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ARTICLE INFO ABSTRACT

Article history: The urgency for clean and secure energy has stimulated a global resurgence in searching for advanced

Available online 20 July 2011 electrical energy storage systems. For now and the foreseeable future, batteries remain the most
promising electrical energy storage systems for many applications, from portable electronics to

Keywords: emerging technologies such as electric vehicles and smart grids, by potentially offering significantly

Nanostructured electrodes improved performance, energy efficiencies, reliability, and energy security while also permitting a

Lithium-ion batteries

o ) . drastic reduction in fuel consumption and emissions. The energy and power storage characteristics of
Lithium-air batteries

Metal-air batteries batteries critically impact the commercial viability of these emerging technologies. For example, the
Lithium batteries realization of electric vehicles hinges on the availability of batteries with significantly improved energy
In situ characterization and power density, durability, and reduced cost. Further, the design, performance, portability, and
innovation of many portable electronics are limited severely by the size, power, and cycle life of the
existing batteries. Creation of nanostructured electrode materials represents one of the most attractive
strategies to dramatically enhance battery performance, including capacity, rate capability, cycling life,
and safety. This review aims at providing the reader with an understanding of the critical scientific
challenges facing the development of advanced batteries, various unique attributes of nanostructures or
nano-architectures applicable to lithium-ion and lithium-air batteries, the latest developments in novel
synthesis and fabrication procedures, the unique capabilities of some powerful, in situ characterization
techniques vital to unraveling the mechanisms of charge and mass transport processes associated with
battery performance, and the outlook for future-generation batteries that exploit nanoscale materials for
significantly improved performance to meet the ever-increasing demands of emerging technologies.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The desire to develop a more sustainable transportation system,
the necessity to lower our dependence on fossil fuel, and the
demand for a clean and secure energy future are pushing the
development of low or zero emission electric and hybrid electric
cars powered by a new generation of electric energy storage (e.g.,
batteries and supercapacitors) and conversion (e.g., fuel cells)
systems. Further, electric energy storage systems play an indis-
pensible role in smart grids to manage the mismatch between
electricity generation and demand, especially for electricity
generation from renewable and sustainable sources (such as solar,
wind, and geothermal) because of their intermittent and cyclic
nature. Even for the conventional power plants, efficient load-
leveling (by storing energy in batteries and chemical fuels and
tapping such energy later) can dramatically improve energy
efficiency, reliability, and energy security while reducing emis-
sions of green house gas and air pollutants (e.g., CO5, SO,, and NOy).
Even in the sector of portable electronics such as hand-held
communication devices, computers, and cordless tools, batteries

often function as the primary power sources and thus greatly
influence the performance, portability, and reliability of these
devices.

Among all types of batteries, lithium batteries have attracted
the most attention because the theoretical energy density (both
gravimetric and volumetric) of lithium metal is the highest for all
solid electrodes [1-3]. To date, unfortunately, it has been difficult
to build a rechargeable battery based on metallic lithium anode
with satisfactory cycling life, due primarily to lithium dendrite
formation during charging, which can result eventually in shorting
between the two electrodes, a catastrophic failure of battery [4].
When a lithium-insertion or alloying compound, rather than
metallic lithium, is used as the negative electrode material, we
have a lithium-ion battery, a family of rechargeable batteries
widely used today. The use of lithium intercalation/alloying
compounds for both anode and cathode has successfully enhanced
not only the cycling life but also other desirable battery
characteristics such as safety and rate capability. During discharge,
lithium ions move spontaneously through the electrolyte from the
negative to the positive electrode as electrons flow, through an
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Fig. 1. Schematic illustration of a typical lithium-ion battery where graphite and
LiCoO, are used as anode and cathode, respectively.

external circuit, from the negative to the positive electrode,
generating electrical power. During re-charge, both lithium ions
and electrons are driven back in the opposite direction by an
applied external voltage, storing electrical energy as chemical
energy in the battery. Schematically shown in Fig. 1 is a lithium-ion
battery constructed from a carbon-based anode (e.g., Li,Cg), an
intercalation compound cathode (e.g., LiCo0,), a liquid electrolyte
(e.g., LiPFs dissolved in a mixed organic solvent of ethylene
carbonate and dimethyl carbonate), and a separator. The current
lithium-ion batteries represent the state-of-the-art battery tech-
nology and are widely used for many applications, notably for
portable electronics. For now and in the foreseeable future,
lithium-ion batteries are and will be the most practical solutions to
a wide variety of electrical energy storage applications [5].

It is well known, however, that the energy densities of the
current lithium-ion batteries are limited mainly by the inherent
low energy density of the available cathode materials, the
conventional intercalation compounds [6]. When the heavy
cathode material in a lithium-ion battery is replaced by a light-
weight, porous (usually carbon-based) O,-breathing electrode, we
have a lithium-0O, or lithium-air (if the O, comes from ambient air)
battery with dramatically higher theoretical energy density [7]. As
schematically shown in Fig. 2, the lithium-containing anode (or
metallic lithium) is electrochemically coupled to atmospheric O,
through a porous O,-breathing positive electrode. During charge
and discharge, lithium ions and electrons will transport between
the positive and the negative electrodes the same way as they do in
arechargeable lithium-ion battery, but the electrochemistry at the
surface of an O,-breathing cathode (positive electrode) is very
different, as to be discussed later in detail. This lithium-air battery
system is perceived to be the next generation of electrical energy
storage system because it holds promise to offer much higher (>4
times when including the mass of O,, ~10 times when excluding
the mass of O,) energy density than the state-of-the-art lithium-
ion batteries (150-200 Wh/Kgc.;1) [5,8-10]. The projected obtain-
able or “practical” energy density of a Li-air battery approaches
that of gasoline for automotive applications: ~1700 Wh/Kgcer,
making it a very attractive power option for electric vehicles and
many portable electronic devices [8]. While this projection is
reasonable (considering that the theoretical energy density for Li-
air battery is about ~11,000 Wh/kg), numerous scientific and
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Fig. 2. Schematic illustration of a lithium-air battery where the lithium-containing
anode is electrochemically coupled to atmospheric oxygen through a porous
0O,-breathing cathode [11].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

technical challenges are yet to be overcome to produce a reversible
and efficient O,-breathing electrode in order to realize this
potential. To date, in fact, the overall performances of any available
Li-air battery are still far inferior to those of the best available Li-
ion battery, implying that there is still a long way to go to develop a
useful Li-air battery technology.

The practical energy and power density, cycling life, cost, and
safety characteristics of both lithium-ion and lithium-air batteries
are determined critically by the composition, morphology, and the
microstructure of the electrode materials used. In order to achieve
long cycling life, the desired characteristics of electrode materials
include high specific charge density (available charge per unit
mass and volume of the material), high cell voltage (difference
between the redox potentials of the cathode and the anode
materials), high reversibility of electrochemical reactions, with
minimum change in the dimension, crystal structure, and
morphology of the functional components during cycling. For
high power density or rate capability, the electrode materials must
also have proper architecture and nano-structure to facilitate fast
charge transfer across interfaces and rapid transport of reactants to
(and products away from) active sites for electrode reactions [12].
Thus, design of electrode materials with proper composition,
morphology, microstructure, and architecture is vital to the
creation of a new generation of batteries with performance far
better than those of the existing ones [13].

In this review, we start with a brief assessment of the
fundamental scientific challenges faced by battery development
and why nanostructures and nano-architectures may help us to
transcend these challenges, as discussed in Section 2. We then
provide a comprehensive review on some recent advancement in
design, synthesis, and fabrication of a variety of nanostructured
electrode materials for lithium-ion and lithium-air batteries with
enhanced energy and power density, energy efficiencies, reliabili-
ty, and cycling life. In particular, several effective strategies used to
enhance battery performance will be highlighted, including
reduced dimensional nanostructuring, surface coating, nanocom-
posite, and nano-architecturing. Section 3 focuses on approaches
to achieving high-performance anode materials, Section 4 sum-
marizes recent progress in enhancing the performance of insertion
compounds as cathodes for lithium-ion batteries, and Section 5
reviews new developments in exploring O,-breathing cathodes for
lithium-air batteries. These discussions represent the current
understanding of the existing Li-ion and Li-air batteries. In many
cases, however, mechanistic details of electrode processes are still
missing although the battery performance characteristics may
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have been dramatically enhanced by a particular effective approach
(e.g., @ nanostructure or a nano-architecture). To stimulate more
interests in gaining fundamental understanding of mechanistic
details, we also provide an overview on some powerful, in situ
characterization techniques suitable for probing and mapping
electrode properties, or for tracking structural evolution of
electrode materials, with high sensitivity and spatial resolution
under battery operating conditions. When coupled with electro-
chemical and other in situ measurements, they are capable of
providing information vital to unraveling the mechanism of charge
and mass transfer processes associated with battery cycling, as
discussed in Section 6. A fundamental understanding of electrode
reaction mechanisms and the detailed charge and mass transport
processes is imperative to gaining some critical insights into
rational design of better electrodes. Finally, the outlook and
perspective for future generation of batteries with performance
far exceeding the existing ones is outlined in Section 7.

2. Nanostructures to transcend challenges

2.1. Scientific and technical challenges facing the development of Li
batteries

2.1.1. Challenges associated with Li-ion batteries

Some of the major challenges facing the advancement of the
current Li-ion battery technology can be briefly described as
follows:

- The obtainable or usable capacity is inadequate (and lower than
the theoretical ones) and diminishes with the rate of cycling.

- The power density (or rate capability) is insufficient for the
intended applications.

- The energy efficiency is too low due to large polarization losses
for charge and discharge, more so at higher cycling rates.

- The cycling life is limited due to capacity fading with cycling.

Since many electrode materials have inadequate electronic
conductivity (e.g., LiFePO4 [14]), carbon black (or other highly
conductive particles) are often added to the electrode for current
collection. Usually, carbon and particles of active electrode
materials are uniformly mixed and bound to a metal foam/mesh
current collector using a binder such as polyvinylidene fluoride
(PVDF). To make effective use of all active electrode materials,
carbon and the particles of electrode materials must be in intimate
contact. At the same time, all carbon particles must maintain
connected to the metal foam/mesh to efficiently collect (or inject)
electrons from (or to) active electrode materials during cycling.
Worsening of electrode performance originates often from some
unfavorable changes in electrode microstructure during cycling. For
example, deterioration in connectivity between carbon particles or
between carbon and the particles of active electrode materials may
lead to capacity fading (due to electrical isolation of active electrode
materials), increased electrode polarization (due to increased
resistance to charge transport), and reduced rate of cycling.

In general, the performance of the existing Li-ion batteries is
often limited by the deterioration in microstructure or architecture
of the electrodes associated with volume expansion or contraction,
phase transformation, and morphology change of the active
electrode materials during cycling, as briefly described below.

(1) Morphology and microstructure change: Considerable change in
the shape, size, distribution, and connectivity of each phase in a
composite electrode during cycling may result in undesirable re-
distribution or segregation of phases, leading to electrical
isolation of active electrode materials (thus capacity fading),
weakening connectivity between carbon particles (thus in-

creased resistance to current collection and charge transfer), and
worsening transport of electro-active reactants to (or products
from) active sites (increased resistance to mass transfer and
reduced rate of charge and discharge). As an example of
morphology change during charging, lithium dendrite formation
may cause partial shorting of the two electrodes and eventually
catastrophic failure of battery operation.

(2) Volume change of active electrode materials: The volume
expansion (or contraction) of active electrode materials
associated with lithium insertion/alloying (or extraction/de-
alloying) may induce stress and strain in the electrodes, which
result eventually in pulverization of active electrode materials
or mechanical disintegration of the electrode. This in turn leads
to gradual fading in obtainable capacity and rate of operation
during cycling due to electrical isolation of more active
particles/phases from current collectors, reduced connectivity
between carbon particles, and increased resistance to the
transport of electro-active species to or from active sites.
Volume change is inevitable in all electrode materials during
cycling, but especially severe in Li alloying compounds. For
example, the molar volume of Liy 4Si is ~4 times that of Si [15].
The large cyclic volume change upon alloying/de-alloying of Li
in/from Si pulverizes the electrodes during cycling, resulting in
loss of capacity and poor performance.

(3) Structural change (or phase transformation): In addition to
changes in morphology, microstructure, and volume during
cycling, the crystal structure of the active electrode materials
may change as well, leading to new phases with poor electronic
or ionic conductivity, degraded flexibility for the insertion or
extraction of Li, and thus diminished capacity retention. For
example, LiMn,04 undergoes a phase transformation from the
cubic structure to the tetragonal structure, leading to severe
capacity fading, more so at a higher cycling rate. This structural
change may be inherent to a particular composition under
certain conditions; however, nanostructured electrodes are
proven to be effective in improving the kinetics of phase
transformation and minimizing undesirable consequences. For
instance, when ultrathin LiMn,04 nanowires with diameters
less than 10 nm were used as cathodes, more facile structural
transformation was observed in a large composition range with
high reversibility and good capacity retention [16].

(4) Formation of insulating phases: In some battery systems (e.g., Li/
S battery), insulating reaction products may coat on active
electrode surfaces, blocking the transport of electro-active
species to the active sites and diminish the activity of the
covered surface [17].

2.1.2. Challenges associated with Li-air batteries

For a Li-air battery, additional difficulties include much lower
practical energy density (than the theoretical one), much larger
polarization resistance during both discharge and re-charge, and
lower cycling rates (than the current Li-ion batteries). These
problems are due primarily to the inefficiency of the O,-breathing
electrode, including transport of oxygen through the pores and,
more importantly, the deposition of insulating products on active
sites for oxygen reduction and evolution, as described below.

(1) Oxygen transport: Unlike the electrodes for Li-ion batteries, the
0,-breathing electrode for a Li-air battery must be porous with
sufficient porosity and minimal tortuosity to facilitate O,
transport to (or from) the active sites for electrode reactions on
the interior surface of the porous electrode with minimum
energy loss. It must also have adequate electrical conductivity
to inject (collect) electrons to (from) these active sites for
oxygen reduction (evolution). While the resistance to the
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transport of O, and Li ions through the pores decreases with
porosity, the resistance to electron transport (through the solid
phase of the porous electrode) increases with porosity.
Similarly, as the feature size of the porous electrode micro-
structure (e.g., pore size and grain size) is reduced, the
resistances to charge transfer across the interface (electrode
reaction) are reduced since the surface area and hence the
number of active sites for electrode reaction may increase;
however, the resistances to transport of O, Li ion, and electrons
are increased because the increased tortuosity for fluid flow
through the porous structure and for electron transport through
the solid phase. Often, opposing or conflicting factors must be
carefully compromised to optimize electrode performance.

(2) Effective loading of catalysts: Another complication associated
with a Li-air battery is that catalysts (e.g., precious metal such
as Au and Pt [18] or transition metal oxides such as a-MnO,
[11]) may have to be introduced to the electrode surface in
order to enhance the electrode kinetics and reduce the energy
loss associated with the discharge-charge polarization. Proper
loading and distribution of these catalysts can critically impact
the performance. A simple approach is to mix carbon (the
electrode) and catalyst particles uniformly and bound then to a
metal mesh or foam current collector using a binder, similar to
a composite electrode used for Li-ion batteries. A typical O,-
breathing electrode have a weight ratio of carbon: o-
MnO,:PVDF = 54:10:36 [8].

(3) Deposition of insulating products: Yet another difficult problem
associated with the O,-breathing electrodes in non-aqueous
electrolytes is the deposition of insoluble reaction products
Li,O, (and some Li,O under certain conditions) at the active
sites for electrode reactions. Once a conformal dense product
layer is formed on the entire active surface of the electrode,
ionic/electronic transport through the product layer is required
to sustain the electrode reaction. Because of the poor electronic
conductivity of the product Li, 05, the discharge current density
diminishes rapidly with the growth of the product layer on
electrode surface due to worsening of electrical conduction
through the product layer, leading eventually to termination of
electrode reaction.

2.2. Unique attributes of nanostructures and nano-architectures

2.2.1. Why do nanomaterials behave differently?

Fast transport of mobile species: It is well known that when the
dimension of materials, grains, or domains becomes comparable to
(or less than) the characteristic length scale (such as the mean free
path) of phonons, photons, electrons, ions, and molecules, many
physical phenomena involving them are strongly influenced, often
leading to new modes for the transport of charge, mass, and energy
and for chemical and energy transformation processes. As shown
in Table 1, the length scales of mobile species in batteries
(electrons, ions, and molecules) fall generally in the order of 0.1-
100 nm in typical electrochemical systems, suggesting that some
unique physicochemical properties of materials and novel reaction
pathways may become operative in the nanoscale regime. Thus,
materials with proper nano-scale dimensions and architectures
(with reduced length scale and characteristic time scale of physical
phenomena) have the potential to dramatically enhance the
transport of electrons, ions, and molecules associated with cycling
of batteries, significantly accelerating the rate of chemical and
energy transformation processes.

Enhanced surface reactivity: The ratio of the number of surface
atoms to that of bulk atoms for a nanomaterial is far greater than
that for a bulk material (>100 nm). Surface atoms have fewer
neighbors than the atoms inside the bulk, leading to lower

Table 1
Characteristic length and time scales for electrons, molecules, and ions under
ambient condition.

Energy carriers Wavelength/ Mean free Relaxation
nm path/nm time/ns

Electrons

In semiconductors/dielectrics ~ ~1-50 ~1-500 ~1073 to 102

In conductors/metals ~0.1-1 ~1-10 ~10"5to 1074

Molecules/ions

In gas/plasma ~102t01* ~10°to 107 ~1-100

In liquid/electrolyte - ~0.1-1 ~1073

In solid/electrolyte - ~0.1-1 ~1073

Data taken from [19].

? Refers to de Broglie wavelength.

coordination numbers and more unsatisfied bonds. The large
surface free energy, surface defects, and surface states may
critically influence the chemical reactivity of materials [20]. For
example, there could be higher density of corner or edge atoms,
which have even lower coordination numbers and greater
activity toward other atoms and molecules. Vacancies or other
defects not seen in bulk materials may exist on the surface of
nanostructures, which may greatly enhance the rate of electro-
chemical reactions.

The large surface free energy and stress/strain of nanomaterials
may fundamentally influence the phase stability and structural
transformations, which in turn influence the electrochemical and
catalytic activities. The surface free energy of nanomaterials can be
estimated as,

o o 4

uer)y=pu (r:oo)+2(?)v
Here w°(r) and wu°(r=occ) refer, respectively, to the chemical
potential of nano and bulk materials, y is the effective surface
tension, r is the effective grain radius, and V is the partial molar
volume. Clearly, the surface energy increases dramatically with
decreasing particle size. As a result, phases that may not be stable
in bulk materials can become stable in nanostructures and vice
versa. This structural instability associated with size has been
observed in many oxide systems such as TiO, [21,22] and Al,O3
[23]. Size-induced modification of lattice parameters has been
observed in many oxide nanoparticles including Fe,Os [24] and
Ce0, [25].

Mechanical robustness: Nanostructured materials are known to
exhibit significantly enhanced mechanical strength, toughness,
and structural integrity [26-29], although the underlying mecha-
nisms are yet to be fully understood [27,28,30] and nanocrystalline
materials with grain size less than 100 nm are still a subject of
active research [29,31-34]. In particular, some naturally evolved
nanostructures (e.g., diatom shells) are extremely resilient to
mechanical stress and strain. Diatoms are single-celled micro-
organisms that form rigid shells (frustules) composed of amor-
phous silica (SiO,) with unique nano-architectures. These
remarkably strong frustules have evolved as mechanical protec-
tion for the cells; exceptional stresses and strains are required to
break them, as illustrated in Fig. 3 [35-37].

2.2.2. Unique advantages of nanostructured electrodes for Li batteries

Materials with a wide variety of nanostructures or nano-
architectures can help us to transcend the difficulties facing the
development of electrodes for high-performance batteries. The
benefits of electrode materials with nanostructures and nano-
architectures are briefly summarized as follows.

(1) Large surface area (or surface to volume ratio) increases the
contact area between electrode and electrolyte and hence the
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Fig. 3. Glass needle test conducted on live single diatom cells (Thalassiosira punctigera) to demonstrate that they can withstand extreme strains without fracture.

Adapted by permission from Macmillan Publishers Ltd.: Nature [35], copyright 2003.

(2)

number of active sites for electrode reactions, which in turn
reduces electrode polarization loss and improves power
density (or rate capability), energy efficiency, and usable
energy density (especially when the utilization of active
electrode materials is increased). Further, it offers increased
flexibility for surface modification to achieve multi-function-
ality: enhanced surface catalytic activity for intended electrode
reactions, improved surface transport of electro-active species,
as well as tailored surface passivity against undesired
electrode-electrolyte reactions by the formation of desired
solid-electrolyte interphase (SEI). This advantage is especially
important for Li-air batteries, where catalytic activity for
oxygen reduction (during discharge) and evolution (during re-
charge) is vital to reduce polarization losses, to enhance cycling
rates, and to improve usable energy density. For electrode
materials with very low electronic conductivity (e.g., LiSy),
large surface to volume ratio increases the contact area
between electrode and distributed current collectors to make
efficient use of the electrode materials, which in turn increases
the usable energy density and reduces electrode polarization
loss [38]. Similarly, for insoluble and insulating reaction
products in a Li-air battery, nanostructures with large surface
to volume ratio are vital to achieving high energy density, rate
capability, and reasonable cycling life.

Short diffusion length associated with the nano-sized dimen-
sions of nanostructured electrodes effectively reduces the
distance that Li ions and electrons must travel during cycling in
the solid state through electrode materials. Often, electrode
materials with other desirable characteristics may have limited
ionic and/or electronic conductivity, which can limit the power
density (or the rate of operation), the usable energy density
(due to limited utilization of active electrode materials), and
energy efficiency (due to mass transport limitation in the solid
state). This can be effectively mitigated by the use of
nanomaterials. For solid-state diffusion of Li in electrode
materials, the characteristic time constant for diffusion
(equilibration time), 7, is determined by the diffusion constant,
D, and the diffusion length, L, according to:

™D

The time for Li intercalation, t, decreases with the square of
the diffusion length, L, illustrating the remarkable effect of
manipulating nanostructures: fast Li storage in nanomaterials
and high rate capability (high power). For example, the
diffusion length would be reduced to the diameter of nano-
wires, -tubes, and -rods and the thickness of thin films if they
are properly dispersed in the electrolyte (ionic conductor) and
the current collector (electronic conductor). Much unique
architecture has also been incorporated in integration of

low-dimension nanostructured components to achieve fast
mass transport and high power density.

(3) Enhanced ionic and electronic conductivity can also be achieved

by thin film deposition of an excellent electronic or ionic
conductor, or by the formation of nano-composites, in which the
surface of each phase or the interfaces between phases support
fast transport of ionic and electronic species. Some of the
enhanced ionic and electronic transport is still not fully
understood. While electroneutrality should be obeyed in bulk
of a homogeneous materials, a space-charge zone can be created
at the interface of nanomaterials [39]. These narrowly charged
interfaces can provide fast pathways for ionic and electronic
species, leading to enhanced energy storage process. Further-
more, nanomaterials may have more ionic and electronic defects
not only on the surface and interfaces but also in the bulk phase,
which could change the ionic and electronic conductivity as well.

(4) Improved mechanical strength and structural integrity repre-

sent other unique properties of well-designed nanomaterials. It
is well known that low-dimensional nanomaterials (e.g., nano-
wires, -tubes, -belts) have high mechanical strength, more
resistance to mechanical damage, and can be engineered to
allow volume change only in certain directions or dimensions.
For example, the internal small pores in nano-porous
composite electrodes can accommodate the large volume
expansion and contraction associated with charge-discharge
cycling without mechanical damage or deterioration in
microstructure. This attribute ensures the structural integrity
of the electrodes, minimizing or eliminating capacity fading
due to electrical isolation of active electrode materials
originated from pulverization of electrodes, as demonstrated
in three-dimensional porous silicon particles [40]. Silicon
nanowire electrodes also shows very promising performance
with much improved cycling performance due to facile strain
relaxation in the silicon nanowires [15] as illustrated in Fig. 4.
As another example, while the bulk form of layered LiMnO,
often suffers from capacity fading due to structural instability,
nanocrystalline LiMnO, shows better accommodation of the
lattice stress caused by Jahn-Teller distortion, displaying much
higher and more stable performance [41]. In nanoparticles, the
charge accommodation can occur mostly at/near the surface
and greatly reduces the need for diffusion of Li ions through
bulk materials [42]. This substantially reduces the volume
changes and stresses associated with Li insertion and removal.

