-

catalysts with improved performance and stability.
Conclusions

This review presented an overview of how nanostructured

materials can impact the electrochemical energy storage and

conversion technologies like lithium ion batteries and fuel cells.

Recent developments towards new materials or on known

materials with improved properties, employing novel synthesis

and processing approaches, have been discussed.

While the reduced particle size in nanostructured materials can

enhance the lithium diffusion rate in lithium ion battery electrode

materials, the high reactivity of the highly oxidized redox couples

such as Co3+/4+ and Ni3+/4+ with the electrolyte prevents the use of

nanosize particles of cathodes like layered LiCoO2 and spinel

LiMn2O4 in practical cells. In contrast, the better chemical

stability of the lower valent Fe2+/3+ couple along with the cova-

lently bonded PO4 groups avoids such reactivity problems with

the olivine LiFePO4 cathodes. In fact, the reduction in particle

size to the nanometer scale has become extremely critical to

overcome the poor one-dimensional lithium ion diffusion rate in

LiFePO4. Novel low temperature synthesis approaches such as

the microwave assisted solvothermal and hydrothermal (MW-ST

and MW-HT) methods described in this article prove particu-

larly useful to obtain nanostructured LiMPO4 (M¼Mn, Fe, Co,

and Ni) cathodes with controlled particle size, while significantly
Energy Environ. Sci., 2008, 1, 621–638 | 635

http://dx.doi.org/10.1039/B811802G


D
ow

nl
oa

de
d 

on
 1

1 
Ja

nu
ar

y 
20

12
Pu

bl
is

he
d 

on
 1

9 
Se

pt
em

be
r 

20
08

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

81
18

02
G

View Online
reducing the reaction time and temperature and offering cost

savings in manufacturing. Such approaches also offer great

potential to obtain the olivine cathodes in different nano-

morphologies by tuning the reaction medium and conditions.

Subsequent networking with conductive carbon or mixed ionic-

electronic conducting polymers overcome the difficulties of the

poor electronic and lithium ion conduction in the olivine cath-

odes and help to achieve superior electrochemical properties

needed for high power applications like HEV and PHEV. Simi-

larly, the nanosize particles work extremely well with the spinel

Li4Ti5O12 anodes without encountering any reactivity problems

with the electrolyte due to the lower potential (� 1.5 V) versus

Li/Li+ and excellent chemical stability of the Ti3+/4+ couple.

Nanomaterials and novel nano-architectures also offer great

potential to develop next generation anodes with high energy

densities.

Novel synthesis approaches such as the microwave-

solvothermal method also offer great potential to obtain nano-

structured electrocatalysts with high degree of alloying while

keeping the particle size small and maximizing the electro-

chemical active area. The high degree of alloying that could be

achieved at lower temperatures could help to enhance the dura-

bility and robustness of the alloy electrocatalysts while achieving

high electrocatalytic activity. The novel synthetic approaches

could also become powerful to develop multi-metallic alloy

electrocatalysts containing three or more metals with a high

degree of alloying and homogeneity that may be difficult to

realize with other conventional synthesis approaches.

Overall, nanomaterials and nanotechnology combined with

novel synthesis approaches offer great potential to develop new

materials that can lower the cost, improve the performance, and

enhance the commercial viability of electrochemical energy

storage and conversion technologies. Although this article

focused mainly on lithium ion battery electrode materials and

fuel cell electrocatalysts, such methodologies could also help

other electrochemical energy technologies like supercapacitors.

Successful development of low cost, more efficient materials will

powerfully impact the increasing global demand for energy and

our environment, while building a firm scientific base on the

structure-composition-property-performance relationships of

nanostructured materials.
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