(5) Hierarchical architecture of nano-porous structures can

improve electrocatalytic activity and stability because of
enhanced transport of reactants to (or products away from)
the nano-sized pore surfaces, the high surface areas for surface
modifications to improve catalytic properties, and the robust
structure for durability. Enhanced electrocatalytic activity is
due to increased number of active reaction sites and facile
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Fig. 4. Schematic illustration of morphological changes of different Si-based
electrodes: (a) thin film and bulk powders, and (b) Si nanowires.

Adapted by permission from Macmillan Publishers Ltd.: Nat. Nanotechnol. [15],
copyright 2008.

transport of electro-active species to the reaction sites. The
nanopores with higher surface area per unit mass allow for
better dispersion of catalysts, whereas the large pores allow for
infiltration and filling of ionomer (i.e.,, Li-ion conducting
polymer) to maximize the three-phase boundaries (i.e., oxygen,
electron, and Li*), thus increasing the number of active sites
and allowing for better utilization of all catalyst particles.

(6) Nanostructured materials can lead to new Li-storage mecha-
nisms, enabling higher capacities than conventional intercala-
tion mechanisms. Recent studies show that lithium ions can be
stored on the surface [43], interface [39,44,45], and in
nanopores [46,47] without causing any mechanical crumbling
in the electrode, thus leading to excess lithium storage. In
particular, surface/interfacial Li storage mechanisms will play
more important roles in transition metal oxides and newly
emerging graphene-based electrodes as shown in Fig. 5.

(7) It has been observed that electrode materials which are inactive
toward Li insertion in bulk form become active on the nanoscale
[12]. These findings have led to revisiting electrode materials
thought to be non-promising in the past. Specific examples
include nano-sized transition metal binary oxides with conver-
sion reactions. Similarly, multielectron conversion reactions
with metal oxyfluorides which showed poor performance in the
bulk form become promising in the nanoscale regime [48].

(8) Further, the redox potentials of electrode materials can also be
modified by nanostructures, resulting in a change of cell
voltage or energy density [49]. Recently, Balaya et al. measured
the excess cell voltage of 62 mV for TiO, nanoparticles
compared to bulk TiO, [45]. It was also demonstrated that
reducing the particle size of amorphous RuO, can significantly
enhance the potential for Li insertion by 580 mV, compared to
bulk crystalline RuO, as shown in Fig. 6 [50].

2.2.3. Disadvantages of nanostructured electrodes

It is noted, however, that nanomaterials may incur high
fabrication cost due to complex synthetic processes, low volumet-
ric energy density due to reduced packing density of nanoparticles,
and undesired side reactions between the electrode and electrolyte
due to large surface areas. Also, nanomaterials tend to form

a
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Fig. 5. Schematic illustration of interfacial storage mechanism in (a) transition
metal oxides [45], reproduced by permission of the Royal Society of Chemistry, and
(b) graphene sheets [47].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

agglomerates during the electrode fabrication process, making it
difficult to uniformly disperse them in the electrodes, and their
nanoscale dimensions are rather difficult to control. For Li-air
batteries, nanoparticulated catalysts can suffer from thermody-
namic instability under electric field. This is often observed in
polymer electrolyte membrane (PEM) fuel cells [51], critically
affecting their long-term durability and preventing their commer-
cialization. These shortcomings can be mitigated if the nanostruc-
ture and fabrication process are properly designed, offering
significantly improved battery performance.

2.2.4. Novel strategy: bio-inspired nanostructures

When a conventional battery electrode, consisting of carbon
and active electrode material powders bound with a binder, is
replaced by a hierarchically structured 3D porous assembly, the
mechanical integrity, robustness, and micro-structural stability
can be dramatically enhanced. For example, nature-designed,
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Fig. 6. Galvanostatic intermittent titration technique (GITT) measurement on RuO,/
Li cells with different particle size [50].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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hierarchically structured 3D porous assemblies may be used as a
frame or scaffold for battery electrodes to dramatically enhance
mechanical robustness, structural stability, and electrochemical
catalytic activity by allowing for more accessible surfaces with
shorter diffusion distances.

In recent years, attempts to learn from nature’s assembly of
high precision and robust materials have attracted much attention
[52-54]. Shown in Fig. 7 are some inspiring examples of diatoms.
As mentioned previously, diatoms form rigid cell walls (frustules)
composed of amorphous silica (SiO,). There are over 10,000 diatom
species in nature, each of them forming a hierarchically structured
frustule with a unique, genetically determined, 3D shape and
pattern of nano-scale features.

These unique 3D porous structures have been successfully
replicated by Sandhage et al. using a “shape preservation process” to
produce porous materials with a wide variety of chemical
compositions but nearly identical shapes and similar nanostructures
[55,56]. In combination with a sol-gel and an atomic layer
deposition (ALD) processes, both the structures and chemistries
of the porous materials can be tailored over multiple length scales
and over three dimensions [57]. The use of these unique porous
structures can greatly enhance the performance of electrodes for
batteries. In the next three sections, many other examples will
demonstrate that a variety of nanostructured materials can indeed
dramatically enhance the performance of Li-ion and Li-air batteries.

3. Anode materials for Li-ion batteries
3.1. Classification of anode materials

3.1.1. Lithium metal and carbonaceous materials

While metallic lithium has very high energy density (3860 mAh/
g), the use of lithium metal as an anode material in rechargeable
batteries was largely hindered by safety concerns related to its low
melting point (~180 °C), dendrite growth during charging, and high

reactivity toward electrolytes [58]. The use of lithium insertion
compounds (e.g., carbonaceous materials) rather than metallic
lithium resulted in the so-called “rocking chair” or lithium-ion
battery. For example, carbon-based anode materials were commer-
cialized by Sony in 1991. Since then, the performances of lithium
insertion compounds have been significantly improved, including
energy density, rate capability, and cost. Today, graphite-based
anodes with a theoretical capacity of 372 mAh/g are still used in
most conventional lithium-ion batteries [59,60].

3.1.2. Lithium alloying compounds and intermetallic alloys

Despite the significant advances in carbonaceous materials,
new anode materials of higher energy density are needed. Since the
1970s, a wide variety of lithium alloying systems has been
developed as an alternative anode material. Examples include
metals that can store a large amount of lithium through the
formation of alloys like Lis 4Si, Lis 4Ge, LiAl, Lis4Sn, and LisSb [1].
The major problem with lithium alloys is their significant volume
expansion and contraction, which takes place during the charging
and discharging process. This may lead to pulverization of the
electrode materials and poor cycling performance.

The displacement reaction of intermetallic materials with
lithium is another approach. Much effort has been devoted to
exploring intermetallic materials by embedding an electrochemi-
cally active metal such as Sn or Sb in an inactive matrix in an
attempt to accommodate the large volume expansion that occurs
during the lithiation process with pure metals [61,62]. Interme-
tallic electrodes of ternary systems exhibit good cycling properties,
and a strong structural relationship exists between a parent binary
intermetallic electrode AB and a lithiated Li,AB product. For
example, CugSns [63], InSb [64], and Cu,Sb [65] electrode materials
have been reported as potential anode materials. Even though
these materials have high volumetric energy density, their
gravimetric energy density is relatively low, and capacity fading
with cycling is significant.

Fig. 7. SEM images of diatoms: (a, d) Thalassiosira pseudonana, (b, e) Stephanopyxis turris, and (c, f) Coscinodiscus granii [52].
Copyright © 2010 Materials Research Society. Reprinted with the permission of Cambridge University Press.
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3.1.3. Transition metal compounds

In addition to lithium alloys, conversion reactions have been used
to produce nanocomposite electrode capable of storing lithium. In
this process, a compound MX (where M represents a 3d transition
metal and X represents O, F, N or S) is reduced by Li to the metal M
and a corresponding lithium compound as follows [61,66-68]:

M X, +2nLit +2ne” < nLi, X + mM

This conversion reaction may allow the storage of more than two
lithium ions per molecule, potentially offering high capacity and
good reversibility. For example, Poizot et al. reported that nano-
sized binary transition metal oxides (e.g., CoO, NiO, Cu0O, and FeO)
exhibited electrochemical capacities of 700 mAh/g, with 100%
capacity retention up to 100 cycles [66]. The enhanced electro-
chemical reactivity of Li,O is attributed to the unique nanostructure
consisting of uniformly dispersed nano-sized (~5 nm) transition
metal phase and lithium oxides. The outstanding reversible
electrochemical properties can be explained by very short diffusion
lengths and large contact areas. While nano-sized transition metal
oxides exhibit excellent electrochemical performance, their appli-
cation in practical Li-ion batteries is hindered by high synthesis cost,
relatively poor rate capability (or power density), and low
volumetric density.

Early transition metal oxide anodes have also been proposed for
application in rechargeable lithium batteries; in particular, the use
of lithium intercalated titanium oxide [69,70]. LigTisO1, is
described as a zero-strain insertion anode due to the negligible
volume change during the lithium insertion/extraction process. In
addition, Li4Ti5015 is considered a safe anode since it does not react
with organic electrolytes. The drawbacks of the lithiated titanium
oxide, however, are its high redox potential (~1.5 V vs. Li/Li*) and
low capacity [71,72].

3.2. Specific examples of recent developments

Bulk anode materials used in commercially available batteries
have relatively low power densities because of the slow charge/
discharge rate. To improve the rate capability and durability of
lithium-ion batteries, nanostructured anodes (e.g., Si- or Sn-based

nanowires, nanotubes, and hollow spheres) and nanocomposite
anodes (e.g., Si dispersed in carbon nanotube (CNT) matrix, TiO,
functionalized graphene, and ternary metal oxide systems) have
been developed in order to reduce the diffusion length and increase
the tolerance to volume change. Surface coating or modification of
anode materials has also been used to improve electrical
conductivity and electrochemical performance, including carbon
coatings by spray-pyrolysis, thermal decomposition, and carboni-
zation of organic precursors. Other examples include synthesis of
hybrid nanostructures consisting of Sn nanoclusters on SnO,
nanowires, nitration-driven conductive Li4TisO1,, and coating of
stabilizer (e.g., SiO,, Al,03, Nb,Os, or RuO;) onto surface of TiO,
nanotubes. Very recently, the nano-architectured anode electrodes
(e.g., Fes04-based Cu nano-architectures, SnO, nanorod arrays
onto flexible Fe-Co-Ni substrate) displayed outstanding capacity
retention and rate capability.

Summarized in Table 2 are some typical performances of various
nanostructured anode materials reported in the literature. More
details of recent advancements in design, synthesis, and fabrication
of a variety of nanostructured anode materials with enhanced
performance are provided in the following sections, with an
intention to highlight the important nanostructured features that
offer significant potential to advance energy storage characteristics.

3.2.1. Nanostructured anode materials

3.2.1.1. Nanowires, nanorods, nanotubes, 3D porous particles.
Lithium alloying compounds: As mentioned above, many materials
(such as Si, Al, Sn, Sb, and Ge) are capable of accommodating Li by
the formation of lithium alloys (LiyM) and show Li storage
capacities far higher than those of carbonaceous materials.
However, many of these materials such as tin (Li4 4Sn) and silicon
(Lig4Si) exhibit significant volume changes (>300%) during Li
alloying and dealloying, leading to cracking and crumbling of the
electrode materials and the consequent loss of electrical contacts
between particles, resulting in severe capacity loss [83-89]. To
overcome this problem, one strategy is to use nanostructured
materials like nanowires, nanotubes, and 3D porous particles,
which can accommodate large strain with good electrical contact
without pulverization during discharge/charge cycling.

Table 2

Electrochemical performance of nanostructured and bulk anode materials.
Anode materials Capacity (mAh/g) Current density Voltage (V) References

Initial After nth cycle

Silicon bulk particles ~3260 ~200 (10th) 100mA/g 2.0-0.0 [73]
3D porous silicon ~3138 ~2800 (100th) 400mA/g 1.5-0.0 [40]
Silicon nanotubes ~3200 ~3000 (80th) 3000mA/g 1.5-0.0 [74]
Silicon nanowires ~4200 ~3300 (10th) 210mA/g 2.0-0.01 [15]
SiO4/C coating on Si nanoparticles ~2200 ~1100 (60th) 150mA/g 1.0-0.05 [118]
Si/CNT composite film ~2400 ~1600 (50th) 360mA/g 1.0-0.01 [75]
Co304 bulk particles ~1200 ~80 (20th) 111 mA/g 3.0-0.0 [76]
Co304 nanoparticles ~1230 ~200 (60th) 100mA/g 3.0-0.005 [77]
Co304 nanowires ~1300 ~200 (60th) 100mA/g 3.0-0.005
Mesoporous Co304 ~1330 ~820 (60th) 100mA/g 3.0-0.005
Self-supported Co;04 nanowires ~1124 ~700 (20th) 111 mA/g 3.0-0.0 [76]
Non-supported Co304 nanowires ~1124 ~350 (20th) 111mA/g 3.0-0.0
CuO particles (1 um) ~400 ~380 (70th) 0.2C 3.0-0.02 [78]
CuO particles (0.15 pm) ~410 ~100 (70th) 0.2C 3.0-0.02
CuO urchin structure ~800 ~560 (50th) 150mA/g 3.0-0.001 [79]
CuO hollow cubes ~967 ~79 (50th) 150mA/g 3.0-0.001
CuO hollow spheres ~900 ~91 (50th) 150mA/g 3.0-0.001
SnS, bulk particles ~401 ~127 (30th) 50mA/g 3.0-0.0 [80]
SnS, nanoplates ~1311 ~583 (30th) 323mA/g 1.1-0.001 [81]
SnS, nanoflowers ~1650 ~502 (50th) 200mA/g 1.2-0.05 [82]
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Fig. 8. SEM images of Si nanowires (a) before cycling and (b) after cycling at same magnification. (c) Capacity versus cycle number for Si nanowires at C/20 rate showing the

charge (squares) and discharge capacity (circles).

Adapted by permission from Macmillan Publishers Ltd.: Nat. Nanotechnol. [15], copyright 2008.

Since silicon has a high theoretical capacity, it has been widely
investigated as an alternative to graphite. Cho’s group extensively
studied silicon-based nanostructured anodes. For example, 3D
porous Si particles were synthesized via a thermal annealing and
wet etching process [40]. They found that porous silicon particles
with a thin pore-wall thickness of ~40 nm could accommodate
large strains without pulverization and reported excellent cycling
performance (99% and 90% capacity retention after 100 cycles at a
rate of 0.2 C and 1 C, respectively). These capacity retentions were
far superior to previously reported nano-sized Si/carbon compo-
sites or Si nanoparticles. It was found that pores in Si particles
could act as a “buffer layer” for alleviating the large volume
changes during lithium insertion and extraction.

Cui's group reported the improved performance of silicon
nanowires grown directly on a stainless steel current collector
using a gold catalyzed vapor-liquid-solid (VLS) process [15]. This
concept has several advantages. First, the small nanowires allow
for better accommodation of the large volume variations induced
by the lithium insertion/removal process. Second, each Si nanowire
is directly grown on the current collector, such that all Si
nanowires contribute to the capacity, and no binders or conducting
additives are required. Third, one-dimensional Si nanowires allow
for efficient charge transport. Due to these unique features, Si
nanowires grown directly on the current collector have exhibited
outstanding electrochemical performance. As shown in Fig. 8, the
reported initial capacities were very high with a coulombic
efficiency of ~73%. Both charge and discharge capacities were
nearly constant with little degradation up to 10 cycles.

As described above, 3D porous silicon particles and silicon
nanowires have shown good cycling performance as anode
materials. However, they exhibit increased polarization at higher
current rates and capacity fading during extended cycling, likely
due to the limited surface area accessible to the electrolyte and the
gradual growth of the SEI layer. The use of silicon nanotubes could
be a good solution. Cho’s group fabricated novel silicon nanotube
structures by reductive decomposition of silicon precursor inside
anodic alumina templates [74]. The use of silicon nanotubes
increased the surface area accessible to the electrolyte, allowing
lithium ions to intercalate from both the interior and the exterior of
the nanotubes. Additionally, the surface of the Si nanotubes was

coated with carbon, which stabilized the Si-electrolyte interface
and promoted stable SEI formation during cycling. The nanotube
electrodes demonstrated reversible charge capacities of
~3200 mAh/g with capacity retention of 89% after 200 cycles at
a rate of 1C in practical lithium ion cells with improved rate
capability (Fig. 9).

Besides the silicon-based anode electrodes, Ge nanowire
electrodes were also fabricated onto a metallic current collector
using the VLS growth process [90]. The Ge nanowires showed an
initial discharge capacity of 1141 mAh/g at C/20 rate over 20
cycles. High power rates were observed up to 2 C with a coulombic
efficiency of above 99%.

Transition metal compounds: In addition to lithium alloying
compounds, transition metal compounds with conversion reac-
tions can also benefit from nanostructures. For instance, Li et al.
synthesized mesoporous Coz04 nanowires using a template-free
method at mild conditions [76]. These Co304 nanowires of 500 nm
in diameter and 15 pm in length were grown on Si, glass, Cu, or Ti
foil. The Co304 nanowires underwent a conversion reaction,
forming metallic Co nanodomains embedded in the Li,O matrix.
Despite the compositional transformation, the nanowire arrays
maintained their structural integrity after many cycles. After the
first cycle, the subsequent cycles exhibited high reversible capacity
of 700 mAh/g after 20 cycles. In cases of non-supported nanowires
and commercially available powders, however, poor electrochem-
ical performance was observed, showing the advantages of the
directly grown nanowire structure.

Also, a-Fe,O3 nanorods with diameters of 60-80 nm and
lengths of 300-500 nm were synthesized using a hydrothermal
method. Liu et al. reported significantly improved capacity and
cycling stability (763 mAh/g capacity after 30 cycles), compared to
microcrystalline a-Fe,03 powders [91]. Electrochemical charac-
terizations using cyclic voltammetry and electrochemical imped-
ance spectroscopy also confirmed that a-Fe,03 nanorods exhibited
higher activity than the microcrystalline counterpart. The en-
hanced performance was attributed to the shorter Li* diffusion
pathways through the one-dimensional nanostructured electrode.

3.2.1.2. Unique shape/morphology. Designing the unique shape or
morphology of electrode materials is also important to enhance
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Fig. 9. (a) Schematic diagram of Li-ion pathways in Si nanotubes, (b) rate capability of Si nanotube anodes cycled between 0 and 1.5 V.

Reprinted with permission from [74]. Copyright 2009 American Chemical Society.

electrochemical performance. Yu et al. prepared a novel nano-
structured carbon-free Li,0-Cu0O-SnO, anode material consisting
of hollow porous spheres with a mean diameter of 5 um using the
electrostatic spray deposition [92]. The porous spheres consist of
the multideck-cage structure, where the thickness of the backbone
ranges from 60 to 100 nm and the pore diameters range from
200 nm to 1 wm (Fig. 10). The Li;0-CuO-Sn0, (Li/Cu/Sn=1:1:1)
thin film electrode shows a high reversible capacity of ~1190 mAh/
g and nearly 100% capacity retention after 100 cycles at 0.5 C in the
voltage range of 0.01-3 V. Even at a high rate of 8 C, excellent rate
capability was seen with a capacity of 525 mAh/g. Its outstanding
electrochemical performance is ascribed to several reasons: (i) the
unique porous structure increases electrode-electrolyte contact
area; (ii) the multideck-cage structure accommodates the volume
change during the charge/discharge process; and (iii) Li,O can
suppress the aggregation of the Li-Sn alloy.

Urchin-like structures are also attractive in that the surface area
of the active materials can be increased, and its volume expansion
during the lithiation/delithiation process can be alleviated, com-
pared to normal spherical electrode materials. Recently, Zhang et al.
fabricated urchin-like carbon materials composed of carbon
nanofibers grown on the surface of natural graphite spheres using
a metal catalyzed CVD process [93]. The urchin-like carbon
electrodes showed remarkably improved cycling performance and
better rate capability compared to the pristine graphite materials.

Park et al. developed an approach for gram-scale synthesis of
Cu,0 nanocubes using a one-pot polyol process [79]. As-synthe-
sized Cu,0 nanocubes were converted into CuO hollow cubes,

o

Specific capacity (mAh/q)

hollow spheres, and urchin-like particles by controlling the
amount of aqueous ammonia solutions added in air. Among CuO
materials, the urchin-like electrodes retained high capacities of
above 560 mAh/g up to 50 cycles. The good cycling performance of
urchin-like particles might be attributed to the structural
robustness and the stability of the large single-crystalline domains.

In addition to urchin-like structures, meshed plate structures
composed of SnO nano-sized ribbons can also be used as an anode
material. Uchlyama et al. prepared single-crystalline SnO meshed
plates through SngO4(OH), as the intermediate state using an
aqueous solution process [94]. The SnO meshed plates exhibited
good cycling performance with a reversible capacity of 320 mAh/g
after 20 cycles, while SnO flat plates had a lower capacity of
250 mAh/g. This indicates that the meshed electrodes with a
specific skeletal framework offer a sufficient buffer to accommo-
date large volume expansion during the lithiation/delithiation
process; thus, the nanostructured mesh plates showed improved
cycling performance. Various morphologies of anode materials
have also shown improved electrochemical properties, including
SnS, nanoparticles [95], SnS, nanoplates [81], SnS, flower-like
structures [82], and SnO, nanosheets [96].

3.2.2. Nanocomposites of anode materials

Nanostructured anode materials (e.g., Si or Sn-based materials)
exhibiting high capacity are considered one of the best alternatives
for carbon anodes. To preserve the unique nanostructures, however,
nanostructured anode materials are often dispersed in a carbon-
based matrix. Carbon is not only electronically conductive but also
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Fig. 10. (a) SEM image of porous, multideck-cage morphology of Li,0-CuO-SnO,. (b) Cycling performance and rate capability of a Li;0-CuO-SnO, thin film [92].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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contributes to the capacity. Several composites consisting of
nanostructured anode materials and carbon have shown good
electrochemical performance, including higher capacity and excel-
lent cycling retention compared to the pristine nanostructured
anode or bare carbonaceous material.

Si-based anodes: In particular, many research efforts have been
devoted to combining the advantages of carbon and silicon in order
to improve electrochemical properties. Recently, Hu et al. proposed
a new strategy to synthesize meso- and macroporous carbon using
phase separation between mesophase-pitch and polystyrene
homopolymers [97]. Silicon nanoparticles of 20-100 nm in size
were dispersed in the porous carbon materials, which showed a
very stable reversible capacity of 450 mAh/g during lithiation/
delithiation process up to 50 cycles.

Cui’s group used the supercritical fluid-liquid-solid (SFLS)
process to make silicon nanowires, which were mixed with
amorphous carbon or multiwalled-CNTs (MW-CNTs) as anodes for
lithium ion batteries [98]. They found that carbon-coated silicon
nanowires mixed with MW-CNTs exhibited a capacity of
1500 mAh/g during the first 30 cycles, while those mixed with
amorphous carbon blacks showed a capacity of just 500 mAh/g.
This improvement was attributed to the high conductivity and
good connectivity of the network between silicon nanowires and
MW-CNTs.

As a more efficient strategy, Cui’s group also prepared free-
standing CNT-silicon film composites by integrating a conductive
network of CNTs into the silicon film [75]. First, CNTs dispersed in
water were spread out onto stainless steel mesh plates; then,
silicon thin films were deposited onto the CNT networks by a CVD
process using silicon precursors. The CNT acts as both mechanical
support and electrical conductor, while Si thin films act as high
capacity active materials for lithium ion batteries. The CNT-Si
nanocomposites showed a high charge storage capacity of
~2000 mAh/g with good cycling retention (80% capacity retention
after 50 cycles at a rate of C/15), much better than for sputtered-on
silicon films (Fig. 11).

Sn-based anodes: Similarly, Sn—-C nanostructured composites
also showed excellent electrochemical performance [99-101]. For
example, Scrosati’s group reported Sn-C nanostructured compo-
sites prepared by the infiltration of tin precursor into a resorcinol-
formaldehyde gel, followed by subsequent calcination in an inert
gas [101]. The as-prepared tin nanoparticles of 10-50 nm in size
were uniformly dispersed in supporting carbon matrix (Fig. 12).
The Sn-C composite materials exhibited a specific capacity of
500 mAh/g for 200 cycles and were cycled at a rate of 5C,
recovering 40% of the total capacity, thus demonstrating signifi-
cantly enhanced electrochemical performance of the novel, unique
design of the Sn—-C nanocomposites.

The composite of CNTs and Sn-based materials is another
interesting example [102-104]. Kumar et al. reported Sn-filled
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Fig. 11. Schematic illustration of (a) pulverization of sputtered-on Si film after
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efficiency (blue square) of CNT-Si film as the working electrode cycled between
1 and 0.01 V. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

Reprinted with permission from [75]. Copyright 2010 American Chemical Society.

CNTs using a hydrothermal reduction process [104]. The CNTs
synthesized by catalytic decomposition were oxidatively opened
and filled with a tin precursor by capillary force. Subsequent
NaBH4-reduction or hydrothermal process led to the reduction of
tin precursor to tin metal. These nanocomposite electrode
materials showed a high capacity of ~1080 mAh/g for the
hydrothermal product and ~1600 mAh/g for the NaBH, product
at a rate of 0.1 C. Both capacity and cycling retention were
significantly improved compared to the unsupported Sn and CNTs.

Recently, Ortiz et al. proposed a novel route for fabricating SnO
nanowires inside TiO, nanotubes which can be used as high power
density lithium ion microbatteries [105]. Initially, titania nanotubes
were prepared by the anodization of titanium foil; subsequently, tin
and tin oxide nanowires were grown inside titania nanotubes by
electrodeposition. The nanocomposite comprising SnO of 2 pm in
length and 20 nm in diameter showed a reversible capacity of
~140 wAh/cm?, ~85% of which was maintained over 50 cycles
because the titania nanotubes allowed for volume variation
associated with the lithiation/delithiation process, thus enhancing
electrochemical performance. In addition, SnO, nanoparticles
encapsulated in crystalline carbon hollow spheres [106], SnO,/
CNTs nanocomposites synthesized in supercritical fluids [107],
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Fig. 12. (a) TEM image of Sn-C composite material. (b) Cycling performance at various rates [101].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Reprinted with permission from [111]. Copyright 2009 American Chemical Society.

hollow sphere shaped SnO,/C composite [108], and SnO, nanotubes
and CNTs composites prepared by the layer-by-layer deposition
technique [109] and ordered, nanostructured SnO,/carbon compo-
sites [110] also exhibited good electrochemical performance.

Transition metal compounds: Graphene-based nanocomposite
electrodes are also attractive for improving electrochemical
properties. Recently, Wang et al. prepared self-assembled TiO,-
graphene hybrid nanostructured materials using highly dispersed
functionalized graphene sheets (FGS)[111]. The novel strategy was
to disperse graphene sheets uniformly with an anionic sulfate
surfactant and then proceed with self-assembly of the surfactant
with the titanium precursor to generate the desired TiO,
morphology (Fig. 13). The specific capacity of the anatase TiO,-
FGS hybrid composite was superior to that of rutile TiO,—FGS and
pure TiO,. The hybrid nanocomposite electrodes also showed
excellent cycling performance over 100 cycles.

Kim et al. proposed a ternary metal oxide system (Ca3Co0409) as
a novel anode material for lithium ion batteries due to its high
electrical conductivity, high thermal stability, oxidation resistance,
and reduced toxicity [112]. By Li-driven conversion process, which
led to the formation of Co nanoclusters embedded in an
amorphous Li,0-CaO matrix, this nanocomposite electrode
showed improved cycling performance and better rate capability.
The electrical conductivity of the sintered CazCo409 (34 S/cm) is
much higher than that of typical spinel-type Cosz04 samples
(1.96 x 10° S/cm) at room temperature [113]. The calculated
theoretical capacity of CazCo40g after the first cycle is 571.8 mAh/
g. For comparison, the electrochemical performance of nano-sized
Cas3Co404, nano-sized Co304, commercial Coz04 were also investi-
gated (Fig. 14). The capacity retention of the nano-sized Ca3Co0409
electrode was better than for other particles. It should be noted
that CaO, which only acts as an inactive matrix in the lithium
batteries, may alleviate the mechanical stress induced by large
volume change in the active materials and may prevent the
aggregation of the Co nanodomains on cycling.

3.2.3. Surface modification of anode materials

The surface of an electrode material can greatly influence the
electrochemical performance of the electrode. For example, a
uniform and compact SEI film on the electrode surface may
enhance the efficiency and capacity retention of the electrode.
Therefore, coating or modifying the electrode surface allow for
controlling the SEI layer as well as charge and mass transfer across
the interface.

Carbonaceous materials: Pan et al. proposed the surface
modification of natural graphite via molecular design [114].
Aromatic multi-layers of lithium benzoate were covalently
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Fig. 15. (a) Schematic illustration showing evenly dispersed Sn nanoclusters on a SnO, nanowire surface with spacing controlled by the droplet diameter. (b) SEM image
showing a network of Sn-nanocluster-covered SnO, nanowires. (c) HR-TEM image showing well-spaced crystalline Sn nanoculusters on the nanowire surface.

Reprinted with permission from [119]. Copyright 2009 American Chemical Society.

attached to the surface of graphite using diazonium chemistry. The
surface modified graphite electrode showed better electrochemi-
cal performance than pristine graphite. This is attributed to the
formation of a stable and compact SEI layer that can accommodate
the volume change associated with cycling.

Si-based anodes: The development of nanoscale coating on
silicon-based structures is an effective approach to overcome the
issues associated with the large volume changes. Ng et al. prepared
Si/C nanocomposite materials using a spray-pyrolysis technique
[99]. The specific capacity of spray-pyrolyzed carbon coated Si
nanocomposites was 1489 mAh/g after 20 cycles; this result shows
the beneficial effect of the pyrolyzed carbon coating on Si particles.
Similarly, carboxyphenyl-group attached silicon anode materials
[115] and phenol-functionalized silicon nanoparticles [116] also
improved cycling performance by controlling the SEI layer.

Cui’s group prepared a core-shell design of silicon nanowires
for high power and long cycling life of lithium batteries [117]. In
this strategy, they used an amorphous silicon shell as an
electrochemically active material, while a crystalline silicon core
was used as a support for amorphous silicon shell. The charge
storage capacity was 1000 mAh/g with good capacity retention
(90% over 100 cycles), and excellent rate capability was observed at
a high charging and discharging rate of 6.8 A/g [117].

As another strategy, active silicon nanoparticles can be coated
with inactive silica materials and conductive carbon together. Here,
inactive materials play a key role in minimizing the mechanical
stress induced by huge volume change in active silicon and thus
prevents deterioration in electrochemical performance. Maier’s
group synthesized Si@SiO,/C anode materials in a one-step
procedure with a thin layer of SiO, and carbon by a hydrothermal
process and subsequent carbonization of glucose [118]. This
Si@Sio,/C structure, which has passivated SiO, and conductive
nanoscale coating of carbon, showed remarkably improved lithium-
storage performance (~1100 mAh/g at 150 mA/g after 50 cycles).

Sn-based anodes: Recently, Meduri et al. presented a simple
design of hybrid nanostructures involving Sn nanoclusters covered
on SnO, nanowires as exceptionally stable anode materials with
high reversible capacity [119]. The SnO, nanowires were synthe-
sized by reacting Sn metal powders directly in the gas phase with
oxygen containing plasma. Pure SnO, nanowires were exposed to

H, plasma in a microwave CVD reactor to synthesize the Sn-
nanocluster-covered SnO, nanowires (Fig. 15). A novel Sn/SnO-,
hybrid structure exhibited a reversible storage capacity of more
than 800 mAh/g over 100 cycles. The capacity drop after the first
few cycles was less than 1% per cycle.

Wang et al. proposed a new concept for the fabrication of
porous SnO, nanotubes with coaxially grown CNTs [120]. The
core-shell type SnO,/C composite of ~73 wt.% SnO, and ~4 nm
CNT thickness was synthesized by a vacuum infiltration of SnO,
nanoparticles and CVD process. The SnO,/CNT nanocomposite
showed highly reversible capacity (540-600 mAh/g) and out-
standing cycling retention (0.0375% capacity loss per cycle). The
improved electrochemical performance is attributed to the tubular
structure of SnO,, better accommodation of volume expansion
from CNT shell, the increased electrical contact areas from core-
shell structures, and the enhanced lithium-ion transport.

Although hollow or nanotube-shaped particles have some
advantages (e.g., alleviation of volume expansion, short diffusion
length for lithium ions, and effective contact between electrode
and electrolyte), the relatively low density of these materials
results in low volumetric density of the electrode. To overcome this
problem, Deng et al. synthesized mesoporous core/shell SnO,
particles using a solvothermal method and subsequent calcination
[121]. This material showed very high capacity for the first charge
and discharge cycle of 2358 mAh/g and 1303 mAh/g, respectively,
at a current density of 50 mA/g. This significantly enhanced first-
cycle charge capacity might be attributed to SEI formation and the
reduction of SnO, to Sn during lithiation. However, the capacity
retention was not very good due to the thick shell layer and
micrometer-sized particles (Fig. 16).

Transition metal compounds: As another strategy for improving
electrochemical performance, surface conductivity of active
materials can be improved by introducing a thin layer. Park
et al. proposed a novel method for fabrication of nitration-driven
conductive LisTisOq for lithium ion batteries [122]. After thermal
nitridation in an NH3z atmosphere at 700 °C for 10 min, a thin layer
of TiN was generated on the surface of LisTis01, without changing
the crystal structure of the pristine Li4TisO,. The electrochemical
performances of the pristine and the nitridated LisTisO4; electrode
materials were compared at a rate of C/2 (Fig. 17). The pristine



M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252 217

b

32400 s ey ariascacaanaaania 7] 100
5 - 180 ¥
N2 s
216004 160 ‘B
‘g (T "—[ &p-j‘
& ""““""llll 140 o
O 800+ ] LLLET B
o ~—m— Charging {20 €
=t ® Discharging E=)
2 —a&— Coulombic Efficien: 2
% 0'. A ::o lo b Eff“l cy . . ‘_0 8

0 5 10 15 20 25 30
Cycle Number

Fig. 16. (a) SEM image of SnO, hollow core-shell structure. (b) Specific capacity of hollow core-shell mesospheres of crystalline SnO, nanoparticle aggregates.

Reprinted with permission from [121]. Copyright 2008 American Chemical Society.
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Reprinted with permission from [122]. Copyright 2008 American Chemical Society.

Li4TisO0, exhibited a specific capacity of 162 mAh/g; however, the
capacity decreased with cycling. After nitridation, the Li4TisOq>
showed better performance at higher cycling rates. At a high
cycling rate of 10 C, the nitridated Li4TisO1, showed a capacity of
~120 mAh/g, about 6 times that for pristine LisTisO;,. This is
attributed to the surface coating of thin TiN layer and the mixed-
valent intermediate phase, Liz+5TisO12.

Even though a wide variety of nanostructured materials may be
prepared under certain conditions, agglomeration or pulverization
of nanoparticles may take place during heating or a cycling process.
The problem of agglomeration can be avoided by introducing a thin
wall and/or coating of carbon. However, the increase in carbon
content may reduce the energy density, impede mass transport,
and lower the rate of charge. Jamnik et al. developed a new strategy
for stabilizing the size and morphology of active materials by
coating a stabilizer onto an active particle surface [123]. When
ceramic precursors of silica (SiO), alumina (Al,03), and niobia
(Nb,Os) were coated onto TiO, nanotubes, and then thermally
treated at 480 °C, these coatings prevented particle growth and
preserved the non-agglomerated form of the initial particulate
materials. In contrast, without surface coating of these ceramic
precursors, severe agglomeration took place upon heating.
Moreover, TiO, stabilized with silica exhibited an excellent
high-rate performance and showed a stable reversible capacity
of 120 mAh/g at a very high rate of 20 C.

Guo et al. proposed the optimized nanostructure designs of
electrode materials for high power and high energy density

batteries by introducing highly lithium-permeable materials [124].
They designed the optimized nanostructure by preparing meso-
porous anatase TiO, with a pore size of ~7 nm and by sequentially
coating the pore channels with crystalline RuO,, which acts as the
electronic conductor and contributes to quick lithium permeation
(Fig. 18). Moreover, the wetting characteristic of RuO, onto TiO; is
very beneficial, since the low wetting angle of electrolyte on TiO, is
helpful to better access of liquid electrolyte. The specific charge
capacity of TiO,/RuO, composite with a novel design was as high as
214 mAh/g at C/5 after 20 cycles. Even at a high rate of 30 C, the
specific charge capacity reached 91 mAh/g, which is much better
than that of pristine anatase TiO, (48 mAh/g).

3.2.4. Nano-architectured anode electrodes

Although nanomaterials generally exhibit better electrochemi-
cal performance than bulk materials, there are still considerable
rooms for further improvement in the optimization of electrode
design. For example, an efficient way to improve electrochemical
properties is to optimize their architectures, such as particle size,
shape, and space between particles.

For instance, Green et al. fabricated silicon pillar arrays that
were separated to create free space in order to accommodate large
volume expansion during the lithiation/delithiation process [125].
Using a similar approach, Taberna et al. fabricated Fe304-based Cu
nano-architectured electrodes for lithium ion battery applications
[126]. A 3D array of Cu nanorods was produced by electrodeposi-
tion onto Cu foil through a porous anodic alumina membrane that



218

M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252

Electroactive material
* Electronic conductor
Pore filled with electrolyte
Carbon black

z

NN

o

7
2//
%
7

NN
N
R

current collector

electrolyte

Fig. 18. Schematic illustration of (a) the desired design concept comprising a self-similar structure with efficient mixed conducting parts (shaded areas), and (b) a realistic

composite electrode meeting this concept [124].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

was subsequently dissolved. In a final step, Fes04 was electro-
plated onto Cu nanorods by cathodic reduction of an iron precursor
in an alkaline solution (Fig. 19). Upon cycling, the self-supported
Fe;04/Cu nano-architectured electrodes exhibited outstanding
capacity retention.

Scrosati’s group also reported a new type of nano-architectured
electrode configuration based on a template synthesis [127].
Initially, nano-architectured Cu nanorods with diameters of
~200nm were fabricated from an electrodeposition process
through an AAO membrane onto Cu sheets. Subsequently, Ni3Sns
particles were coated onto nano-architectured Cu electrodes by
electrodeposition with tin and nickel precursor solutions. The
nanostructured NisSny electrode materials showed a capacity of
500 mAh/g with the minimal decay over 200 cycles. The volume
expansion upon lithiation was effectively buffered by the large
empty space between the nanorods, resulting in excellent capacity
retention at a high rate (10 C).

Grugeon et al. used a metallurgical oxidation method to prepare
a nanostructured, electrochemically active chromium-rich oxide
surface layer on a stainless steel current collector [128]. With
chemical etching prior to high-temperature annealing, Cr-based
oxide electrodes exhibited reversible capacities as high as
750 mAh/g for 800 cycles. Their modeling study suggested that
self-supported structure of oxides with various porosities directly
grown on current collector could improve the capacity beyond that
of carbon-based electrodes, implying the importance of the unique
architecture in achieving good adhesion between active materials
and current collectors and ensuring an efficient pathway for
electron transport.

3.3. Summary

While graphite is still the most commonly used anode material
in current Li-ion batteries, the formation of a complex SEI layer on
the surface of graphite raises safety concerns, especially in large
batteries like those for use in electric vehicles. Additionally, the
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Fig. 19. (a) SEM images of cross-section of Cu nano-architectured current collector
before (left) and after (right) Fes0,4 depositions. (b) Capacity retention of Fe;04-
based Cu nano-architectured electrode.

Adapted by permission from Macmillan Publishers Ltd.: Nat. Mater. [126],
copyright 2006.
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energy density of graphite is yet to be further improved to meet the
stringent requirements of emerging applications.

To move beyond graphite anodes, enormous efforts have been
devoted to the development of Li-alloy anodes, such as Li-Si and
Li-Sn anodes, because their theoretical capacities greatly exceed
that of graphite. However, their large volume change during
cycling severely hinders their use in the market. Several unique
nanostructures have been proposed and investigated in an effort to
mitigate the problem. Among these, nanowires, 3D porous
particles, and nanotubes have demonstrated excellent electro-
chemical performance due largely to their unique tolerance to
large stress/strain induced during cycling. Nanoscale carbon
coating also appears to be a very promising strategy, especially
for Si-based anodes, which have low intrinsic electronic conduc-
tivity and large capacity loss in the early cycles due to the
formation of an irreversible SEI layer.

Transition metal oxides with conversion reactions also display
higher capacities than graphite. Although it has yet to be
satisfactorily demonstrated, the reduction in particle size could
improve the reversibility of Li,O formation. Carbon coating could
also enhance the rate capabilities and cycling performances of
transition metal oxides by significantly improving their electrical
conductivities.

Another promising candidate is spinel Li4Tis012, which is very
appealing as a safe anode material due to the excellent chemical
stability of the Ti**/Ti** redox couple. It has been demonstrated
that nitration-driven conductive LisTisO;, can show much
improved performance at a high rate of lithium insertion without
encountering any safety problems with the electrolyte.

3.4. Remaining challenges

As reviewed above, several nanostructured anode materials
have been developed that have desirable electrochemical proper-
ties for overcoming some critical problems. However, a number of
challenges still remain in the development of anode materials for a
new generation of lithium batteries. Some of the major remaining
challenges associated with the existing anode materials are briefly
described below.

(1) Although lithium metal has very high theoretical energy
density, lithium dendrite formation during charging can cause
partial shorting of the two electrodes and may lead to eventual
catastrophic failure of battery. Surface modification of lithium
metal electrodes to minimize or eliminate dendrite formation
represents a grand challenge to utilization of lithium metal
electrodes.

(2) The obtainable capacities are often lower than theoretical
capacities due to the low intrinsic electrical conductivity of
active electrode materials, which decreases further with the
rate of cycling.

(3) For transition metal oxides with conversion reactions, the rate
capability (or power density) is still a concern, in addition to
their relatively high potential (or low cell voltage) and limited
lifetime due to capacity fading with cycling.

(4) For LigTisOq,, improved safety is obtained at the expense of
energy density, in addition to its high operating voltage vs Li/Li"
(~1.5V) or low cell voltage.

(5) Most anode materials undergo volume changes associated with
lithium insertion/extraction (or alloying/de-alloying), which
lead to pulverization of active electrode materials or mechani-
cal disintegration of the electrode.

(6) Although Si-based anodes have shown very promising perfor-
mance with the aid of various nanostructures (i.e., nanowires,
3D porous particles, and nanotubes), the complex synthesis
processes may hinder the application to commercial batteries.

3.5. Opportunities and new directions

From a scientific point of view, more fundamental studies are
needed to unravel the mechanism of electrochemical performance
enhancement by nanostructures with different microscopic
features (such as dimension, morphology, pore size and distribu-
tion). To date, little is known about the mechanism and sequence of
elementary steps associated with charge and mass transport in the
confined pores and channels. More sophisticated in situ character-
ization techniques for probing and mapping electrode surfaces and
multi-scale modeling and simulations are needed to gain critical
insights into nanoscale phenomena at electrode surfaces during
cycling of batteries.

In addition, more extensive studies of novel architectures of
anode materials are required. For example, arrays of vertically
aligned carbon nanotubes are likely to be very promising when
combined with high-capacity anode materials. Another strategy is
to create 3D, nano-architectured structures in which pillared
anodes and cathodes can be interdigitated. Additionally, combin-
ing microscale and nanoscale materials is another way to
maximize the advantages and minimize the disadvantages of
materials at the two different scales. Carefully designed and
controlled architectures may lead to higher energy and power
densities, significantly enhancing battery performance.

From a practical point of view, availability and cost of materials,
potential for cost-effective synthesis and processing, improved
safety, and minimal environmental impacts are equally important
as performance. For example, nanostructured (nanowires, 3D
porous particles, and nanotubes) Si-based anodes with carbon
coatings have thus far shown very promising performance.
However, the synthesis processes usually involve low yield,
complex procedures and high cost, toxic precursors; thus, they
are applicable only to limited applications. The development of
large-scale, low-cost fabrication strategies for nanomaterials with
desirable performance is an important challenge in the fabrication
of battery materials for commercial applications.

4. Insertion compounds as cathodes for Li-ion batteries
4.1. Classification of cathode materials

4.1.1. Transition metal oxides and sulfides

Since the early 1970s, a variety of lithium intercalation
compounds have been studied as the cathode for Li-ion batteries.
The earliest lithium battery systems used metallic lithium (or Li-Al
alloys) as the anode and various chalcogenides (TiS,, MoS,, etc.) as
the cathode [6,129]. Of all layered dichalcogenides, titanium
disulfide was widely studied since it has the highest gravimetric
energy density. Cells consisting of lithium and titanium disulfide
allowed deep cycling for close to 1000 cycles with minimal capacity
loss. Cells with LiAl anodes and TiS, cathodes were commercialized
from 1977 to 1979 by Exxon for small devices such as watches [130].

Surprisingly, layered oxide compounds with the same struc-
tures as the dichalcogenides were not studied in depth during that
period of time, likely because their magnetic properties were of
greater interest. Later, a number of groups studied oxides of
manganese, cobalt, chromium, and other transition metals;
however, lithium insertion into these compounds was not studied
in detail. Goodenough’s group found that LiCoO, had a similar
structure as the layered dichalcogenides and showed that lithium
could be extracted electrochemically [131]. Since then, LiCoO,
cathode has dominated the lithium battery market. Cathode
materials for current Li-ion batteries include mainly lithiated
transition metal oxides like LiCoO, and LiNiO,. In recent years,
layered LiMI‘lOz, LiNi1/2Mn1/202, and LiNi1/3Mn1/3CO1/302 have
shown promise for higher capacity and energy density.
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In addition to these layered structures, spinel cathode,
LiMn,04, which was originally proposed by Tackeray’s group,
has been extensively investigated by several groups because it is
abundant, less expensive, and environmentally benign [132,133].
Currently, LiMn,04 is one of the most important intercalation
cathode materials for electric vehicle applications [134]. The
disadvantage of this electrode, however, lies in its slow
dissolution of manganese ions in the electrolyte during cycling
[132,135].

4.1.2. Polyanion-based compounds

Transition metal oxides are widely used as cathode materials
in lithium ion batteries; however, other new electrode materials
have been developed for better safety and low cost. Examples
include polyanion-based compounds obtained by introducing
large polyanions of the form (X04)~ (X =S, P, Si, As, Mo, W) into
the lattice. An inductive effect from (PO4)*>~ and (SO4)*~ ions
increases redox potential (compared to those in oxides) and
stabilizes the structure [136]. Most metal phosphate and sulfate
compounds have potentials in the range of 2.8-3.5 (versus Li/Li")
[137]. These compounds usually have the advantages of better
safety and lower cost, compared with the previous group. Until
now, these materials have been widely studied as high perfor-
mance cathode materials that can exhibit high capacity, high rate
capability, and long cycling life.

Fluorophosphates are another class of cathode materials that
serve as potential battery electrodes. These compounds exhibit
high electrochemical cell potential due to the inductive effect of
the (PO,)>~ group and the electron withdrawing property of the F~
ion. The first fluorophosphate material was LiVPO4F, which is an
iso-structure of minerals, tavorite (LiFePO,OH) [138] and
amblygonite (LiAIPO4F) [139], as reported by Barker et al.
[140]. Lithium extraction and insertion is accompanied by the
reversible V3*/V** redox reaction during electrochemical cycling,
demonstrating an average discharge voltage of 4.06 V with a
capacity of 123 mAh/g and good cycling performance of up to 300
cycles [141].

4.2. Specific examples of recent developments

Many cathode materials with layered, spinel, and olivine
structures have low lithium diffusion coefficient and poor
electrical conductivity. To overcome these limitations, several
strategies have been explored to create unique nanostructured
electrodes, including crystalline LiMn,O, nanowires prepared
using Nag 44MnO, nanowires as a self-template, LiMn,04 nanorods
from chemical conversion of single crystalline 3-MnO, nanorods,
highly ordered mesoporous [3-MnO,, and olivine (LiIMPO,4, M = Fe,
Mn, Co) nanowires synthesized by microwave assisted solvother-
mal process.

Another strategy to overcome low intrinsic electronic conduc-
tivity of cathode materials is the use of a highly conductive
network. Examples include (i) V,05 aerogels with single-wall CNTs
derived from a sol-gel process, (ii) composites of LiFePO,4 and
multi-wall CNTs via hydrothermal, ball-milling, or a reaction
process, (iii) Ni-V,0s core-shell nanocable structures by an
electrochemical deposition, (iv) Ag-LiMn,0, and Ag-LiCoO,
composite systems, and (v) composites of transition metal oxides
and a conductive polymer (polyacetylene, polyaniline, or poly-
pyrrole). These unique nanocomposite structures significantly
improved cycling stability and rate capability.

Moreover, surface coating or modification of cathode materials
also showed improved electrochemical performance. For example,
carbon coatings on LiCoO, or LiFePO, improved capacity by
reducing charge transfer resistance and facilitating lithium ion
diffusion. Metal phosphate (e.g., AIPO4 or FePO4) coatings and
metal oxide (e.g., ZrO,, Al,03, Sn0O,, MgO, or ZnO) coatings on
LiCoO, have also been used to suppress cobalt dissolution and
improve uniform stress/strain distribution.

Summarized in Table 3 are some typical performances of various
nanostructured cathode materials reported in the literature. More
details of recent advancements in design, synthesis, and fabrication
of a variety of nanostructured cathode materials with enhanced
performance are presented in the following sections, with an
intention to highlight the important nanostructured features.

Table 3
Electrochemical performance of nanostructured and bulk cathode materials.
Cathode materials Capacity (mAh/g) Current density Voltage References
Initial After nth cycle (V)

LiCoO, bulk particles ~60 ~10 (14th) 1000mA/g 4.5-2.5 [142]
LiCoO, desert rose ~155 ~115 (14th) 1000mA/g 45-2.5

LiCoO, nanotubes ~185 ~170 (100th) 10mA/g 4.3-3.0 [143]
Mesoporous LiCoO, ~98 ~58 (50th) 30mA/g 4.2-3.0 [144]
LiCoO, nanowires ~78 ~38 (50th) 30mA/g 42-3.0

LiMn,04 bulk particles ~40 ~25 (100th) 5000mA/g 4,5-3.1 [145]
LiMn;04 nanowires ~108 ~100 (100th) 5000mA/g 4.5-3.1

LiMn,04 nanotubes ~138 ~100 (100th) 10mA/g 4.3-3.0 [143]
LiMn,04 nanorods ~103 ~85 (100th) 148 mA/g 4.3-3.5 [146]
Li1 12Mn; 3304 bulk particles ~215 ~120 (10th) 30mA/g 4.5-2.0 [147]
Li; 0sMn; 9504 bulk particles ~225 ~160 (10th) 30mA/g 4.5-2.0

Mesoporous Lij 12Mn; ggO4 ~240 ~225 (10th) 30mA/g 45-2.0

VOOH bulk particles ~102 ~65 (50th) 20mA/g 3.6-1.5 [148]
VOOH hollow dandelion ~140 ~125 (50th) 20mA/g 3.6-1.5

LiFePO4 nanoparticles ~111 ~96 (30th) 42.5mAlg 43-2.0 [149]
LiFePO4-CNT composite ~115 ~115 (30th) 42.5mAlg 4.3-2.0

C-coated LiFePO4 ~168 ~165 (1100th) 100mA/g 4.3-2.0 [150]
Polyacene-coated LiFePO4 ~133 ~130 (250th) 170mA/g 42-2.8 [151]
LiFePO4 nanorods ~135 ~90 (50th) 11.3mA/g 4.3-2.0 [152]
LiFePO4 nanorods/PEDOT ~166 ~162 (50th) 11.3mA/g 43-2.0
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Fig. 20. (a) SEM image of single crystalline spinel LiMn,0,4 nanowires. (b) The discharge curves of single crystalline spinel LiMn,04 nanowires and commercial LiMn,0, at
various rates of 0.1, 5, 10, and 20 A/g. (c) Cycle performance of single crystalline spinel LiMn,04 nanowires and commercial LiMn,O4 at a high rate of 5 A/g.

Reprinted with permission from [145]. Copyright 2009 American Chemical Society.

4.2.1. Nanostructured cathode materials

4.2.1.1. Nanowires, nanorods, nanotubes, porous particles.
Transition metal oxides: LiMn,04 is one of the most popular
cathode materials for lithium ion batteries used in electric vehicle
applications. Compared to LiCoO,, LiMn,04 has several advan-
tages: less toxicity, excellent thermal stability, abundance, and low
cost. Recently, Hosono et al. synthesized novel single crystalline
spinel LiMn,0,4 nanowires using Nag 44MnO, nanowires as a self-
template [145]. As shown in Fig. 20, the as-prepared single
crystalline LiMn,04 nanowires have a diameter of 50-100 nm. The
LiMn,04 nanowires exhibited specific capacity of 118, 108, 102,
and 88 mAh/g at a rate of 0.1, 5, 10, and 20 A/g, respectively, and
demonstrated good cycling performance up to 100 cycles at a high
rate of 5 A/g. The unique morphology and the high quality single
crystalline structure of LiMn,O4 nanowires effectively reduced
lithium ion diffusion length and improved the electronic transport,
demonstrating large capacities at higher cycling rates.

Besides the nanowire structure, LiMn,04 nanorods were also
synthesized via chemical conversion of single-crystalline 3-MnO,
nanorods using a simple solid-state reaction [146]. The LiMn,04
nanorods with an average diameter of 130 nm and length of
1.2 pm exhibited high charge storage capacity (~148 mAh/g) at
high rates compared to commercially available bulk particles
(~50 mAh/g), indicating that large surface-to-volume ratio of the
nanorods can significantly enhance the kinetics of the LiMn,04
electrodes. It also showed very good capacity retention, more than
85% after 100 cycles.

In comparison with the bulk phase, LiMn,O, nanoparticles
showed improved capacity and cycling stability in the 3V
discharge range [153]. However, due to high surface area of
nanoparticles, the dissolution of manganese from the spinel lattice
into the electrolyte was observed, leading to severe capacity fading
during cycling, particularly at elevated temperatures. To solve this
problem, Bruce’s group synthesized an ordered mesoporous
Li; 12Mn; gg04 spinel with a modified composition of manganese
and compared it to corresponding bulk particles with the same
composition [147]. They demonstrated that nanostructured
Li; 12Mn, gg0,4 exhibited 50% higher specific capacity at a high
rate of 30 C at room temperature. Furthermore, the nanostructured
Li; 1oMn; gg04 materials exhibited improved capacity retention
compared to the bulk spinel.

Bruce’s group also synthesized mesoporous [3-MnO, having a
porous structure and highly crystalline walls as cathode materials
[154]. While bulk 3-MnO, particles led to unfavorable electro-
chemical performance, mesoporous 3-MnO, offered a significantly
high lithium intercalation capacity of 284 mAh/g with a composi-
tion of LipgoMnO,. Fig. 21 shows typical TEM images of
mesoporous [3-MnO,, clearly demonstrating the highly ordered
pore structure with a wall thickness of 7.5 nm. Both the 3-MnO,
crystal structure and the mesoporous structure were preserved
upon cycling. The unique structure of mesoporous [3-MnO,
allowed volume changes during lithium intercalation/deintercala-
tion, and 81% capacity was retained after 50 cycles.

LiMn,04 nanotubes were also derived from thermal decompo-
sition of sol-gel precursors using porous anodic aluminum oxides

Fig. 21. (a) TEM image of mesoporous [3-MnO,. (b) High-resolution TEM image of mesoporous 3-MnO, [154].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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as templates [143]. The as-synthesized nanotubes were open-
ended with uniform shape and size. It was reported that the
nanotube-based electrodes showed better reversibility, larger
capacity, and higher rate capability than those based on
nanocrystalline counterparts. The enhanced electrochemical
performance of nanotube-based electrodes was attributed to their
relatively high specific surface areas of the hollow tubular
structure and much shorter Li* diffusion lengths through the thin
tube walls (20-30 nm), which are much smaller than the
diameters of the commercial or nanocrystalline powders.

Similarly, LiCoO, and LiNiggCog>0, nanotubes were also
synthesized and reported to show good promise as cathode
materials for lithium-ion batteries [143]. It was claimed that
intercalation/deintercalation of Li* could be more efficiently
accomplished with nanotubes than other nanocrystalline struc-
tures or morphologies.

Polyanion-based compounds: One major drawback of Co and Ni-
based cathode materials is the chemical instability at deep charge
and the associated safety problems. As previously mentioned,
concerns over safety and cost have prompted research into new
electrode materials. Oxide compounds that contain the polyanion
(X04Y~ (X=S, P, As, Mo, W) have been explored as lithium
insertion/extraction hosts since the late 1980s [136]. An inductive
effect from (PO4)*~ and (SO,4)?>~ enhances redox energies compared
to those in oxides and stabilizes the structure [155].

One fascinating example, LiFePO,4 has an olivine structure and
offers a flat discharge profile around 3.4V with a theoretical
capacity of 170 mAh/g. The major drawback of LiFePO,4, however, is
poor lithium ion conductivity and poor electronic conductivity.
When the particle size is reduced, the lithium ion diffusion length
in the olivine structure can be effectively reduced [155].

Manthiram’s group recently developed a novel microwave
assisted solvothermal (MW-ST) process to obtain olivine LIMPO,4
(M = Mn, Fe, Co, Ni) with nanorod morphologies within a short
reaction time of 5-15 min at 300 °C [152,156]. A reaction of the
metal acetates with Hs;PO4 and LiOH under MW-ST conditions
produces highly crystalline LiMPO, nanorods. SEM and TEM
images of the LiFePO4 nanorods with controlled particle size are
shown in Fig. 22. These morphologies are particularly attractive to
achieve fast lithium diffusion and high rate capability. LiMnPOy,,
LiCoPOQy4, and LiNiPO,4 exhibit higher voltages (4.1, 4.8, and 5.2V
versus Li/Li*, respectively), which are helpful to increase the energy
density. However, the very low electronic conductivity and the
Jahn-Teller distortion associated with LiMnPO,4 result in poor
electrochemical performance. In the cases of LiCoPO4 and LiNiPO4
electrode materials, there are few stable electrolytes that can

operate at high voltage. Although LiFePO, exhibits lower discharge
voltage (3.4 V versus Li/Li"), it is still attractive for both high energy
density and power application.

4.2.1.2. Unique shape/morphology. Wu et al. synthesized nano-
structured VOOH hollow dandelions by employing a simple
hydrothermal process to organize as-synthesized flakes into VOOH
hollow-curved architecture via an aggregation-then-growth pro-
cess (Fig. 23) [148]. The hollow-dandelion electrode retained
120.6 mAh/g at 100 mA/g, corresponding to about 86.7% of the
electrode capacity at 20mA/g. In the case of microparticle
electrode material, it exhibits 79.2 mAh/g, corresponding to about
77.7% of the electrode capacity at 20 mA/g. The hollow VOOH
electrode materials showed improved high-rate discharge ability
due to the reduced diffusion length compared to microparticles
and, furthermore, exhibited a high-power output even at low
temperatures (—15 to 0 °C). Similarly, V,05 hollow microspheres
[157] and nanorolls [158] have also exhibited improved electro-
chemical performance compared to bulk counterparts.

4.2.2. Nanocomposites of cathode materials

Most cathode materials with good electrochemical properties
have low electronic conductivity ranging from 107°S/cm to
1073 S/cm, as seen for LiCoO, and LiFePO,4 [14]. To enhance the
electronic conductivity and hence the electrochemical kinetics,
cathode materials are often embedded within a highly conducting
network, like carbon or metal. Such a composite structure has been
effective in enhancing electronic conductivity and performance. In
particular, carbon-based composites have been the most effective
approach.

Transition metal oxides: Dunn’s group combined V,05 aerogels
with single-wall CNTs using a sol-gel method, in which V5,05
nanoribbons were well mixed with CNTs due to their similar
morphology and similar dimensions [159]. The porous CNT
structure and V,0s aerogel also allow better accessibility of
electrolyte. As a result, such nanocomposites showed high
capacities (more than 400 mAh/g) at high rates. Similarly,
composite electrodes of V,0s sol and carbon prepared from
surfactant were also reported to have good electrochemical
performance at a high discharge rate (30 A/g) [160].

A composite consisting of metal and cathode materials is
another strategy to achieve good electrochemical performance.
Takahashi et al. prepared Ni-V,0s5-nH,O0 core-shell nanocable
structures by a template-based electrochemical deposition [161].
When compared with single-crystalline V,0s, and V,05 film from
sol-gel process, Ni-V,05-nH,0 core-shell nanocables arrays

Fig. 22. (a) SEM and (b) TEM images of LiFePO,4 nanorods prepared by the microwave assisted solvothermal process method within 5-15 min at 300 °C [152].

Copyright 2008, with permission from Elsevier.
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Fig. 23. (a) SEM image of VOOH hollow-dandelions. (b) Voltage versus discharge capacity curves for VOOH hollow-dandelion electrodes cycled between 3.6 and 1.5 V. The

inset shows excellent cycling performance [148].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

showed significantly improved capacity and rate capability due to
the enhanced surface area and the reduced internal resistance. The
core-shell arrays have remarkably higher energy and power
density than those of single-crystalline V,05 and sol-gel film by at
least one order of magnitude.

Ag-Agoos V205-nH,0 [162], Ag-LiCoO, [163], and Ag-Li[Niy,
3C01/3Mny 3]0, [164] composites were also reported. The Ag phase
not only enhances electrical conductivity but also protects the SEI
layers. In case of Ag-LiMn,0,4 composite system, Ag improved the
cycling stability and high-rate discharge capacity of the LiMn,04
electrode [165]. Composite materials of transition metal oxide and
conductive polymer (like polyacetylene, polyaniline, and poly-
pyrrole) have also been studied over the past two decades.
Conductive polymers enhance electrochemical performance by
increasing the number of electrochemically active sites and aiding
lithium diffusion [166-168].

Polyanion-based compounds: The composite of LiFePO, and
multi-walled CNTs were prepared by a combination of hydrother-
mal process, ball-milling, and heating reaction by Jin et al. [149].
The electronic conductivity significantly improved from 1072 S/cm
for the pure LiFePO, particles to 1.08 x 10~!S/cm for the
composite. As another example, the relatively unexplored
Li3V,(PO4)s exhibited relatively high operating voltage (4.0V)
and capacity (197 mAh/g) [169]. This material, however, also has
low electronic conductivity (similar to LiFePO,4). To overcome this
problem, LizV,(PO4); were embedded in a conductive carbon to
form the nanocomposite, which exhibits 95% theoretical capacity
at a high rate of 5 C.

4.2.3. Surface modification of cathode materials

Transition metal oxides: Carbon coating has been widely used
because of its convenience and simplicity of preparation. Various
methods have been developed including a thermal decomposition
of pyrene [170], a hydrothermal decomposition of ascorbic acid
[171], a mechanical activation of acetylene black [172], and a spray
pyrolysis [173]. For example, carbon coated LiCoO, showed
increased structural stability and electrical conductivity [174].
Especially, nano-sized carbon coating on LiCoO, from sucrose
showed a higher capacity than pristine LiCoO, due to the reduced
charge transfer resistance and faster lithium ion diffusion.

In addition to carbon coating, various metal phosphate coatings
have been studied. For example, Kim et al. investigated the effect of
the metal phosphate coatings on LiCoO-, cathode material [175]. The
LiCoO, completely coated by AlIPO4 or FePO, exhibited the highest
intercalation capacity (~230 mAh/g) in a voltage range of 4.8 and

3V at a rate of 0.1 C. The improvement in the electrochemical
properties of the metal phosphate coated cathode materials is
attributed to the suppression of cobalt dissolution and the non-
uniform distribution of local strain by the coating material.

Further, metal oxides coating such as ZrO, [176], Al,O5 [177],
Sn0O, [178], MgO [179], ZnO [180], or 3LaAlO5:Al;03 [181] on
LiCoO, have also been widely investigated. In a similar manner,
metal oxide coating on LiMn,0,4 improved its cycling performance.
The electrochemical characteristics of nano-sized ZnO-coated
LiMn,0,4 was investigated at 55 °C [182]. After 50 cycles, the
coated LiMn,0,4 exhibited capacity retention of 97%, higher than
that of the pristine LiMn,04 electrode material. ZnO coating mainly
collects HF from the electrolyte and thus decreases the Mn
dissolution in the electrolyte; consequently, it reduces interfacial
resistance. For a similar reason, ZnO coating on Li; g5Alp1 M-
N, 850395F005 cathode materials significantly improved cycling
performance (98.5% capacity retention after 50 cycles) of the
cathode at 55°C [183]. The Li4sTisOq, coated LiMn,O,4 cathode
electrode materials showed the improved electrochemical perfor-
mance, because LisTisO1 has a high chemical diffusion coefficient
(107 cm?/s) [184] and the same spinel structure and zero-strain
property as LiMn,0g4. Also, since Li4sTisO15 thin layer is inactive to
the electrolyte and there is no volume expansion during cycling,
the decomposition of LiMn,0, is blocked, and the cycling stability
is significantly enhanced [185].

Polyanion-based compounds: Wang et al. synthesized a LiFePO,/
carbon composite consisting of a highly crystalline LiFePO,4 core
(20-40 nm in size) and a highly graphitic carbon shell (1-2 in
thickness) via in situ polymerization [150]. As shown in Fig. 24, the
complete coating of carbon layer ensures that electrons pass
through the surface of each LiFePO, particle, effectively shortening
the path length for electronic transport. Moreover, lithium ions can
easily intercalate into the LiFePO4 through the graphitic carbon
coating layer. As-prepared LiFePO4/carbon composite exhibits a
high rate performance. The discharge capacity is 168 mAh/g at a
rate of 0.6 C and 90 mAh/g at a very high rate of 60 C.

ZnO-coated LiFePO,4 shows better cycling performance than
pristine LiFePO,4, because the ZnO coating layer improves the
chemical stability of LiFePO,4 by blocking the iron dissolution. In a
similar process, Rho et al. reported improved rate capability and
cycling performance by coating Fe,P on the surface of LiFePO4
[186]. This cathode material exhibited a high capacity of 105 mAh/
g at a very high rate of 14.8 C.

Another strategy to improve electrode performance is to
combine carbon coating and electronically conducting oxides such
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in the potential range of 2.0-4.3 V (vs. Li/Li*) at different current densities [150].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

as RuO, with LiFePO,4 [187]. RuO, with a particle size of ~5 nm,
prepared by cryogenic decomposition of RuO,4 at low temperature,
can be deposited on a carbon-coated LiFePO,. During RuO,
deposition, the original morphology was maintained and in good
contact with carbon layer. Co-existing carbon and RuO, layers
improve the kinetics and rate capability of the composite. Carbon-
coated LiFePO,4 electrode deteriorates the performance at a high
rate, while carbon-LiFePO4/RuO, showed improved electrochemi-
cal performance at high rates.

Manthiram’s group have encapsulated LiFePO, nanorods
prepared by the MW-ST process within a mixed ionic-electronic
conducting p-toluene sulfonic acid (p-TSA) doped poly(3,4-
ethylenedioxy thiophene) (PEDOT) [152]. Fig. 25 shows TEM
images of highly crystalline LiFePO4 (dark region) wrapped with
transparent polymer (light regions). The composite nanorod
sample exhibits high capacity (166 mAh/g) and excellent cycling
performance after coating due to the enhancement in electronic
conductivity and the additional effect provided by ion-conducting
doped PEDOT.

4.2.4. Nano-architectured cathode electrodes

Recently, Ajayan’s group fabricated hybrid coaxial nanotubes of
MnO, and carbon nanotubes (CNTs) for high performance
electrodes in lithium batteries [188]. These coaxial nanotube
structures were prepared by a combination of simple vacuum
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infiltration and chemical vapor deposition techniques through an
anodic aluminum oxide (AAO) template approach (Fig. 26). High
reversible capacity was observed for MnO,/CNT hybrid coaxial
nanotubes compared to MnO, nanotubes. This result indicates the
reduced structural changes during cycling. Voltage versus specific
capacity curves were obtained by cycling the cell at a constant rate
of 50 mA/g between 3.2 and 0.02V (versus Li/Li*). The first
discharge capacity of 2170 mAh/g and a reversible capacity of
~500 mAh/g after 15 cycles were observed for MnO,/CNT hybrid
coaxial nanotubes. The nano-sized and porous structure of the
MnO, allows fast ion diffusion, while the CNT facilitates electron
transport to the MnO,. In addition, CNTs act as additional lithium
storage sites, which lead to an improved reversible capacity.

4.3. Summary

While LiCoO, is still widely used as the cathode material in
current Li-ion batteries, its stability at deep charge limits the
practical capacity to only about half of its theoretical capacity.
LiNiO, has higher energy density, but the stability is even more
susceptible. Nanoscale surface modification of LiCoO, has been
investigated to improve stability and to allow its use at higher
voltages, but LiCoO, still appears not to be appropriate for electric
vehicle applications because of the relatively low rate capability
and high cost.
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Fig. 25. (a) High resolution TEM image of LiFePO4 nanorod with thin p-TSA doped PEDOT coating. (b) Cycling performance of LiFePOg4, p-TSA doped PEDOT, and LiFePO4

nanorods with p-TSA doped PEDOT coating [152].
Copyright 2008, with permission from Elsevier.
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Fig. 26. (a) Schematic illustration showing the fabrication of MnO,/CNT hybrid coaxial nanotube arrays inside AAO template using a simple vacuum infiltration and chemical
vapor deposition techniques. (b) Cycling performance of MnO,/CNT coaxial nanotube arrays, MnO, nanotubes, and carbon nanotubes.

Reprinted with permission from [188]. Copyright 2009 American Chemical Society.

Spinel LiMn,04 and its substituted derivatives have gained
much attention as alternatives to LiCoO, in Li-ion batteries for
electric vehicle applications because they are less expensive and
environmentally benign. A thin-film oxide coating on LiMn,0,4 and
doping of metal ions into LiMn,O4 (e.g., Li;.{Mn;gAlp104)
effectively suppresses Mn dissolution and improves cycling
stability at elevated temperatures.

Because of the concerns about safety and high cost of LiCoO,,
polyanion-based compounds have recently gained significant
attention. Iron-containing metal phosphates and sulfates have
been widely studied as promising cathode materials of high rate
capability and long cycling life. In particular, olivine LiFePO,4 has
emerged as an attractive alternative cathode material since it
offers good energy density and environmental friendliness at low
cost. In addition, the improved chemical stability of the Fe?*/Fe3*
redox couple, combined with the covalently bonded PO, groups,
could prevent dissolution issues. However, bulk LiFePO4 has poor
kinetic for lithium insertion/extraction due to its poor electronic
conductivity. Reducing the particle size of LiFePO4 to a nanometer
scale (below 30 nm) could help overcome the poor lithium ion
transport that is associated with the two-phase (LiFePO4/FePO,4)
boundary with a miscibility gap, improving capacity and capacity
retention upon cycling.

A thin-film carbon coating on LiFePQ, is proven to be effective
in enhancing its electronic conductivity and enabling high rate
capability and excellent cycling performance. A surface modifica-
tion of LiFePO,4 with a thin-film mixed ionic-electronic conducting
polymers also showed promise by improving the electronic and
lithium ion conduction.

4.4. Remaining challenges

We have learned how nanostructured cathode materials have
been developed and how they have significantly improved the
performance of lithium ion batteries. However, some new
challenges still remain. For example, a large surface area can
increase the solubility of electrode materials in the electrolyte
solution; this is a serious side effect of the increased chemical
activities. LiCoO,, LiNiO, and LiMn,0;4 all have dissolution issues,
so it is necessary to coat them with a thin film (a few nanometers
thick) of various materials (e.g., carbon, metal oxides, and
phosphates) in order to suppress metal dissolution and increase
the electronic conductivity of active electrode materials. With a
nanoscale coating, cathode materials can avoid direct contact
with electrolytes, thus improving structural stability and increas-
ing the lifetime of Li-ion batteries. Other remaining challenges
associated with current cathode materials are briefly summarized
as follows.

(1) The high reactivity of the redox couples Co>*/Co** and Ni*>*/Ni**
with the electrolyte prohibits the use of the advantageous
nanostructured forms of layered LiCoO, and LiNiO, in practical
batteries.

(2) The dissolution of manganese ions during the charge/discharge
process must be further minimized.

(3) The rate-capability (power density) of current cathode
materials should be further improved. For example, the time
required for charging is still unsatisfactory for electric vehicle
and hybrid electric vehicle applications.

(4) Although unique nanostructured cathodes (e.g., LiMn,04
nanorods) performed better than bulk counterparts, funda-
mental understanding of the mechanism of enhancement is
still lacking and it is still not clear how to rationally design
better cathode materials.

(5) Although nanoscale surface modifications and coatings effec-
tively suppressed the dissolution issues, full understanding on
the details of surface/interface reactions requires more
systematic in situ studies.

(6) Most importantly, the obtainable energy densities of the
current cathode materials remain insufficient to meet the ever-
increasing requirements of the rapidly progressing emerging
technologies.

4.5. Opportunities and new directions

While Li-ion batteries still represent the state-of-the-art among
all existing batteries, it is unlikely that they will be able to meet the
increasing demands of emerging technologies, primarily limited by
the energy densities of the existing cathode materials.

Since energy density increases with the square of cell voltage
(E = 1/2CV?), one effective way to improve energy density is to use
cathode materials of high discharge voltage. Many phosphates
(e.g., LiNiPO4 and LiCoPO4) have shown promise as high-voltage
cathode materials. However, new electrolytes of wider potential
ranges should be developed in order to realize the potential of
these promising cathodes in practical cells. Ionic liquids are
expected to play an important role in these high-voltage battery
systems.

Creating desired interface/surface of nanostructured electrodes
is essential to effective enhancement of charge and mass transfer
processes and to achieving high energy and power densities.
However, fundamental understanding of the surface and interfa-
cial processes that accompany the charge-discharge operation of a
battery is still lacking. Better insights into the electrochemical
reactions and the roles of point defects in the nanoscale regime are
required in order to achieve rational design of more effective
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surface modifications (or coatings) for high capacity and rate
capability. Novel architectures deserve more attention because the
same materials/compositions with different geometry can display
dramatically different behavior.

Most importantly, successful explorations of new materials and
chemistries are needed to go beyond incremental improvements in
energy densities of existing materials. Recently, new materials
(e.g., nanostructured sulfur and mesoporous carbon [38]) have
emerged as promising cathode materials. A lithium-sulfur battery
has theoretical specific energy and energy density of 2500 Wh/kg
and 2800 Wh/L, respectively, which are far greater than those of
conventional lithium-ion batteries. Transforming the potential of
these novel materials and chemistries into a reality remains a
grand challenge. Another promising candidate for dramatic
improvement in energy density, O,-breathing electrodes, is
discussed in the next section.

5. 0,-breathing cathodes for Li-air batteries

Li-air batteries are receiving wide attentions for applications in
electric vehicles and many other advanced electronic devices due
to their high theoretical energy density, which is reported to be
comparable with that of gasoline [7,8,189]. The theoretical specific
energy density of a Li-air battery is often quoted to be over
5000 Wh/kg for LiOH formation and 11,000 Wh/kg for Li,O,
formation [8,190], as estimated from the difference in Gibbs free
energy of the products and the reactants of the battery reactions
using thermodynamic data without including the mass of O,.
These energy densities are comparable to that of a fuel cell and
much higher than that of a current Li-ion battery (~150-200 Wh/
kgcen) [5,8,9]. To make a fair comparison with the specific cathode
capacities and energy densities of Li-ion batteries, however, the
capacity and energy density for a Li-air battery should be
normalized by the lithiated cathode mass (i.e., including O, mass

APROTIC

Lithium Metal — ]

Solid-Electrolyte Interface

Aprotic Electrolyte

Li,0, Reaction Products

Air Cathode

or Li>Oy). Recently, Lu et al. showed that Li-air batteries (non-
aqueous type) can have more than 5 times higher cathode
capacities and 4 times higher energy density than those of a state-
of-the-art Li-ion battery utilizing LiCoO, as the cathode [10]. They
assumed carbon packing density of 0.36 g/cm® with about 15%
carbon volume fraction, 25% electrolyte volume fraction, and
complete filling of the remaining 60% volume fraction with Li;Oy
electrode material. These assumptions are reasonable since
capacities (thus energy densities) of a Li-air battery can be limited
by the pore volume and the porosity of the electrodes, which
provide the space for solid Li,O, products and effective O,
diffusion. Under these assumptions, the energy density of a Li-
air battery (non-aqueous type) is ~1000 Wh/Kkgcey;, which is still
significantly larger than those of current Li-ion batteries (150-
200 Wh/kgcep). It is also possible to develop a power device that
can couple a lithium metal together with dissolved oxygen in
seawater for submarine applications.

5.1. Different cell configurations and electrode reactions

To date, four different architectures of Li-air batteries have been
investigated [8], depending on the types of electrolytes used, as
schematically shown in Fig. 27. In addition to the all-solid-state
system with a solid electrolyte, other three cell configurations
involve liquid electrolytes: an aqueous electrolyte throughout the
system, a non-aqueous organic electrolyte throughout the system,
and a mixed system with an aqueous electrolyte in the air
electrode compartment and a non-aqueous organic electrolyte in
the lithium-electrode compartment. In the last case, a stable solid
electrolyte membrane must be used to physically separate the
aqueous electrolyte on one side from the non-aqueous electrolyte
on the other side.

Lithium metal is often used as the negative electrode (or anode)
in Li-air batteries for high energy density; however, lithium-

AQUEOUS

Lithium Metal ———«—__|

Artificial Interface

Aqueous Electrolyte +
Soluble Reaction Products

Air Cathode

SOLID STATE

Lithium Metal \

Polymer-Ceramic A
Glass-Cermamic

Polymer-Ceramic B

Air Cathode

MIXED AQUEOUS/APROTIC

Lithium Metal \

Solid-Electrolyte Interface —

Li* Conducting and
Hydrophobic Membrane

Aqueous Electrolyte +
Soluble Reaction Products

Air Cathode

Fig. 27. Four different configurations of Li-air batteries based on the types of electrolytes.

Reprinted with permission from [8]. Copyright 2010 American Chemical Society.
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containing anodes (negative electrode) developed for Li-ion
batteries (e.g., Li4TisOq> and Li alloys) can be used for better
safety and reliability. Thus, lithiated nanostructured negative
electrodes discussed in Section 3 for Li-ion batteries are applicable
to Li-air batteries as well.

The positive electrode for Li-air battery, however, is very
different from those for Li-ion batteries as discussed in Section 4,
since the electrode reactions are quite different. Further, the
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) at the air-breathing positive electrode in a Li-air battery
depends also on the electrolyte used.

In a non-aqueous organic (or aprotic) electrolyte, the electro-
chemical reaction can be described as

Discharge
2Li + O, Li, O,
Charge

E° = 2.96 Vvs.Li/Li* (for Li,O, formation)

when Li,0, is formed at the cathode during discharge, and as

Discharge
4Li + 0, 2Li,0 E° =2.91Vvs.Li/Li* (for Li,O, formation)
Charge

when Li,0 is formed at the cathode, which is also reported under
certain conditions [191-193]. The reaction for all-solid Li-air
batteries should be the same as those for the one based on non-
aqueous electrolyte.

In an aqueous electrolyte, the electrochemical reaction and the
corresponding cell voltage depend on the pH of the aqueous
electrolyte in the air electrode compartment as follows.

Discharge
4Li + 0, + 2H,0 ALiOH
Charge
E° = 3.45Vvs.Li/Li* (Alkaline media)

Discharge
4Li + 0, +4H" 4Li" 4 2H,0
—
Charge
E° = 4.27Vvs.Li/Li* (Acidic media)

In the sections below, we will discuss how nanostructures
influence the functioning of an air-breathing positive electrode. In
addition, concerns associated with O,-breathing cathodes in a non-
aqueous electrolyte and in an aqueous electrolyte will be
discussed. Opportunities and new directions will also be
highlighted.

5.2. Electrodes in a non-aqueous electrolyte

In a non-aqueous organic (or aprotic) electrolyte, the reversible
oxygen electrode reactions can be described as,

Discharge

2LiT +0,+2¢ =2 L0, or
Charge
lDischarge _ . .
0, +2¢ =205 (for LiO, formation)

Charge

Discharge,

4Lit +0,+4¢ = 2Li,0 or
Charge
lDischarge 9 . .
0, +4¢ =2 20 (for Li, O, formation)

Charge

To facilitate these electrode reactions and accommodate the
solid products, porous carbon with high surface area (e.g., Super P

from TIMCAL Graphite & Carbon) is used as the positive electrode.
To enhance the electrode kinetics, improve the cyclability, and
reduce the energy loss associated with the discharge-charge
overpotentials, nanostructured catalysts (e.g., Au nanoparticles or
a-MnO, nanowires) are often introduced to the electrodes. It is
believed that both porous carbon and catalysts are important to
achieve high energy and power density with reasonable life time,
as discussed in detail in the following sections. The solubility and
transport properties (including diffusion coefficient and electro-
lyte viscosity) of O, in the electrolyte can also significantly
influence the discharge capacity and rate capability of Li-air
batteries. For instance, Read et al. reported an increase in discharge
capacity with the increase in O, concentration [194]. Also, by
decreasing electrolyte viscosity, they found an increase in
discharge capacity. It implies the importance of optimization of
electrolyte for high-performance Li-air batteries. For more detailed
data (O, solubility, viscosity, and conductivity of different organic
electrolytes), readers are referred to the work of Read et al. [194]
and the relevant references cited.

5.2.1. Porous carbon-based electrodes

Since pore volumes are gradually filled with insoluble products
(i.e., Li;05) during the course of discharge, the reactions will cease
when all possible spaces are used up. Therefore, highly porous
carbons with large pore volume are being investigated as
electrodes to achieve high energy density. In practice, however,
the demonstrated energy density of Li-air batteries to date is much
lower than the theoretical value. This is mainly because the
discharge reaction is finished well before all pores are filled with
solid products. It was suspected that the formation of the
insulating products on the carbon surface greatly increases the
resistance for the reactants (oxygen, electron, and Li*) to transport
to the active sites, leading to the termination of discharge
reactions, although more pore volume still remains unfilled.
Indeed, experimental results show that pores of air electrodes are
far from being fully loaded with lithium oxides at the end of
discharge [191,195].

There have been many experimental and computational
studies directed at understanding the relationship between the
physical parameters of carbons (surface area, pore size, distribu-
tion, connectivity, etc.) and the capacity of Li-air batteries.
However, it is very difficult to determine the most important
factor affecting the cell performance. Indeed, there are some
conflicting reports on the effect of carbon surface area. Hayashi
et al. reported a proportional relationship between surface area
and discharge capacities [196], while Yang et al. demonstrated
that there is no proportional relationship between the surface
area of commercial carbons and discharge capacity and claimed
that pore size should be considered together with surface area
[193]. They synthesized mesocellular carbons having large pore
volume and mesoporous structures and demonstrated high
capacity (2500 mAh/g), about 40% higher than commercial carbon
black, Super P. It was also reported that larger numbers of
mesopores led to larger capacities.

Shown in Fig. 28, Tran et al. reported a near-linear
relationship between discharge capacity and average pore
diameter of carbon [197]. In this study, authors claimed that
carbons with large pores should be selected to ensure effective
three phase (oxygen, electron, and Li*) boundaries. Mirzaeian
and Hall also reported a combined effect of pore volume, size and
surface area of carbon on the discharge capacity [198]. Using
porosity-controlled carbon aerogels as electrodes, they showed
carbons with larger pore volume and diameter displayed higher
discharge capacity.

However, we believe that a more important factor in achieving
high performance is the ability to make effective use of pores, not
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Fig. 28. (a) Discharge time and specific capacitance of gas diffusion electrodes as a function of pore size [197]. (b) Discharge capacities of air electrodes made with carbon

aerogels showing larger pore volume led to higher capacity [198].

(a) Copyright 2010, with permission from Elsevier. (b) Copyright 2009, with permission from Elsevier.

the size or total volume of pores. Therefore, strong efforts should be
directed at optimizing the pore structure of carbons to accommo-
date a large amount of lithium oxides without hindering the
transport of reactants (i.e., oxygen, electron, and Li*) to active sites.
Based on numerical simulations, it was suggested that a well-
interconnected dual pore system (layered or well-mixed configu-
ration of a catalyzed and non-catalyzed carbon) would ensure
effective transport of oxygen into the inner regions of the air
electrode throughout the discharge process, thus accommodating
more solid products without clogging the pores [199].

In addition to the microstructure optimization of porous
carbon, the architecture and overall dimension of cathodes may
also influence the performance. Zhang et al. examined single-wall
carbon nanotube (SWNT) and carbon nanofiber (CNF) composite as
air electrodes, demonstrating that the discharge capacity decreases
with the thickness of the air electrode [195], as shown in Fig. 29. A
discharge capacity of ~2500 mAh/g was achieved with a thin
(~20 pm) air electrode, but it dropped down to only ~400 mAh/g
when a thicker electrode (~220 pm) was used. The SEM images
showed that discharge product was deposited mostly near the air
side, while large pore volumes still remain unfilled near the
electrolyte. Based on this observation, it was suggested that
functionally graded-porous electrode structures (with large pores
outside) may improve the capacity of Li-air batteries. A similar

Fig. 29. (a) SEM image of a surface of air electrode made with single-wall carbon nanotube (SWNT) and carbon nanofiber (CNF). (b) Discharge curves with different thickness

under a constant current density of 0.1 mA/cm? [195].
Reproduced by permission of The Electrochemical Society.

observation was reported in literature where gravimetric capacity
(mAh/g) decreased with the amount of carbon loading [200].

It was also suggested that the limitation of electron transport
through insulating Li;O, deposits is another important factor
affecting capacity [201]. As Li,O, and Li,O are both insulators, the
formation of a dense layer will significantly increase the resistance
to electron transport across the layer, dramatically increasing
electrode polarization, as confirmed by electrochemical imped-
ance spectroscopy [195]. Therefore, minimizing difficulties asso-
ciated with electron transport during the growth of the insulating
layer is very important. It should be noted that Li,O, formation on
the surface of the insulating Li,O, deposit will be quite different
from that on the surface of carbon.

Therefore, in designing porous carbon, we should pay more
attention to the dimension and morphology of the solid products
since nanostructures can alter physicochemical properties. At the
end of the discharge reaction, it was found that mesoscale particles
(~100 nm) of Li,O, are formed on the carbon cathode, as seen
under an SEM [11,191]. With flat glassy carbon electrodes, ~40 nm
thick deposits electrically passivated the electrodes [8]. While
Li,O, itself is an insulator, density functional theory (DFT)
calculations predicted that existing neutral Li vacancies on the
surface will generate some electrical conductivity [201], as shown
in Fig. 30 (a).
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Fig. 30. (a) Density of states for pure Li,O, (upper) and Li,O, with a concentration of 1/16 Li vacancies (down). (b) Size-dependent phase diagram of lithium oxides.
(a) Reprinted with permission from [201]. Copyright 2010, American Institute of Physics. (b) Reproduced with permission from [202].

There are conflicting reports on the composition of products,
depending on the electrolyte and current density used. It would be
very possible to have a LiO/Li,O, mixture since their correspond-
ing potentials are very close. Since their reversibility may be quite
different, however, the Li;0,/Li,O ratio may greatly affect the
cyclability. It would be reasonable to expect that different catalysts
may lead to different products. A recent study showed that
morphology and size can influence the stability of phase for
lithium oxides [202]. In Fig. 30 (b), it was shown that Li,O, is the
stable phase of lithium oxide, if the size is less than 2.5 nm at room
temperature.

In summary, we should identify and design the optimized
porous carbon which will lead to the optimal thickness of lithium
oxide deposits, ensuring both high capacity and surface conduc-
tivity. One possibility is to design a high surface area electrode and
limit the discharge potential to form a thin coating of Li,O, (up to
~40 nm thick) which would still be functional. The question
remains if that will give sufficient energy density (both gravimetric
and volumetric) and, at the same time, leave adequate pores for
electrolyte and gas transport through the electrode during cycling.

5.2.2. Bifunctional catalysts for oxygen reduction and evolution

The first successful operation of a rechargeable non-aqueous Li-
air battery was demonstrated up to 3 cycles by Abraham and Jiang
in 1996 using cobalt phthalocyanine-based catalysts [203]. More
sustainable charge/discharge cyclability was demonstrated later
by Ogasawara et al. using electrolytic manganese dioxide as
catalysts for up to 50 cycles with 60% capacity retention [204,205].
Recently, 100 cycles of Li-air battery were demonstrated with
capacity retention of over 60% by Toyota [206].

It is known that electrocatalysts can reduce overpotentials of
charge/discharge reactions, thus increasing round trip efficiency
and improving cycling performance. In general, the discharge
potential is approximately 2.5-2.7 V regardless of catalysts [205].
During constant-current charging of the cell, however, the voltage
increases to approximately 4.5-4.8 V without catalysts while the
charge potential can be lowered down to 3.5 V depending on the
choice of catalysts [10,11,18,204,205]. Two types of catalysts have
shown good promise: oxide-based catalysts and noble metal
catalysts.

5.2.2.1. Oxide-based catalysts. Debart et al. examined different
forms of manganese oxides [11] as catalysts and demonstrated
that a-MnO, has higher capacity (reaching 3000 mAh/g) and
better capacity retention than other MnO, polymorphs (3, v, \),

Mn,03 and Mn304, implying the crystal structure is one of the key
factors affecting the performance. They also compared the
performance of a-MnO, in bulk and nanowire form. As shown
in Fig. 31, the «-MnO, nanowires were very effective in forming
and decomposing Li,O, and exhibited higher capacity than the
bulk material, demonstrating the enhanced catalytic activities of
nanostructures. It was suggested that the enhanced performance
of the a-MnO, nanowire was due to higher surface area rather than
morphology effect. It was also demonstrated that excellent
capacity retention can be achieved if deep discharge is avoided
by limiting the discharge capacity. However, other possible
differences in microscopic features (e.g., pore volume, particle
size, and BET surface area) were not sufficiently investigated,
making it difficult to compare the intrinsic catalytic activities of
different crystal structures and dimension. It would be very useful
if one can perform more detailed studies to separate the intrinsic
catalytic activity from other factors.

Debart et al. also conducted a preliminary study to screen a
number of different catalysts. They found other transition metal
oxides such as Fe304 and Co304 can also show good performance as
catalysts [205]. In particular, Co;04 exhibited the best performance
through a combination of high initial discharge capacity and
capacity retention upon cycling. Debart et al. also examined two
classic electrocatalysts currently used in the cathode of fuel cell
technology: platinum and lanthanum manganate, Lag gSrgMnOs.
They showed low initial discharge capacity and significant capacity
loss upon cycling, but others reported conflict with these results.
Minowa et al. reported improved cycle performance with another
manganate, LaggsSrg4FeqsMng 403 as an electrocatalyst [207].
Also, Lu et al. showed very high activities of platinum toward
oxygen evolution although its activity toward oxygen reduction in
aprotic electrolyte was low [10,18,208]. With all different
catalysts, it was clearly seen that catalysts have little effect on
the discharge voltage, but can lower the charge potential and thus
improve capacity retention. This implies the charging mechanism
depends on the nature of catalysts.

Giordani et al. suggested that H,O, decomposition would be a
reliable and fast screening tool for catalysts that promote the
decomposition of Li;0, during charging [209]. Using the dis-
charged state of air electrodes (containing Li,O, from the
beginning), they could successfully avoid side reactions between
carbonate-based electrolyte and reduced O, species, and found an
inverse relationship between the rate constant for H,0, decom-
position and the charge voltage of Li-O; cells using same catalysts.
As shown in Fig. 32, they confirmed o-MnO, nanowires showed
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Fig. 31. SEM images of air electrode containing a-MnO, nanowires as catalysts at different states: (a) as-prepared, (b) partially discharged, (c) fully discharged, and (d) fully
re-charged electrode. White deposits show the formation of Li,O,. From the supporting information of [11].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Fig. 32. (a) Effect of catalyst on the Li,O, oxidation potential. (b) H,O, decomposition rate constant correlated with Li,O, decomposition charge voltage [209].
Reproduced by permission of The Electrochemical Society.

much better catalytic performance than the bulk form, claiming would be required to investigate the combined effects of size,
the superior catalytic properties of nanostructures. It was also morphology, and surface composition/structure of catalysts on
suggested that overpotential for charging (Li,O, decomposition) catalytic activity.

would be affected by both kinetics and thermodynamics of Jin et al. tried to improve the catalytic activity of manganese
reactions between catalysts and Li,O, More fundamental study oxides by synthesizing nanostructured hollow y-MnO, spheres



M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252

231

Fig. 33. SEM images of nanostructured hollow y-MnO, spheres containing different amounts of titanium: (a) 0%, (b) 2%, (c) 4%, and (d) 8% [210].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

containing Ti (up to 8%) using a co-precipitation method [210].
Titanium ions were used as structure-directing agents to
successfully form hollow spherical morphologies with high surface
areas as shown in Fig. 33. Although good discharge capacity
(~2300 mAh/g) was reported, there was no discussion on the
charging behavior nor the effect of Ti incorporation on the
electrochemical performance.

5.2.2.2. Noble metal catalysts. Although the use of MnO, helps
lower the charge voltage and improve cycling performance, the
round trip efficiency is still low, about 60%. Thapa et al. found
that a mixture of Pd and electrolytic manganese oxide (without
using carbon) could reduce the charge voltage to 3.5V. The
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difference of charge between discharge voltage was only about
0.3V, with good cycling performance up to 20 cycles [211].
However, the discharge capacity was relatively low due to the
limited surface area of MnO,. To increase the surface area of
electrodes and improve catalytic activities, they also synthe-
sized ordered mesoporous a-MnQO, as catalyst and reported
improved discharge capacity with the addition of small amounts
of Pd [212]. This demonstrated the advantages of both
nanostructures and noble metal catalysts. As shown in
Fig. 34, they demonstrated that the addition of small amounts
of Pd into mesoporous «-MnO, increased the initial discharge
capacity and decreased the charge-discharge voltage difference
from 0.8V to 0.6 V.
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Fig. 34. Charge-discharge curves of air cathodes showing the effect of catalysts: (a) mesoporous a-MnQO5, (b) mesoporous a-MnO,/Pd [212].

Copyright 2010, with permission from Elsevier.
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Shao-Horn’s group studied the effects of metal nanoparticles on
the charge and discharge potentials of air cathodes [10]. They
found that Au/C showed very high activity for ORR and Pt/C
exhibited remarkable activity for OER. This trend agreed very well
with Li;0O, decomposition current with the same catalysts.
However, it was also mentioned that different catalysts may yield
different reaction products (LiO,, LiO, or Li;0,) with different
oxidation behavior. Using this preliminary result, they successfully
designed highly active bifunctional catalysts by combining Au and
Pt on Vulcan carbon to yield 40 wt% PtAu/C. Fine PtAu nanopar-
ticles with average particle size of 7 nm were uniformly distributed
on carbon. These novel catalysts showed consistently higher (by
150-360 mV) discharge voltage than that of pure carbon, and
much lower (by 900 mV) charge voltage than that of pure carbon.
The reported round trip efficiency (73%) is much improved
compared to that of bare carbon cathode (57%) [18]. As shown
in Fig. 35, the discharge voltage of PtAu/C was comparable to that
of Au/C and the charge voltage was comparable to that of Pt/C. This
indicates PtAu/C is an effective bifunctional catalyst for oxygen
reduction and evolution reactions. When current densities were
decreased, the difference between discharge and charge voltage
was further reduced.

The enhanced ORR activity of Au was also confirmed by rotating
disc electrode (RDE) measurements on the well-defined surface of
glassy carbon, polycrystalline Au and Pt in the O,-saturated aprotic
solution with the presence of lithium ions [208]. The onset of the
ORR is shifted positively for Au, implying high catalytic activity.
Interestingly, it was shown that the intrinsic activity of carbon
itself is high enough to dominate ORR kinetics, which can explain
nearly identical discharge voltage for different catalysts with high
volume carbon. However, the origin of the enhanced OER activity
and increased discharge capacity are not yet fully understood.

Although using catalysts with porous carbon electrodes has
shown good promise, there are still many challenges. The
fundamental understanding on the catalytic reaction mechanism
is still lacking and it is very difficult to compare the intrinsic
catalytic activities of different catalysts. For instance, different
catalysts may change the morphology and composition of lithium
oxide deposits, which may also affect the degree of reversibility.
With certain structures of air electrodes and choice of catalysts, the
deposits may be less dense and porous, causing performance to
also be influenced by the microstructure. Comparison of intrinsic
catalytic activities should consider the effect of microstructure.
The problem of occlusion of the catalysts by formation of Li,O,
remains an important challenge. On discharging, the nucleation of
solid product on the catalyst particle will block further catalytic
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Fig. 35. (a) Charge-discharge curves of Li-O, cell employing different catalysts. (b)
Charge-discharge curves of Li-O, cell employing PtAu/C at different current
densities.

Reprinted with permission from [18]. Copyright 2010 American Chemical Society.

reaction and on charging (Li,O, decomposition), the lack of
intimate contact of the Li,O, with the catalyst can reduce
reactivity. Admittedly, information about morphology and loca-
tion of deposit is not yet available.

There are some problems with using nanostructured catalysts.
Recent experiments performed at IBM using differential electro-
chemical mass spectrometry revealed that while O, was evolved
during the charging process, significant oxidation products (e.g.,
CO,) were also evolved especially in the presence of some catalysts
[8]. It was claimed that oxidation of electrolyte and even carbon
would be possible at high potentials and could contribute
significantly to the charging currents observed. Organic carbon-
ate-based solvents such as propylene carbonate or other mixtures
have limited oxidation stability, which could be further decreased
in the presence of catalysts or even Li,O, in Li-air batteries [8]. It
was also found that the main product formed in discharge was not
an ideal compound, Li,O,, but was a carbonate species originating
from the decomposition of carbonate-based electrolyte solvent
[206]. Toyota demonstrated that the charge potential could be
significantly lowered just by changing the carbonate-based
electrolyte into the ionic liquid with the same cathode [213].

5.3. Electrodes in an aqueous electrolyte

Aqueous metal-air batteries such as Zn-air and Al-air systems
have been studied for a long time due to their high theoretical
energy density [7,189,214]. Because these systems use aqueous
electrolyte, however, their operating voltage is relatively low.
When Li replaces Zn or Al anode, it offers significant advantages in
terms of high operating voltage and gravimetric energy density
(Wh/kg) due to the low potential and light weight of lithium
anodes. The first aqueous Li-air batteries were introduced in the
late 1970s [215], but due to safety concerns and corrosion issues
with Li anodes, this concept was not widely accepted [190]. Later,
Visco et al. introduced the concept of protected lithium electrodes
[216,217]. They used a water-stable NASICON-type Li-conducting
ceramic electrolyte with an interlayer protecting the reaction
between lithium anode and solid electrolytes. At this time,
relatively small numbers of groups are working on these systems,
but much more attention should be given to them. Although these
aqueous systems do not possess as high theoretical capacity and
energy density as non-aqueous systems, they still offer an
attractive alternative approach to current Li-ion batteries. As the
discharge reaction product is soluble in H,0, the cathode clogging
issues of the aprotic configurations are eliminated.

In an aqueous electrolyte, the oxygen reduction during
discharge and oxygen evolution during charge can be expressed as,

Discharge,

10, +2¢' +H,0 = "20H" (Alkaline media)
Charge
1 , +Discharge L .
30, + 2¢' +2H Ch<—_> H,0 (Acidic media)
arge

For both fully aqueous and mixed electrolyte configurations,
the cathode reaction is essentially same. These reactions are
similar to those occurring on the cathode in a proton exchange
membrane fuel cell (oxygen reduction) and on the anode in a water
electrolyzer (oxygen evolution). For Li-air batteries involving an
aqueous electrolyte, one of the key technical challenges is to find a
solid electrolyte that has sufficient Li ion conductivity and
adequate stability against the aqueous electrolyte [216-221].

Aqueous Li-air batteries are basically composed of a protected
metallic Li anode, aqueous electrolyte and an air cathode which has
similar structures to the gas diffusion electrodes of PEM fuel cells.
The functions of air electrodes are to provide uniform O, gas from
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Fig. 36. (a) Image of nitrogen-doped graphene and (b) its oxygen reduction activity.
Reprinted with permission from [239]. Copyright 2010 American Chemical Society.

air, and reduce the O, dissolved in an aqueous electrolyte on the
surface of catalysts loaded on porous carbon supports. The unique
features and concerns of electrodes in an aqueous electrolyte are
discussed in detail in the following sections.

5.3.1. Porous carbon-based electrodes

There are comprehensive review articles on catalyst supports
[222-228] and electrode structures for PEM fuel cells [229] and
alkaline fuel cells [230]. The knowledge developed for these
technologies is applicable to the catalyst support and electrode
structure for aqueous Li-air batteries. Unlike non-aqueous Li-air
batteries, the reaction products in an aqueous Li-air battery are
soluble in the electrolyte. It is unlikely that performance will be
limited by clogging the pores of carbons as seen in organic
electrolytes. However, the solubility of LiOH (12.8 g in 100 ml H,O
at room temperature) will limit the discharge capacity for aqueous
Li-air system [231,232].

In current PEM fuel cell cathodes, various materials such as
carbon [222-225], ceramic [226], polymer [227], and composite
[228] materials are being investigated for catalyst supports to
increase the surface area of catalysts, thus enhancing catalytic
activities. Recently, carbon nanotubes [233-236] and graphenes
[237-239] have shown good promise as efficient catalyst supports
due to their high surface area and electronic conductivity.
Enhanced catalytic activities and improved stability were reported
compared to conventional porous carbon black. In particular, Gong
et al. demonstrated much better catalytic activity for oxygen
reduction and long-term stability (after continuous potential
cycling between 0.2 and -—1.2 V vs. Ag/AgCl for 100,000 cycles) of
vertically aligned nitrogen-doped carbon nanotubes without
catalysts in air-saturated 0.1 M KOH solution [234]. Such materials
should be tested for oxygen reduction in Li-ion containing aqueous
electrolytes. Similarly, as shown in Fig. 36, the same group
reported much better catalytic activities for oxygen reduction and
long-term stability (after continuous potential cycling between 0
and —1.0V vs. Ag/AgCl for 200,000 cycles) of nitrogen-doped
Graphene (N-graphene) without metal catalysts than conventional
Pt/C catalysts in alkaline conditions [239]. This favorable effect of
nitrogen-doping into carbon materials toward higher oxygen
reduction activities in an alkaline electrolyte can be applied to
develop cost-effective, highly functional cathodes for aqueous Li-
air batteries.

The development of carbon-based electrodes showing excellent
ORR activities without any metal catalysts is very important as
such materials would benefit both fuel cells and Li-air batteries. Liu
et al. also fabricated nitrogen-doped mesoporous graphitic arrays,
using mesoporous silica SBA-15 as templates as shown in Fig. 37,
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and demonstrated superior catalytic activity and long-term
stability (after a constant voltage operation at —0.26V vs. Ag/
AgCl for 20,000s) in O,-saturated 0.1 M KOH solution [240].
Furthermore, their study indicated that graphite-like nitrogen
atoms account for the observed excellent catalytic activities
toward oxygen reduction. Recently, current status and perspec-
tives of high-performance porous polymeric materials were
reviewed [241]. We view highly porous conducting polymeric
carbon, if properly modified, to have good promise as catalyst
supports or electrodes for aqueous Li-air batteries.

5.3.2. Bifunctional catalysts for oxygen reduction and evolution

As shown in Section 5.2.2, electrocatalysts can significantly
reduce overpotentials of charge/discharge reactions, thus increas-
ing round trip efficiency and improving cycling performance. Two
types of catalysts have shown good promise with aqueous
electrolyte: noble metal catalysts and non-precious catalysts.

5.3.2.1. Noble metal catalysts. As mentioned previously, water-
stable three layer lithium anodes were proposed. This could enable
the advent of safe aqueous Li-air batteries and even Li-water
batteries for submarine applications. Using this configuration,
Visco et al. developed Li-water batteries and demonstrated long
discharge for a period of nearly 2 months at a current density of
0.5 mA/cm? [217]. In this work, they used platinum as cathode to
successfully reduce the dissolved oxygen in aqueous 4 M NH,4Cl
solution. As shown in Fig. 38, they also fabricated and demon-
strated successful operation of aqueous Li-air batteries which
showed stable OCV and high performance, even at high current
density of 5 mA/cm?.

The rechargeability of aqueous Li-air batteries was demon-
strated by Zhang et al. [221]. In this study, they showed a stable
OCV of 3.7V at 60°C, and successful charge-discharge perfor-
mance using 1 M LiCl as electrolyte and Pt as a positive electrode.
Later, using an improved interface with a three-layer lithium
anode, they showed an improved OCV of 3.8V at 60°C and
reversible discharge-charge performance at different current
density of up to 1mA/cm? A quite flat voltage of 3.5V and
4.2V were observed during the discharge and charge process,
respectively. However, this Li-air battery could not be operated in a
deep discharge state, as the solid ceramic electrolyte was unstable
under an alkaline electrolyte.

Later, they used a similar configuration (three-layer lithium
anode), substituting acetic acid-water as the electrolyte. The
demonstrated high energy density was 779 Wh/kg (including the
weight of lithium anode and electrolyte), much higher than that of
conventional Li-ion batteries using graphite and LiCoO, as the
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Fig. 37. Preparation of nitrogen-doped mesoporous graphitic arrays as metal-free catalysts for ORR [240].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Fig. 38. (a) Schematic diagram of aqueous lithium-air battery developed by Polyplus. (b) Discharge curve of aqueous Li-air battery as a function of discharge current density

[217].
Reproduced by permission of The Electrochemical Society.

anode and the cathode, respectively. They used a carbon air
cathode employing fine Pt nanoparticles (1-4 nm) as catalysts. The
OCV of this cell was 3.69 V at room temperature, and the charge-
discharge performance was conducted at a constant current of
0.5 mA/cm? at 60 °C under 3 atm of air to suppress evaporation of
the electrolyte. As shown in Fig. 39, flat discharge-charge curves
were obtained. Good cycling performance up to 15 cycles was also
demonstrated. The potential difference between the discharge and
charge curve was about 0.75 V. This should be further lowered by

use of more active catalysts to develop high-performance aqueous
lithium/air batteries.

5.3.2.2. Non-precious catalysts. As described earlier, the O, reduc-
tion in aqueous Li-air batteries is quite similar to that of fuel cells,
which often use expensive platinum or platinum alloy catalysts
[243], greatly reducing the economical competitiveness and
commercial viability of aqueous Li-air batteries. Extensive efforts
have been made to develop non-precious catalysts for PEM fuel
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Fig. 39. (a) Schematic diagram of the proposed lithium-air battery using aqueous electrolyte. (b) Charge-discharge profile of air cathodes at 0.5 mA/cm? and 60 °C [242].

Reproduced by permission of the Royal Society of Chemistry.
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Fig. 40. (a) Schematic diagram of the composite cathode developed for aqueous Li-air batteries, (b) long-time continuous discharge curve at current density of 0.5 mA/cm?

[231].
Copyright 2010, with permission from Elsevier.

cells, as discussed in several recent reviews [244-247]. This
knowledge would also be very useful in developing cost-effective
air-cathodes for Li-air batteries.

Wang et al. demonstrated successful operation of aqueous Li-air
batteries using non-platinum catalysts [231]. As shown in Fig. 40, a
Mns304 based gas diffusion electrode was used as a positive
electrode. A continuous discharge operation of 500 h demonstrat-
ed that their cathodes could continuously reduce O, from air and
deliver over 50,000 mA/g based on total cathode mass (carbon +
binder + catalyst). This is much higher than those for non-aqueous
Li-air batteries reported to date. The operating voltage was kept
flat at about 2.8 V while discharged at 0.5 mA/cm?; it maintained
2.3V even at a current density as high as 5 mA/cm?. During the
discharge process, the concentration of LiOH increases and the low
solubility of LiOH in H,O is the limitation of Li-air batteries
employing aqueous electrolyte. However, it would be possible to
replace the reaction products mechanically with fresh reactants as
in fuel cells [231]. This concept holds promise for automotive
applications as this type of battery does not need a hydrogen
storage tank and the operating voltage is higher than conventional
fuel cells. Wang et al. subsequently introduced additional Ti mesh
as an O, evolution electrode and demonstrated that this type of Li-
air battery can also be electrochemically reversible [248].

Wang et al. also proposed that the cyclic conversion reaction
between Cu and Cu,0 can catalyze the electrochemical reduction
of O, in aqueous solution [249]. They demonstrated the successful
operation of aqueous Li-air batteries using Cu plate as counter

electrode in contact with 1 M LiNO5 solution. As shown in Fig. 41,
the OCV was about 3 V and the operating voltage was kept at 2.6 V
during discharge. The catalytic activity of metallic copper is still
low but it is expected to improve by using nanostructured Cu
instead of bulk plate.
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Fig. 41. Discharge curve of air cathodes using Cu catalyst based on Cu/Cu,O
conversion process at constant current of 0.083 mA/cm? [249].
Reproduced by permission of the Royal Society of Chemistry.



236

Voltage (V)

M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252

14 -
\//-r-_\f) A — -
1.2 ’\/ﬁ_\‘\
1.0 ‘
20mA 10mA
0.8 T T T T T T
0 10 20 30 40 50 60 70 80

Discharge time (h)

Fig. 42. (a) SEM image of Co,Mn3_,04 nanoparticles as oxygen reduction and evolution catalysts. (b) Discharge curve of Zn-air batteries made with nanocrystalline spinels.
Adapted by permission from Macmillan Publishers Ltd.: Nat. Chem. [250], copyright 2011.

We can also learn from the knowledge developed for
cathodes of Zn-air batteries, using similar architectures with
Zn metals as anodes and air electrodes as cathodes in aqueous
electrolyte. There were recent comprehensive review papers on
air cathodes for Zn-air batteries [189,214] and we believe
promising materials for Zn-air batteries can be also applied to
the development of high-performance aqueous Li-air batteries.
Cheng et al. could successfully synthesize nanocrystalline
M,Mns_,04 (M = divalent metals) spinels at room temperature
[250]. They explained their good electrocatalytic activities
toward ORR/OER in 0.1 M KOH or KCI solution were due to
high surface areas and concentration of defects. Nanoparticu-
lated CoyMn3_,04 showed comparable ORR activities to those of
Pt/C catalysts and demonstrated considerable specific energy
densities when tested as catalysts for Zn-air batteries as shown
in Fig. 42. In addition, Winther-Jensen et al. prepared porous
polymer (PEDOT) based electrodes as O, reduction catalysts and
demonstrated successful discharge operation of Zn-air batteries
[251]. These non-precious catalysts, if successfully developed,
would impact both fuel cells and Li-air batteries and deserve
more attentions.

5.4. Summary

Li-air batteries have a great potential to offer energy density
much higher than those of current Li-ion batteries. However, many
fundamental questions are yet to be addressed to realize the
potential of Li-air batteries. Among many oxide-based catalysts
developed for non-aqueous Li-air batteries, a-MnO, nanowires
have shown the best promise by delivering much higher discharge
capacity and improved capacity retention than its bulk form, other
polymorphs, and other transition metal oxides. When combined
with noble metal, its catalytic activities were further improved.
Nanoparticles of Au and Pt dispersed on porous carbon (PtAu/C
catalysts) showed excellent bifunctional catalytic activities and
very high round trip efficiency.

To date, non-aqueous Li-air batteries have attracted much
attention because of their higher energy density than that of
aqueous Li-air batteries. However, aqueous Li-air batteries based
on a water-stable lithium anode (protected by a suitable coating)
have demonstrated a superior discharge capacity of ~50,000 mAh/
g, since reaction product is soluble in the aqueous electrolyte. This
type of battery is very promising for electric vehicles.

Although there were limited numbers of research articles
reporting the effect of nanostructures in this filed, we expect that
nanostructured materials have an important role to play in

achieving higher capacity, faster cycling rates, and longer cycling
lifetime of cost-effective, rechargeable Li-air batteries.

5.5. Remaining challenges

While the theoretical energy density of Li-air batteries is very
high, the obtainable energy densities for the Li-air systems
involving aprotic electrolyte are still relatively low, due primarily
to the insolubility of the insulating discharge products (Li05) in
the non-aqueous organic electrolyte. The progress in development
of Li-air batteries is hammered by the lack of a fundamental
understanding of electrochemistry at electrode surfaces. It is not
clear which step is the rate-limiting step of the electrochemical
reactions and what kinds of electrode materials would be active for
the reactions.

Development of a commercially viable Li-air battery requires
both scientific and technological breakthroughs. From a scientific
point of view, it is necessary to unravel the mechanisms of the
electrochemical processes occurring on the electrode surface: the
elementary reaction steps, the reaction sequence, and the rate
limiting steps. Also, novel nanostructured air-breathing electrode
materials must be created with adequate stability and excellent
catalytic activity for oxygen reduction (during discharging) and
evolution (during charging). From a technological point of view,
porous electrode architectures must be created to accommodate
the deposition of discharge products and to maintain fast transport
of reactants to active sites and products away from those sites;
catalysts must be well dispersed on the surface of air electrodes,
and the electrodes can be fabricated cost-effectively. Some of the
major challenges are listed below:

(1) The obtainable discharge capacity (or energy density) is
relatively low (although the theoretical ones are much greater)
and diminishes rapidly with the rate of discharging.

(2) The overpotentials for charge and discharge are relatively high
(or the round trip energy efficiency is relatively low), more so at
higher charge/discharge rates.

(3) The typical cycling rates (or the power densities) are relatively
low, much lower than current lithium-ion batteries.

(4) In addition to oxygen evolution, oxidation of organic electro-
lyte and carbon electrode were also reported since significant
oxidation products (e.g., CO,) were detected by differential
electrochemical mass spectrometry during recharge, especially
in the presence of catalysts and Li,O-.

(5) The capacity of Li-air batteries fades very fast upon cycling (i.e.,
low cycle life), compared to current lithium-ion batteries.
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(6) The performance (i.e., capacity) of Li-air batteries depends very
sensitively on the amount of electrolytes filled in the cathode.
Low oxygen solubility and diffusivity in current electrolytes
(both aqueous and non-aqueous) also result in low rate
capabilities.

(7) The stability of nanostructured catalysts often compromises
catalytic activities especially when used in strong acid or
alkaline electrolyte.

5.6. Opportunities and new directions

Most problems of O,-breathing cathodes for Li-air batteries are
associated with the deposition of insoluble and insulating
discharge products. These deposits accumulate on active electrode
surfaces, thus physically blocking the active sites for electrode
reactions. Optimization of the pore structures of carbon electrodes
may help to minimize this problem. More active, nanostructured
catalysts should be developed to reduce the overpotentials
(especially lower the charge potential) and enhance the round
trip efficiency. Different catalysts may be required for discharging
and charging. Better understanding of the origin of large
polarization may offer an opportunity to dramatically lower the
activation energy, especially for recharging (or decomposition of
Li»0,), allowing improved rate capability of Li-air batteries.

Many unique concepts developed for the air cathode in a PEM
fuel cell may be applicable to the O,-electrode in a Li-air battery,
including enhanced catalytic activities of platinum catalysts by
shape-controlled synthesis [252] and improved stability by
synthesizing Au-Pt core-shell structure [253]. We may develop
functionally graded porous gas diffusion electrodes, where macro-
porous carbon fiber paper (or cloth) would act as both current
collector and uniform gas diffusion media; a thin micro-porous
layer (porous carbon + catalysts) would provide sufficient reaction
sites for the formation/decomposition of lithium oxide. Also, the
introduction of bipolar flow-field plates and air-manifold systems
should be considered to optimize the design of Li-air batteries for
large battery systems. Thin Li* conducting polymer can be
introduced to porous air cathodes to facilitate the transport of
both Li* and O, to the active sites.

Li-air batteries should compete with both current Li-ion
batteries and fuel cell technologies for many applications. It
should be noted that vehicles powered by fuel cells have already
demonstrated ~300 mile range [254]; however, the cost of the Pt-
based catalysts is still prohibitive for commercialization. There-
fore, more efforts should be given to the investigation of non-
precious catalysts to develop cost-effective Li-air batteries.
Substantial improvements in rate capability are required for Li-
air batteries to be considered practical. The area-specific power
capability of 1 W/cm? and 30 mW/cm? has been demonstrated for
fuel cell and Li-ion batteries, respectively [254]. However, the
state-of-the-art Li-air batteries (non-aqueous type) demonstrated
only ~0.3 mW/cm? (~3 mW/cm? with reduced capacities). Also,
charge and discharge current densities should be improved to
larger than 10 mA/cm?, two orders of magnitude higher than the
presentably deliverable current densities of 0.1 mA/cm? (1 mA/
cm? with reduced capacities). These goals should be achieved with
air, not O,.

Theoretical approaches such as DFT calculations may provide
useful insights into the energetics, reaction pathways, sequence,
and mechanism of electrode processes. Fundamental understand-
ing of these processes will provide useful insights vital to achieving
science-based rational design of better electrodes. When corrobo-
rated with in situ and ex situ characterization techniques, modeling
and simulations can be useful for optimization of electrode
structures and performance. In particular, the information on

morphology and location of insoluble and insulating product
formations would be very useful in the design of ideal pore
structures for high-performance air electrodes.

6. In situ characterization of electrode materials

This section reviews the current state of the science for in situ
characterization tools available for fundamental study of nano-
structured materials for Li batteries, including X-ray absorption
spectroscopy (XAS), nuclear magnetic resonance (NMR), and
Raman spectroscopy. These methodologies, with differing and
unique advantages, will be presented from the point of view of
acquiring information vital to gaining insights into rational design
of nanostructured electrodes. In particular, XAS is a very powerful
tool since it provides (in principle) both atomic and electronic
structure local to all active species in Li batteries. Synchrotron-
enabled XAS will be discussed in the context of other complemen-
tary X-ray based techniques available at a synchrotron light
source: X-ray diffraction (providing crystallographic, grain/parti-
cle size and strain information) and X-ray photoelectron spectros-
copy (providing near-surface electronic structure).

6.1. Synchrotron-based X-ray techniques

The performance and durability of Li-ion batteries are
intimately determined by the ability of the cathode and anode
materials to accommodate and release Li with pre-designed
predictability and fidelity. A cross-cutting challenge in developing
a profound understanding of energy storage and conversion
processes in Li batteries rests in the direct measurement of the
atomistic processes involved during battery operation. The
required characterization tool needs to provide element-specific
information and should do so with high resolution spatially,
temporally, and in information-space. Such information would
provide an element-specific electrochemical roadmap that allows
us to have a much more knowledge-driven approach to the design
of the next generation of Li-ion batteries.

Structural information local to each atomic species can only
come from local scattering events due to species-specific
resonances, whether through a core electron excitation or a bond
vibration. X-ray absorption spectroscopy (XAS) is unique among
local-scattering-based techniques in that it simultaneously pro-
vides the local electronic structure (the nature of the chemical
bond) and the local atomic structure (bond distance and
coordination). Furthermore, XAS can be carried out with the
specicity of nearly every element in the periodic table (with H and
He typically too low in energy for the X-ray optics of beamlines)
and depends on the low and high cutoff energies of particular
synchrotron beamlines; it should be noted that information on H
can be obtained indirectly from its chemically bonded near-
neighbors. At a dual ring synchrotron such as the National
Synchrotron Light Source (NSLS), where one ring is optimized for
soft X-rays and the other for hard X-rays, XAS study of nearly every
element is possible. These factors make XAS a very powerful
technique for fundamental characterization of battery materials by
routine and expert users, when combined with some general
properties of the synchrotron beam: high brightness, short photon
pulse trains (down to sub-picoseconds), polarization of the
synchrotron beam, and future high spatial resolution (currently
in the 100 nm scale in best cases, but projected to be ~ few nm
range in the next generation instruments). We will examine XAS
studies of Li batteries in more detail in Section 6.2.

6.1.1. X-ray diffraction (XRD)
X-ray diffraction (XRD) using synchrotron radiation provides
structural information from coherence between repeated structural
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Fig. 43. (a) Schematic of experimental cell design, and (b) the computed tomography image of a sodium metal halide battery for in situ synchrotron EDXRD study [261].

Copyright 2011, with permission from Elsevier.

units in the materials but not necessarily on the subtleties within
the units. If there is limited long-range structural repetition, the
coherence of the scattered X-rays is diminished, as is the
structural signal. This dependence on long-range order is a
fundamental weakness of XRD in studying nanostructures. With
decreasing dimensions of nanostructures, the coherence-depen-
dant signal intensity diminishes accordingly to the vanishingly
small limit of the Debye-Sherrer equation (even in the case of
crystallographic order within the nanostructures). This is all the
more true if there is inherent disorder within the nanostructures
themselves. Still, crystal phase identification is a very worthwhile
exercise when one is following the chemical reactions within a
battery and, thus, XRD should be carried out to complement XAS
whenever possible.

An early example of the creative use of in situ XRD was
demonstrated by Amatucci et al. In their highly cited work
(currently more than 330 citations), they showed the end member
compound in the full delithiation of prototypical LiCoO, to CoO,
[255] using their in situ cell [256]. The work of Amatucci and co-
workers follows that of earlier work on Li,TiS, by Dahn and
Haering [257], and was succeeded by a host of other in situ
diffraction studies by other researchers. Some of the highly cited
early work done using in situ XRD include: the analysis of the
structure of synthesized amorphous vanadates by Denis et al.
[258], the study of the Li intercalation reaction into nanostructured
anatase TiO, by van de Krol and Meulenkamp [259], and the
structure of Li,Mn,04 by Mukerjee et al. [260].

The penetrative power of hard X-rays can be used to great effect
to produce tomographical diffraction slices through a real battery.
Collecting this data during battery operation allows for the
construction of an electrochemical landscape over intra-battery
space and reaction time [261]. Rijssenbeek and co-workers have
elegantly demonstrated the use of synchrotron “white” beam (full
bandwidth of X-rays) to conduct in situ energy dispersive X-ray
diffraction (EDXRD) (Fig. 43). With the highly penetrative hard X-
rays, the experimental cell design is very forgiving and similar in
situ experiments can be conducted on fully assembled Li-ion and
Li-air cells during cycling.

6.1.2. X-ray photoelectron spectroscopy (XPS)

As a near-surface sensitive technique, XPS has strong promise
for chemical analysis in nanostructures since these structures have
significant fraction of their volume occupied by the surface atoms.
It should be emphasized that an XPS analyzer (energy discrimi-
nating detector) is sensitive predominantly to the signal electrons
emanating from within about one inelastic mean free path (IMFP)
below the surface. With typical setups using Al or Mg Ka as a fixed
energy source, the technique is rendered sensitive only to the near-
surface atomic layers. However, since the degree of surface
sensitivity depends on the kinetic energy of those emanating
electrons, a synchrotron source allows XPS to have variable depth
sensitivity. By varying the photon energy, one can change the
kinetic energy and, therefore, the IMFP of a specific photo-emitted
core electron, allowing the degree of surface sensitivity to be
tuned.

The strength of XPS, that it is electron-emission based, is also its
shortcoming when designing in situ experiments. The short IMFP of
the photoelectrons mandates that the sample face be open to the
energy discriminating detector. Materials within sealed cells (to
trap liquid electrolytes, for example) cannot be accessed by XPS.
One of the main problems in determining the true surface (top one-
two atomic layers) composition of real nanostructures is that real
nanostructures have curved surfaces. When their “surface”
composition is measured directly, e.g., by using X-ray photoelec-
tron spectroscopy (XPS), the result is averaged over multiple
sampling depths of the particles. This is because the length of the
path that any given photoelectron travels through the sample
differs depending on the latitudinal position of the particle, which
provides the “compositional signal” (see Fig. 44). Hence, flat model
samples should be synthesized and characterized under realistic
conditions whenever possible. It is true that using low energy
probes, such as in low-energy ion scattering (LEIS) [262], enables
us to obtain a compositional signal that does indeed come from the
surface, but even in this case the signal intensity is improved by
working with flat surfaces. Also, unlike LEIS, which confines us to
the surface, variable kinetic energy XPS allows for non-destructive
depth profiling, as described above. Furthermore, XPS provides
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Fig. 44. XPS photoelectrons created by the source X-rays at different latitudes (1, 2
and 3) emanate from, and, therefore, carry signal from different depths of the particle.

information about chemical shifts which can then be used to
measure any phase segregation between the core and the surface.

While there is a body of literature on the ex situ XPS study of Li
battery electrodes, no in situ XPS study of Li batteries has yet been
reported. However, following the recent development of ambient/
high-pressure XPS successfully applied to in situ catalysis studies, it
is only a matter of time before open electrochemical cells
containing liquid electrolytes will be used to study the surfaces
of Li-battery electrodes under in situ conditions.

6.2. In situ XAS experiments for the study of Li batteries

In situ XAS using hard X-rays has been conducted by several
groups around the world [263-266]. Before looking into in situ
possibilities with XAS, it may be instructive to first describe the
information content of XAS in a bit more detail. An X-ray
absorption spectrum is delineated into two distinct energy regions
(Fig. 45). The region within about 30 eV or so above the edge is
called the X-ray absorption near-edge structure (XANES). This
region is strongly influenced by unoccupied valence and conduc-
tion band structure and, therefore, is sensitive to chemical bonds.
The region beyond that is called extended X-ray absorption fine
structure, or EXAFS. This region is strongly influenced by the type
and geometric position of the nearest neighbor atoms. This
delineation mostly helps in the standardized treatment of XAS
data.

Since XAS requires an energy-tunable X-ray source, it is carried
out at synchrotron beamlines that are maintained by on-site
scientists. The experimental “users” bring their samples and
peripheral equipment and set up their experiment in the beamline
end station, which primarily contains the sample stage and the
detectors. Thus, the design of an XAS experiment is often relatively
simple from the point of view of the user-end experimentalist.
Fig. 46 shows the outlay of a typical hard X-ray XAS beamline.

The physics between the XANES and EXAFS regions is, of course,
continuous, but it is instructive to separately visualize the behavior
of the photoelectron in these two regions. Above its ionization
energy an electron, emerging from its initial state of a specific

EXAFS

absorption

e Z P A

E (eV)

Fig. 45. A typical XAS spectrum showing the delineation between the XANES and
EXAFS regions.

orbital of a specific element in the sample, can be in resonance with
various empty final states. The final states are the local mixed
orbitals representing the chemical bonds, such as molecular
orbitals (MOs), and the electron transitions to these states produce
the XANES spectrum. The X-ray absorption is proportional to the
transition probability between the initial atomic state and the final
states:

x| [y reR Ty dr?

where p is absorption, ¥; and vrare the initial and final states, and
£ is the electric field vector of the incident synchrotron photon.

With higher kinetic energy, the photoelectron can be treated as
a plane wave that scatters from the neighboring atoms. The
interference between the outgoing and backscattering electron
waves in this region set up a standing wave. As the photoelectron
kinetic energy increases, its wavelength decreases. Consequently,
the phase shift between the outgoing and returning waves changes
at the location of the absorber atom. This phase shift, in turn,
affects the probability for X-ray absorption by the absorber atom,
with no phase shift (constructive interference between the
outgoing and backscattered wave) causing a maximum in X-ray
absorption, and a phase shift of A/2 (destructive interference)
causing a minimum in X-ray absorption. Because the average
distance between the absorber and the neighboring atoms does not
change, the waves will progressively go in and out of phase, as the
kinetic energy increases. Therefore, the EXAFS region, which scans
across the increasing kinetic energy of the photoelectron, shows
oscillations with energy as can be seen in Figs. 45 and 47.

Both the XANES and EXAFS data should be collected whenever
possible since the information obtained from each region is
somewhat different. Energy shifts in the XANES region point to
oxidation or reduction of the absorbing atom (and, in some cases,
concurrent changes in absorber-nearest-neighbor bond length)
while the changes in the XANES intensity are caused by changes in
the density of final state. Oscillations in the EXAFS region can be
converted from energy-space to k-space (momentum space) and
Fourier transformed to real space to obtain a function that is
proportional to the radial distribution function. The step-by-step
process for this conversion is shown in Fig. 47.

The EXAFS oscillations in k-space, x(k), can be represented by
the sum of contributions from all the scattering paths of the
photoelectrons:

k

Nj, Fj —2r;
x(k) = Zr—;sg *—Lexp (Tr,> exp(—202k*)sin[2k « ; + (k)]
i

where N; is the coordination number of atoms at a distance r; and
N;j/r; is the approximation of the partial radial distribution function
(PRDF), S} is the many-electron overlap factor, F; is the
backscattering amplitude, and exp(—2(j2k2) is the Debye-Waller
factor representing the Gaussian distribution of atomic neighbor
positions due to static and thermal disorder in the material. Finally,
the sin[2k*r; + (k)] represents oscillations with [2k*r; + ¢(k)] being
the phase of the electron. The (k) function and the corresponding
Fourier transform x(r) can be calculated for a model cluster using
several freely available codes. The program most commonly used
and best documented for this calculation is FEFF [267]. It is self-
evident that the EXAFS oscillations are rich with local structural
information that can be gleaned by fitting experimentally
measured (k) with that simulated from a model.

6.2.1. Soft X-ray XAS

In X-ray parlance, “soft” X-rays are typically those with <2 keV
energy, whereas “hard” X-rays typically imply >4 keV energy. This
leaves the often-overlooked 2-4 keV region belonging to the so-



240 M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252

* (Entrance/Exit) beam defining aperture

@

AR @'\ _ Piezoelectric crystal

Focusing mirror(s)
Harmonic rejection mirror
Tonization chamber

@ Fluorescence detector

“0

Sample stage

Fig. 46. The outlay of an XAS experimental setup showing the typical components in the beamline and in the experimental station.

called “tender” X-rays. Soft X-rays are very useful for the study of
materials in general, and battery materials in particular. As an
example of how XAS provides intimate details of the electronic
structure of active materials in Li batteries, we will consider the
prototypical layered cathode compound LiCoO,. Oxygen K-edge
XAS spectra of LiCoO, will show a pre-edge corresponding to tg,

k(A"
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Fig. 47. The data manipulation steps to convert energy-space XAS data to k- and R-
space data.

and empty e, states followed by empty states that also appear in
metal K-edge spectra (Fig. 48). At a slightly higher soft X-ray energy
using the same synchrotron beamline, the complementary metal L-
edge provides d orbital information. Therefore, soft X-ray XAS is a
unique combined probe of multiple relevant orbitals. In Li
batteries, the most common non-lithium metals found are the
3d transition metals (3d-TM, henceforth). The K-edge XAS of 3d-
TMs probes their fully empty 4sp orbitals (Fig. 48).

Since these orbitals are highly sensitive to the oxidation state of
the TM ions, we can observe the shifts in the edge to follow in situ
the changes in their local electronic structure as shown in Fig. 49(a)
and (b). Also, the extended X-ray absorption fine structure (EXAFS)
can be Fourier transformed to provide the partial radial distribu-
tion function, i.e., the probability distribution of atomic neighbors
around the TM atoms.

These are three specific advantages of soft X-rays for XAS of Li
battery materials:

Capability to probe meaningful final states: At these energies the
transitions allowed by dipole selection rule to empty 2p and 3d
states of O 3d transition metals (M) are in within measurement
range. By probing those states directly, one can identify changes in
the M-0O chemical bond (Fig. 48).

More surface sensitive: When reviewing characterization tools
for nanostructured electrode materials, particular attention should
be paid to the relative surface sensitivities of various options. For
XAS measured in electron yield mode, the IMFP of the Auger
electrons is low compared to that for higher energy transitions, if
available. For example, in LiCoO,, one has the option of conducting
a higher energy K-edge XAS (Co 1s — 4p) using hard X-rays, or a
lower energy Co L-edge (Co 2p — 3d) using soft X-rays (Fig. 48). In
the former, the IMFP of the Auger electrons is ~20 A, while in the
latter, the IMFP is ~4.5 A. Choosing the soft X-ray option ensures
the information is coming mainly from the top unit cell, as opposed
to the top five unit cells that would be reported using the hard X-
rays.

Higher energy resolution: The core hole lifetime (At) for an
electron transition is inversely proportional to the uncertainty in
the transition energy (AE) due to Heisenberg uncertainly principle.
Since the core-hole lifetime is inversely related to the transition
energy, the soft X-ray transitions will have narrower AE. In other
words, soft X-ray spectra naturally have better energy resolution
than corresponding hard X-ray spectra.



M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252 241

b CoKedgeinLiCoO, .
15| during cell operation
[
S
= c
2
< r & —— . : ;
3 Y Col,e-edge
N A
© i
E 5 [
2 ost B4t [\ 1
2 t2 [A—
g \
t,ande < Yy
9 ki .‘
= P 52 [ 1
7.685 7.690 7.695 7.700 7.705 7.710 7.715 7.72 E
a Energy (keV) z = N
Vaccum level ol . ‘ ;
T 775 780 785 790
Energy (eV)
A Berr ===\ }
algr —
(Hard X-ray)
Codp } é
Q -
Cods (Soft X-ray) g
Co3d O_Zp., E
2py E
o~ 2
O 2sp.
>
g
c d 531 534 537 540 543
w
i Photon Energy (eV)
Ois
Cozp
Cofs
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An in situ cell for soft-X-ray studies needs to meet some critical
design challenges. Using a liquid electrolyte requires an X-ray
window that can mechanically maintain a hermetic seal barrier
against a pressure differential between the liquid (electrolyte)
inside and vacuum (soft X-ray XAS chamber) outside. Because of
the low attenuation length of soft X-ray photons through solid-
state materials, the window to a soft X-ray cell has to be
sufficiently thin. At soft X-ray energies, even Be, the potential
metal window/current-collector material with the lowest absorp-
tion, has an absorption length of less than a micron. At this
thickness, Be would have difficulty in meeting the pressure
differential challenge. Harder materials such as SisN4 are even
more X-ray absorptive (Fig. 50).

Due to these challenges, no research group has been able to
perform in situ XAS of active materials in Li batteries using soft X-
rays until a recent breakthrough by Alamgir and co-workers [269].
The solution they devised was to replace the liquid electrolyte with
a fast Li conducting solid electrolyte. The resulting “naked battery”
(Fig. 51) is free of packaging and window materials. Accordingly,
the interfaces can be investigated through direct XAS spectroscopy
on either electrode face or potentially across the profile of the
battery.
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6.2.2. Hard X-ray XAS

There are two inherent advantages of using hard X-rays for XAS
studies.

Higher energy resolution: As shown in Section 6.1.1 for the
EDXRD cell, hard X-rays are penetrative and, thus, in situ cells can
be designed even for the soft end of the hard X-ray range. This
allows one probe even early transition metals such as vanadium in
a transmission cell similar to the one shown in Fig. 49.

Access to wide bandwidth EXAFS: In the hard X-ray regime, the
electron transitions are well-separated in energy, which generally
translates to a wide bandwidth of EXAFS information. While Co L-
edge EXAFS is not easily obtained since the EXAFS from L3 and L2
transitions overlap, except for the narrow energy range between
the two transitions, Co K-edge in LiCoO, does not have interference
from other higher energy transitions. In a Li[Co,Ni]O, cathode, the
Ni K-edge is sufficiently removed from the Co K-edge so that
neither one interferes with the other.

As an example of the rich local structural information obtainable
from XAS using hard X-rays, Fig. 49(a) and (b) shows the changes in
the XANES and the EXAFS, respectively, during the charge/discharge
of a LiCoO,-based cell [263]. Fig. 49(c) shows a schematic in situ cell
design that will work for hard X-ray XAS. Each component of the cell
needs to be designed to provide sufficient transmission through the
cell. As a practical guide, this design constraint can be achieved by
ensuring that each component, that the X-rays penetrate through, is
not thicker than a single absorption length w(E) for the respective
XAS energy range. The XANES in Fig. 49(a) shows the Co K-edge
position shift to higher binding energy during charging, since Co gets
oxidized to compensate for the excess local negative charge
remaining as Li is removed and consequently greater energy is
required to photoionize a higher-valency Co. Meanwhile, the R-
space data obtained from the EXAFS region, Fig. 49(b), shows the first
two peaks corresponding to the M-O and the M-M bonds,
respectively. The 3rd peak, M-O, corresponds to the oxygen atoms
from the next plane. The fact that M-0; and M-M are very stable
while M-0, exhibits contraction and expansion during charge and
discharge, respectively, points to the in-plane rigidity and the
interplanar “breathing” during the cycling of Li;_,)Co0O,. One can
see from this example that in situ XAS is a powerful tool for
examining atomistic mechanisms in Li and Li-air batteries.

6.2.3. Reaction dynamics
The reaction at a battery electrode, in the first-order approxi-
mation, is the equilibration of the electrode atomic environment to

— LiCoO, before Li removal
——LiCo0, after fractional Li removal

Photon Energy (eV)

Fig. 51. (a) All solid-state “naked battery” designed by the Alamgir’s group for in situ studies, (b) the schematic of its composite structure, reproduced with permission from
[269], (c) the spectroscopic cell assembly and (d) spectra acquired in situ from O K-edge (right) using this cell.
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the Nernst potential in the presence or absence of an external bias.
The equilibrium reactions are diffusion limited and take place in
the 102 ms to 10? s timescale, depending on the diffusing species
and the diffusion length. Measurement of near-equilibrium atomic
and electronic structure in electrochemical devices such as Li
batteries, therefore, does not require a time resolution higher than
a millisecond.

Kinetics of Li titration and reverse titration experiments can be
monitored by speciation at high time resolution using XAS. If only
the XANES portion of the XAS spectra is scanned, unique spectra
can be obtained at a rate of one scan per minute routinely, and as
rapidly as in 10 s of milliseconds at quick-XAFS beamlines (e.g., at
X18B of the NSLS). Spectra from such experiments must be
deconstructed to reveal the significant common components
between them and the relative weights of each component.
Reaction kinetics can then be obtained by following the rate of
change of the weights of the deconstructed components.

6.2.3.1. Linear combination analysis. When a set of spectra
represents a single reaction pathway, that is, only one mechanism
is present for converting the reactants to products, as is the case on
a voltage “plateau” in the charge/discharge curves of Li batteries,
then each XAS spectrum can be represented as a linear
combination of the two end spectra of the dataset. Identification
of the electronic structure (such as oxidation state) and the atomic
structure (local symmetry and coordination) of the end structure
can be done by “fingerprinting” spectral signatures with those of
reference compounds; it should be noted that since XANES spectra
are simultaneously sensitive to oxidation state, bond length and
local symmetry, care must be taken to distinguish between these
effects. Grant Bunker Simon Bare provide good online references
on this issue. Linear component analysis (LCA) is an analytical tool
that can be used to investigate the kinetics of intercalation or
conversion reactions in Li batteries.

LCA should be carried out on the XANES region as well as the
EXAFS region (post Fourier transformed to R-space) to obtain
complementary information on chemical bonding and the atomic
structure changes during the reaction. Leifer et al. shows very
convincingly the conversion reaction during the lithiation of
Ag,V404, (SVO) to LixAg,V40¢; [270]. It can be clearly seen in
Fig. 52 that the introduction of Li into SVO begins to convert it to
face center cubic (FCC) Ag, with the conversion partly completed
by 0.72Li/SVO and fully completed by 2.13Li/SVO. The relatively
lower amplitudes at the nearest Ag-Ag peak for both he
Li 13Ag,V4011 and Lis 59Ag,V401; compounds, compared to that

1st Charging (Ni XANES)
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Reproduced by permission of The Electrochemical Society.

of bulk Ag (Ag foil), is due to the nanoscale size of the phase
segregated FCC Ag.

6.2.3.2. Isosbestic points. An in situ XAS dataset for a single reaction
pathway is marked by isosbestic or crossover points in the X-ray
absorption function. Conversely, the presence of isosbestic points is
a quick indication of the fact that the reaction involving the
particular element being probed by XAS has proceeded through a
single reaction path. Isosbestic points result from the fact that if the
reactants and the products have equal light absorption coefficient at
a specific energy (i.e. ogA=agB=ag;), and the analytical
concentration of reactants plus products remains constant, then
the absorption coefficient remains the same at any stage of the
reaction. As a corollary, it should be mentioned that a true single
reaction would mean that every intersection point in the dataset
should be isosbestic. The simultaneous presence of isosbestic and
non-isosbestic intersections means that the spectra are dominated
by a single reaction pathway, but are still affected by the presence of
a minor side reaction. Fig. 53 illustrates this phenomena very well
with the Ni XAS data during the delithiation of Lif NiMn]O, cathodes.
Fig. 53(a) shows the spectra during the first charge where there is an
irreversible side reaction present, while Fig. 53(b) shows isosbestic
points since the irreversible reaction is now absent.
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Fig. 53. Ni K-edge XANES during charging in the (a) first, and (b) second cycles.



244

M.-K. Song et al./ Materials Science and Engineering R 72 (2011) 203-252

E an o Xy
E P Pn Pan _ [ A]
& Tl oz Ton |
5 31 32 3 Data
i
_ﬂml Hu2 fumn_
TR 7.72 7.74
Photon energy [keV]
gy Oy o, ay  ap a,,
B B By by by b,, v, 0 0 Wi Wi Wi
VLTI £ Aan _| 61 Cm Cyy < 0 vy 0 & Wy Wp Wa,
Vi
0 0 vmf wn] wn2 wnn
_#ml Jum2 ﬂmn_ _mml mm2 mnm_
= t
[A] = Bl e M e MW
Data Components Eigenvalues weighting

Fig. 54. PCA formulation for the deconstruction of a set of XAS data.

6.2.3.3. Principal component analysis. For in situ XAS datasets
during charge/discharge reactions in Li batteries where single
reaction paths are not self-evident (no isosbestic points in the
XANES region, for example) principal component analysis (PCA)
can be used as a fully objective analytical tool. PCA provides an
answer to the question of how many minimum spectral
components are necessary to reconstruct any spectrum in the
dataset. PCA, therefore, indicates how many independent chemical
species (with unique chemical signatures) are contained in the
overall reaction.

PCA is based on the singular value decomposition (SVD)
algorithm in linear algebra. SVD is based on the theorem that any
m x n matrix A, with m rows and n columns, can be represented as
a product of m x n column-orthogonal matrix B, an n x n diagonal
matrix V with elements that are positive or zero, and the transpose
of an n x n orthogonal matrix w. as shown in Fig. 54. For further
details readers are referred to the work of Ressler [271] and
references therein. PCA can be applied to a set of XAS spectra since
such a dataset can be expressed as an m x n matrix. In the analysis
of a set of XANES spectra, the column vector (a1, B2j, X3js - - -» Mmj),
where 1 <j > n, represents one XANES spectrum out of the total
set of n spectra. The output matrix B has n columns, but the ones
that are important are those for which v # 0.

While PCA has been applied to the analysis of XAS datasets,
specifically in the area of catalysis, it is an analytical technique that
can be applied to any spectroscopic technique. In the study of Li
batteries, however, PCA is currently underutilized, with only a
single infrared [272] and two XAS [263,273] studies evidenced by a
literature survey.

In the first of the two XAS works cited, Alamgir and others
show a very effective use of PCA in an in situ study of the
delithiation of a thin-film LiCoO,-based Li battery. They infer that
two separate reactions occur during delithiation, which allows
them to rule out Co oxidation as the only charge compensation
reaction occurring during the charging of the battery. Combining
the PCA results with the analysis of the real-space data allowed
them to pinpoint the reactions to be associated with electron

hole formation at Co and O sites. Fig. 55(a) shows the |FT{ (k)|
functions from the hard X-ray induced Co K-edge spectra, which
are proportional to the radial distribution function around Co
atoms, for Lij;_x)CoO, with 0.12 <x <0.7. One can clearly see
changes occurring at the Co-0 and Co-Co coordination shells as
represented by their respective distances in Fig. 55(b), but
Alamgir et al. were the first to indicate the presence of oxygen
holes (responsible for the oxygen neighbor 2 in Fig. 55(b)) from in
situ data. Future XAS work on reactions in Li and Li-air batteries
look very promising using traditional (edge shifts, fingerprinting,
R-space fitting) as well as non-traditional (LCA, isosbesticity, and
PCA) analytical schemes.

6.3. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is a powerful tool to
discriminate between the different chemical states of lithium and
carbon species in batteries. Since most synchrotron beamlines are
not designed to access Li core electron emissions, making Li K-edge
XAS a difficult experiment to conduct. “Li NMR, in particular, is a
powerful complementary chemical probe to XAS. When placed in a
magnetic field, NMR active nuclei (such as 'H, '3C or Li) absorb at
their respective characteristic electromagnetic frequencies. The
resonant frequency, absorption energy, and signal intensity are
proportional to the strength of the magnetic field. If the frequency
of the line of interest is v (in Hz), and the frequency of the line from
the reference compound is vggr, then the chemical shift, §, is
defined as:

(Vv — VReF)
VREF

For H, C and Si NMR, an accepted reference is tetramethylsilane,
and for Li NMR, LiCl is often used. Because the frequency shifts are
small relative to the resonance frequencies, chemical shifts are
reported in parts per million: Sppy =8 x 108,

Due to the high natural abundance of ’Li isotopes (more than
90% in natural sources), isotopic substitution is not required to
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Reproduced by permission of The Electrochemical Society.

increase signal strength. The °Li isotopes do not suffer from the
same quadropolar interaction as ’Li, resulting in narrow peak-
shapes and better resolution. However, this comes at the cost of
lower signal due to its low abundance. In the case of carbon, the
abundant isotope '2C has zero net spin and is consequently NMR
inactive, whereas the active '3C isotope is only present in about
1.1% natural abundance. Adequate information using '>*C NMR is
attained by signal averaging over longer detection time or by
isotopic substitution into the active materials.

The sensitivity of NMR to the local chemical bond comes from
electron-nuclear coupling. When the coupling is with closed shells
the term “chemical shift” is often used, whereas, when the
interaction is with conduction electrons, as in metals, the term
“Knight shift” is used. Lineshifts in Li NMR are, therefore, often
referred to as Knight shifts.

The lateral spatial resolution in standard NMR is in the range of
millimeters. It is therefore not well-suited for interface study by
rastering the anode-to-cathode cross section of conventional or 3D
Li batteries. In special cases, NMR can be done in a magnetic
resonance imaging (MRI) mode where the spatial resolution can
drop to about 10 s of microns. The depth resolution is determined by
the so-called skin depth, which measures the extent of penetration
of the radio frequency electromagnetic probe into the sample:

1 o
VHoTT lu’rf

where (o is the permeability of vacuum, w, is the relative
permeability of the sample, p is the resistivity of the metal for Li
and fis the frequency of the applied radio frequency field [269]. For
Li, the calculated skin depth is about 15 pwm. For nanostructured
materials in Li batteries, lateral and depth resolution of more than
10 wm can be inadequate. However, when sample homogeneity is
expected at the 10 wm scale, the spatial resolution offered by NMR
becomes useful.

NMR spectroscopy can also be used to measure the coefficient
of self-diffusion, for the NMR active nuclei. Diffusion rates are
measured by NMR using gradient pulses and the technique works
at mM concentration. This measurement is of particular relevance
to Li transport in active components of Li batteries. Other causes of
transport such as convection are typically present; so care must be
taken to avoid the sources of convection, such as temperature
gradients.

Multiple researchers have used ex situ NMR to study Li battery
components, usually in conjunction with other characterization

techniques [274-279]. However, following the original work of
Gerald and co-workers [280], who appear to be first to use in situ
’Li NMR to study Li insertion in anode materials for Li batteries in
2000 (Fig. 56), there are only a handful of examples of in situ NMR
used to non-invasively characterize internal reactions in Li
batteries [281-285].

Since the acquisition time for the “Li signal can be much faster
than the time for a typical charge-discharge cycle, due to the high
sensitivity of “Li NMR, spectral snapshots at suitable time intervals
can be used to analyze the structural changes of the active material
at various states-of-charge. When carried out in situ during
electrochemical cycling, Li NMR spectroscopy is a non-invasive
method for investigating the structural changes occurring in
electrode materials, like XAS and Raman as we will see in the next
section. Vital information that can be obtained from NMR for Li
batteries is summarized in Table 4.

6.4. Raman spectroscopy

Among the local probes, Raman spectroscopy is one of the
most versatile. Like XAS, speciation is possible because the Raman
signal originates from the characteristic vibrational frequencies of
materials. The vibrational frequencies are determined by bond
distance, bond strength and coordination of the nearest atomic
neighbors. Raman, therefore, provides a very sensitive tool to detect
structural variations at the atomic level. Unlike XAS, however, the
Raman signal does not originate from internal emissions of atoms
and consequently does not contain unique signatures of the atoms
involved. Furthermore, structural properties such as bond distance,
bond angle, and coordination are not directly available from the
Raman signatures, but they can be elicited through careful fitting to
model structures and sound elimination of alternative models. Still,
Raman spectroscopy has become a standard method for character-
izing bulk materials, molecules, thin films, and surfaces [286,287].
Of the relatively few surface analysis methods available for in situ
measurements, Raman spectroscopy is one of the most flexible, as it
has a large window of operating conditions and a wide range of
surface species that can be probed and mapped, including oxygen
[288,289], sulfur [290], carbon [291], and hydrocarbons [292]. A
significant number of Raman studies can be found in the literature
applied to Li batteries, including studies on changes in bond
lengths, bond angles, coordination, Li dynamics, and ordering. For
an excellent review of Raman studies applied to Li batteries, the
readers are directed to the paper by Baddour-Hadjean and Pereira-
Ramos [293].
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Fig. 56. (a) Photograph of the coin cell battery imager. (b) Li NMR images of the counter electrode and the lithium dendrites that were formed on a hard carbon electrode in
the presence of a lithium counter electrode before (b, left) and after (b, right) passing current through the cell [280].

Copyright 2000, with permission from Elsevier.

Table 4
Vital information that can be obtained from NMR for Li batteries.

Chemical structure Li and C sensitivity

Diffusion of active nuclei

Spatial resolution

In NMR, the measured chemical
shift is related to the local
chemical structure around the
atoms with the resonant nuclei.
Species can be identified by
proper referencing and direct
fingerprinting.

Lithium and carbon sensitivity makes
NMR an important technique for the
study of Li battery anodes. While
carbon-specific information can be
easily obtained from XAS, the same
is not true for lithium. NMR and XAS
are, therefore, very complementary.

The self-diffusion component to

Li transport, especially in electrolytes,
is an important property in Li batteries.
This self-diffusion coefficient can be
measured with NMR. Care must be
taken to avoid misleading data from
convection transport through

In a typical setup, the lateral spatial
resolution of NMR is poor. In imaging
mode setup, akin to an MRI, lateral
resolution of 10s of wm can be obtained.
Depth resolution is determined by the
“skin depth” and is in the order of 10 pm.

temperature gradients.

The Raman process: Raman spectroscopy is currently a standard
research technique; however, a quick review of the Raman process
would be useful for subsequent discussions. A photon of light from
the near-visible region of the spectrum can induce vibrations in a
molecule through either absorption or scattering of the photon.
The former case occurs when the energy of the incident photon is
equal to that of the energy difference between two oscillatory
states of the molecule, and when the transition between the states
involves a change in the molecule’s dipole moment. This is the case
for infrared absorption. Alternatively, photons can excite the
molecule to a virtual state lower in energy than a real electronic
transition (Fig. 57).

The process could be elastic, or Rayleigh scattering, when the
photon is scattered without any change in the atomic coordinates
of the molecule and in the frequency of the incident photon. For a
very small fraction of light, however, for about one in every 10
million, energy is transferred between the molecule and the
incident photon. The energy of the inelastically scattered photons
can either be shifted slightly higher or slightly lower than that of
the incident photons. This inelastic scattering is called the Raman
effect, with the Raman shift described as:

URaman = Vo — Uyib

that is, frequency of the original photon shifted by the frequency of
molecular vibration.

The red-shifted scattered photon is called the Stokes Raman
while the blue-shifted photon is called the anti-Stokes Raman.
Since the anti-Stokes scattering has the low-probability starting
condition of a molecule in a vibrationally excited state at the time
of the photon scattering, it is always a weaker signal than the
Stokes scattering where the molecule starts at the highly
populated ground state.

Advantages of Raman spectroscopy: The Raman technique has
several characteristics very well suited to the study of electrode
materials. First, the analysis is nondestructive under typical
experimental conditions. A Raman microscope can focus the laser
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Fig. 57. (a) Energy level diagram for different processes. (b) Raman and Rayleigh
scattering of excitation at a frequency vo. The molecular vibration in the sample is of
a frequency vyip.

Reprinted with permission from [293]. Copyright 2010 American Chemical Society.
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Table 5
Vital information that can be obtained from Raman for Li batteries.

Species specificity Bond strength

Local information Spatial resolution

While overlaps do exist between
unrelated cases, the vibrational
frequency of a Raman excitation
is often unique to a particular
molecular unit. Species can be
identified by proper referencing
and direct fingerprinting.

Since Raman proves the vibrational
states of molecular units, its signal
directly relates to the force constants
of the bonds involved. Raman,
therefore, provides vital information
on the strength of these bonds.

Raman is a local probe since the
Raman excitations are due to
local vibrational states. Therefore,
information on bond length,
coordination, bond angle are all
imbedded in the Raman signal
and can be elicited with proper
modeling

The ability to move a micron sized
focal spot through different focal
planes within the material allows
Raman to be a highly versatile
technique with micron-range lateral
as well as depth resolution.

beam source down to a volume of 1 pm? in air. It can be operated
in a confocal mode by using an aperture at its back focal plane,
thereby improving its lateral and axial spatial resolution. By
acquiring spectra as the laser focus is moved incrementally deeper
into a transparent sample, nondestructive depth profiling can be
carried out.

Second, the samples can be studied under in situ conditions
through optically transparent windows, even in the presence of
strong IR absorbers such as H,0, CO,, and SiO,. Focusing of the
probe size allows the technique to characterize the heterogeneity
of the electrode materials in batteries at the micron scale.
Therefore, this property is very useful for the study of Li batteries,
since each functional component is typically a composite of Li
storage material mixed with binder and conductive carbon
materials. Micro-Raman has been effectively used for studying
the structural properties of carbonaceous materials [294].

Third, like XAS, Raman spectroscopy can distinguish between the
various forms of carbon due to the influence of bonding on the
vibrational frequencies. Carbon with sp>-type bonding, exhibited in
diamond, has a distinct Raman signature compared to graphitic
carbon with sp?-type bonding [295]. Taking a closer look at graphite,
for example, we note that the hexagonal structure is in the Dy, space
group, with its vibrational modes represented by the following
irreducible representation: A,y + 2B,g +Eq, + 2E;,. Here the Eyg
mode is the only one that is Raman active and corresponds to the in-
plane vibrations of the carbon atoms. Following this E,; band,
lithium intercalation into graphite was investigated in situ (Fig. 58)
by Huang and Frech in their highly cited work in 1998 [296].

There is a plethora of literature on ex situ and in situ Raman
studies of cathode compounds. As examples, one finds work on
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Fig. 58. In situ Raman of graphite in a LiClO, EC/DMC solution during the first
intercalation between 0.586 and 0.089 V [296].
Reproduced by permission of The Electrochemical Society.

lithium-cobalt-nickel [297-299], LiMn,04 [300], polycrystalline
V5,05 films [301-306], and titanium oxide spinels [307-312]. Here
the authors direct the readers to the review by Baddour-Hadjean
and Pereira-Ramos and the references therein for further examples
[293].

Raman spectroscopy provides a set of information vital to the
study of Li batteries. Table 5 summarizes its specific advantages:

The frontier of in situ measurements for Li batteries is not only
to measure the reaction and chemical evolution of species within
the active materials during voltage cycling, but also to measure
these in extreme gas and temperature environments. Using the
solid-state battery design shown in Section 6.2.1, an open
cell could be placed in an electrochemical enviro-chamber as
shown in Fig. 59, where the cell could be exposed to heat (to below
the T of the glass electrolyte) and to various gas environments. In
the case of Li-air battery studies, the air electrodes could
be examined under practical operating conditions to study the
effect of contaminations from air or other gas impurities.
When performed simultaneously alongside with other electro-
chemical measurements, in situ Raman spectroscopy allows direct
correlation between the electrochemical performance of the cell
and the electrode surface structure and composition, providing
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Fig. 59. (a) 3D drawing and (b) 2D schematic of the electrochemical enviro-chamber
with the optical microscope and X-Y-Z motorized stage designed by Liu’s group for
in situ Raman studies [313]. The stage moves in 0.02 mm increments and spectra
can be collected from 1 wm diameter spot.
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information vital to gaining insight into the mechanism of
electrode processes.

6.5. Comparison of information depths for different measurements

The “information depth” refers to the typical depth within the
material where structural and chemical information can be
obtained from an experimental measurement. The concept of an
average information depth is critical to designing characterization
experiments. Here we discuss the principal criteria that determine
the information depth for XAS, NMR, and Raman in the context of Li
battery materials.

XAS: In transmission mode XAS, the X-ray penetrates through
the thickness of the active materials as well as the remainder of the
cell stack. In such a case, the thickness of the sample is the
information depth of the technique. On the other hand, using
fluorescence yield mode, the information depth is restricted to
about two to four absorption lengths. For a typical cathode
material, such as LiMO, (M = Mn, Co, and Ni), is in the order of
10-25 wm at the K-edge of M. Much shorter information depth
can be obtained if one measures XAS using electron yield, where
this depth is restricted to the IMFP of the electrons. Using electron
yield mode of detection, the information depth for LiMO, is
restricted to tens of nm at the M K-edge and to a few nanometers at
the O K-edge.

NMR: Information depth in NMR is determined by the so-called
skin depth &, which is conceptually similar to the information
depth. Skin depth in NMR is given by &= (1/mo)?(p/uxf)'?
where (o and (i, are the permitivities of vacuum and the material,
respectively, p is the resistivity and fis the Larmor frequency, the
frequency of the applied radiofrequency wave [281-285]. For Li,
the skin depth is estimated, therefore, to be in the order of 10 pm.

Raman: In opaque materials, the information depth for Raman is
determined by the electrical conductivity, o, the magnetic
permeability, w, and the wavelength, A, of the source. The skin-
depth &, has a form very similar to that of NMR (which is not
surprising since they both involve the penetration of EM waves)
and is given by the relationship 8 = (2A/ow)'/? [293]. Typically, &
ranges from approximately 30-300 nm.

6.6. Future directions of in situ characterization of Li batteries

We have explored the rich information available from in situ
measurements especially when using techniques with species-
specificity. While each of the techniques described here has
specific advantages, it is XAS that provides the most detailed
structural information. The XANES region probes the element-
specific electronic structure of the active materials in Li batteries
just above the Fermi level, which provides direct information about
subtle changes in chemical bonding. At the same time, local atomic
structure, in the form of a partial radial distribution function, is
available from the EXAFS region. With the high brightness of a
synchrotron source and a creative in situ cell design, XAS is a
powerful technique for fundamental investigations into materials
for Li batteries. Further, significant improvements in the usefulness
of XAS are expected in the near future. For example, NSLS II, the
replacement for the current NSLS is under construction and is
projected to have XAS capable beamlines with a spot size of a few
nanometers. Thus, a true synchrotron nanoscope can be envisioned
that competes with scanning electron microscopes in terms of
spatial resolution but has all the added benefits of a synchrotron.

Recent advances in high-pressure XPS are expected to translate
to creative ways in which the near-surface (within a few
nanometers) of a Li battery’s functional parts will be studied
under operating conditions. With higher flux X-ray sources, from
new synchrotrons, this transition is all the more likely.

The future will hold more studies using the inelastic scattering
of hard X-rays, compensating for the small cross section for these
events with the advent of much brighter synchrotron sources. Core
level emissions in low Z elements can occur through the inelastic
scattering of hard X-rays and, thus, the chemistry of C and O
species, for example, can be followed by passing hard X-rays in an
out of a working Li battery. This is a process analogous to the core
electron emissions from low-Z elements that occur through
inelastic losses of fast electrons in an electron microscope, the
basis for electron energy loss spectroscopy (EELS).

The spatial resolution and sensitivity of Raman spectroscopy
are expected to be enhanced significantly in the future. In
particular, the use of plasmonic coupling will become routine
and allow the surface-enhanced Raman spectroscopy (SERS)
technique to considerably increase the sensitivities needed for
battery research. Further, tip-enhanced Raman spectroscopy
(TERS) becomes possible when a Raman spectrometer is integrated
with a scanning probe microscope (e.g., an AFM or a STM),
dramatically enhancing the sensitivity and spatial resolution of
Raman measurements and ideally suited for fundamental inves-
tigations of nanostructured electrode materials for future-genera-
tion lithium batteries.

7. Conclusions and outlook

The performance characteristics of the existing electrical
energy storage devices greatly influence the energy efficiency,
reliability, and commercial viability of several emerging technolo-
gies such as electric vehicles and smart grids. They also impact the
portability and reliability of many portable electronics such as
hand-held communication devices, computer, and cordless tools.
Batteries are the most promising and accessible options for electric
energy storage. Yet, the performances of the existing batteries are
still far short of meeting the needs of these applications. The main
scientific challenges are to achieve rational design of materials
with desired properties, especially electrode materials with multi-
functionality for enhanced rate capability (power density), high
energy density, excellent dimensional stability and long cycling
life, and dramatically reduced cost.

The preceding sections have provided ample examples of recent
developments in Li-containing anodes, insertion compounds for Li-
ion cathodes, and carbon-based oxygen-breathing cathodes for Li-
air batteries. A wide variety of unique nanostructures and nano-
architectures have been developed to dramatically accelerate the
charge and mass transfer processes relevant to battery operation
while improving the mechanical robustness and tolerance to
stresses and strains induced by volume change. Further, surface
modification using a nanometer-thick thin-film coating of proper
materials is proven to be effective in further enhancing the
catalytic and transport properties as well as stability against
electrolyte and durability of electrode materials. Indeed, nano-
structured electrode materials have demonstrated significantly
improved performance (energy and power capability and cycling
life) due mainly to high surface area, short diffusion length, a large
number of active sites, and improved mechanical robustness. We
believe that nanostructured materials will play an even more
important role in redefining a new generation of batteries with
dramatically better performance (higher energy and power density
and longer cycling lifetime) than the existing ones to meet the
increasingly stringent needs of emerging applications such as
electric vehicles and smart grids.

While nano-structured electrodes have demonstrated en-
hanced performance in many specific aspects, it is still not clear
how to best design or optimize a specific electrode structure to
achieve optimal performance. The main difficulty is the lack of
fundamental understanding of the mechanistic details about the
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chemical and energy transformation processes associated with the
operation of a battery. Often it involves a series of elementary
charge and mass transfer processes along the surfaces, across the
interfaces, and through bulk of some phases in a complex
electrode. It has been very difficult to determine exactly which
specific step is the rate-limiting step of the overall process. To date,
for example, little is known about the mechanism and sequence of
elementary steps associated with charge and mass transport
processes, especially in the confined pores and channels of
nanostructured electrodes. More fundamental studies are needed
to correlate the electrochemical performance with the microscopic
features (such as critical dimension, morphology, pore size and
distribution) of nanostructured electrodes. Further, the function-
ing of these electrodes is often influenced by many opposing
factors. For example, one nano-structure may greatly enhance the
rate capability, but suffers from limited volumetric energy density
due to high surface area and low packing density.

To unreal the detailed mechanism and the rate determining
step of battery operation, it is necessary to follow the detailed
changes in crystal structure, composition, and morphology of each
phase as well as in electronic structure, charge and mass transport
characteristics, and catalytic properties. The use of in situ
characterization techniques, guided by multi-scale modeling and
simulations, is vital to unraveling these detailed microscopic
processes associated with the functioning of electrodes. These
understanding are vital to achieving rational design of optimized
nanostructures and nano-architectures for a new generation of
batteries.

More exploration of novel architectures of electrode materials
can be very rewarding. For example, arrays of vertically aligned
nanowires or nanotubes are likely to be very promising when
integrated with other high-capacity electrode materials. Another
strategy is to create 3D, nano-architectured structures with
interdigitated, pillared anodes and cathodes. Properly designed
composite electrodes of desired architectures may maximize the
advantages while minimize the shortcomings of each component,
thus offering higher energy and power densities and longer cycling
lifetime.

Among many approaches developed to create nanostructures,
bio-inspired processes may offer some unique advantages.
Materials found in nature, evolved over time in structure and
functionality in response to a variety of demands from environ-
ments, often exhibit remarkable properties. Another notable
feature of biological systems is their ability to assemble
sophisticated, hierarchical structures with high precision at
different length scales (ranging from nanometers to millimeters)
and complexity far exceeding those of artificial architectures
created by human. The use of a bio-inspired approach to design
nanostructures and nano-architectures could create electrodes
with properties that have never before been imagined. Major
advances in design of new electrode structures hinge on break-
throughs in creation of unique nanostructures.

Proper surface modification of nanostructured electrodes is
essential to effectively accelerating charge and mass transfer
processes. Better insights into the electrochemical reactions and
the roles of point defects in the nanoscale regime are required in
order to achieve rational design of more effective surface
modifications (or coatings) for high capacity and rate capability.

In addition, explorations of new materials and new strategies
are needed to dramatically enhance the energy densities of
existing systems. Recently, nanostructured sulfur and mesopor-
ous carbon have emerged as promising cathode materials. A
lithium-sulfur battery has theoretical energy density of 2500 Wh/
kg and 2800 Wh/L, which are far greater than those of
conventional lithium batteries. Yet, transforming the potential
of these materials into a reality remains a grand challenge; unique

nanostructures and nano-architectures are vital to overcoming
these challenges.

While Li-ion batteries still offer the best performance among all
existing battery systems, it is unlikely that they will be able to meet
the increasingly stringent demands of emerging technologies, due
primarily to their limited energy densities of the cathode materials.
To dramatically increase the energy density, we must move away
from these heavy cathode materials and figure out how to make
use of oxygen from air through a Li-air battery, which has the
potential to match the practical energy density of gasoline in
transportation - sufficient for electric vehicle applications. The
future of batteries depends on the creation of multifunctional
electrode materials with unique nano-structures or nano-archi-
tecture for efficient use of oxygen in a reversible manner. There are
a range of scientific and technical challenges that we must
overcome to make Li-air batteries a reality.

In addition, Li-ion and Li-air batteries have to compete with
other energy conversion and storage technologies such as fuel
cells. It should be noted that fuel cell vehicles have already
performed well in the over-300 mile range, but the cost of precious
Pt-based catalysts is a critical bottleneck for commercialization.
Therefore, more investigation should be conducted on non-
precious electrodes and catalysts to develop cost-effective Li-ion
and Li-air batteries. Substantial improvements in energy density
and rate capability are required, respectively, for Li-ion and Li-air
batteries to compete with fuel cells.

Finally, the availability and cost of materials, improved safety,
and minimal environmental impacts are equally important as
performance. The development of large-scale, low-cost fabrication
strategies for nanomaterials with desirable performance is an
important challenge in fabrication of battery materials for
commercial applications.
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