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capacitors and rechargeable batteries, have attracted significant

attention for applications in portable electronic devices, electric vehi-
cles, bulk electricity storage at power stations, and “load leveling” of
renewable sources, such as solar energy and wind power. Transforming

lithium batteries and electric double-layer capacitors requires a step

change in the science underpinning these devices, including the
discovery of new materials, new electrochemistry, and an increased
understanding of the processes on which the devices depend. The
Review will consider some of the current scientific issues underpinning
lithium batteries and electric double-layer capacitors.

1. Introduction

The demand for sustainable and clean energy is becoming
more and more critical owing to the emergence of applica-
tions such as electric vehicles and the many new types of
portable electronic devices currently available. Without
energy storage, renewable electricity generation (wind,
wave, solar) will be much less viable. Therefore, the search
for the next generation of energy-storage materials and
devices is extremely important.l'! The high energy density of
rechargeable lithium batteries has transformed portable
electronics over the past two decades. However, to meet the
needs of new markets new generations of lithium batteries are
required with increased energy and power density, improved
safety, and lower cost. Electric double-layer capacitors
(EDLCs) are already used in a variety of applications. The
power capability far exceeds that of lithium batteries but their
energy density is low. If they are to make maximum impact,
new generations are required with higher energy density and
lower cost.

Firstly, we shall examine progress on cathode and anode
materials, as well as functional electrolytes for highly safe
lithium-ion batteries (LIBs). Special attention will be given to
the safety characteristics of each class of material. Although
LIBs will continue to be a prominent means of storing energy
for a number of years, in the longer term new types of
batteries will be required. Consideration is given to the
challenges and progress on lithium—sulfur (Li-S) and lithium—
air (Li-Air) batteries.”) Finally, recent advances in the
expanding field of EDLCs are discussed.

2. Advanced Functional Materials for Safe Lithium-
lon Batteries

The first commercial lithium-ion battery was introduced
by the Sony Corporation in the early 1990s. Several techno-
logical barriers need to be tackled before the large-scale
deployment of the lithium-ion battery for automobile and
grid applications can occur. These barriers include high cost,
insufficient life, and poor safety characteristics.’l Massive
research and development efforts are underway to address
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these barriers and thereby enable deployment of this emerg-
ing energy-storage technology.

Several well-publicized incidents related to LIBs in use,
such as fires and explosions, have raised concerns about their
overall safety. Major challenges still remain including the
thermal stability of cathodes, anodes, separators, and electro-
lytes within the battery at high temperatures and the
occurrence of internal short circuits that may lead to thermal
runaway.

During the charge/discharge process, lithium ions are
shuttled between the cathode and the anode through a non-
aqueous electrolyte that is sandwiched between the electro-
des (Figure 1a).! During the charge, lithium ions are
removed from the cathode, whose working potential is
generally higher than 2.0 V versus Li"/Li (see Figure 1b),
and are inserted into the anode, whose working potential is
generally lower than 3.0V versus Li'/Li (see Figure 1b),
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Figure 1. a) The principle of operation of the first commercialized
lithium-ion batteries. Lithium ions migrate back and forth between the
anode and cathode through the electrolyte upon discharging/charging;
electrons doing so similarly through the outer electrical circuit.!

b) Schematic diagram showing the relative working potential of typical
electrode materials for lithium-ion batteries. Copyright Royal Society of
Chemistry.

while the electrons are transported from the cathode to the
anode through an external circuit. In an ideal lithium-ion cell,
lithium ions are reversibly shuttled between the cathode and
the anode with 100 % efficiency, and no side reactions occur
during the charge/discharge process. In reality, the efficiency
(technically called “columbic efficiency”) is slightly lower
than 100 %, and several surface side reactions between the
electrolyte and electrode occur during normal operation of
the cell or under abuse conditions. For instance, when the cell
is charged, a highly oxidative transition-metal oxide is formed
at the cathode,” and highly reductive lithiated graphite is
generated at the anode.”! These side reactions have several
negative effects on the cell performance. First of all, they all
consume accessible lithium and/or active electrode materials,
resulting in a gradual decrease of cell capacity (technically
called “capacity fade”).” In addition, some of the by-products
deposit on the surface of the active electrode material and
increase the energy barrier for the charge-transfer reaction at
the electrode surface, resulting in capacity fade at a high
rate.’! Finally, these side reactions can be kinetically accel-
erated at elevated temperatures or under abuse conditions
and release a large amount of heat in a short period of time.

Peter G. Bruce is the Wardlaw Professor of
Chemistry at the University of St Andrews.
He leads a team focused on the science of
energy-storage materials and lithium batter-
ies. Currently his research includes nano-
structured intercalation electrodes for lithium
ion batteries, crystalline polymer electrolytes,
' and the Li-O, battery.
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Under this situation, fire or explosion (“thermal runaway”)
can possibly occur.’! In a practical lithium-ion cell, these side
reactions are kinetically slow at ambient temperature!'”! so
that a reasonable battery life and thermal stability can be
achieved to ensure normal cell operation.

When the first lithium-ion battery was introduced to the
market, the practical capacity of an so-called 18650 lithium-
ion cell (that is a standard size of 18 mm in diameter and
65 mm in length) was about 0.9 A h. Today, a lithium-ion cell
with the same size can easily deliver a much higher practical
capacity, 2.6 A h, and prototype cells are capable of more than
3.0 Ah. These continuous improvements and others have
made lithium-ion batteries ever more useful. Yet, the safety
issue remains a major barrier. Battery manufacturers are now
able to produce high-quality lithium-ion cells for consumer
electronics, with less than one reported safety incident for
every one million lithium-ion cells produced. However, this
failure rate on the cell level is still too high for applications in
plug-in hybrid electric vehicles (PHEVs) and pure electric
vehicles (EVs), since several hundred large-format lithium-
ion cells will be needed to power a vehicle. The failure of
a single cell can generate a large amount of heat and
potentially flame, both of which can then trigger thermal
runaway of neighboring cells, leading to failure throughout
the battery pack. Thus, there is a worldwide effort to tackle
the safety issue of lithium batteries. Herein we summarize the
latest developments of advanced materials for long-life
lithium-ion batteries with high energy density, with special
focus on the potential impact of these materials on the safety
characteristics of batteries.

2.1. Cathode Materials

For almost two decades, LiCoO, has been the dominant
cathode material for lithium-ion batteries owing to its ease of
preparation and stable electrochemical cycling performance,
provided the lithium utilization is no more than 50%.01!
Concerns about the high cost of cobalt and the safety
characteristics of the batteries have led to the development
of alternative cathode materials that offer lower cost, longer
life, and improved abuse tolerance. In addition, lithium-ion
batteries developed for the transportation sector require
higher energy density than the state-of-the-art lithium-ion
battery so as to further reduce the weight, size, and cost of
battery packs that power automobiles. These requirements

3 Jaephil Cho is a Professor and a Dean in the
Interdisciplinary School of Green Energy at
UNIST (Korea). He is a director of the
Converging Research Center for Innovative
Battery Technologies and of the IT Research
Center. His current research is focused
mainly on Li-ion and Zn-air batteries and
nanomaterials for energy storage.
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have been the major driving force for the development of
alternative layered structured materials for full utilization of
the lithium in the cathode materials. Other developments in
this area have focused on lithium transition-metal phosphates
(LiMPO,, M = Fe, Co, Ni, Mn)!"? and lithium transition-metal
oxide spinels (LiM,0,, M =Mn, Ni, Co)./2:13]

Before starting discussion, the importance of the cathode
materials in terms of the safety needs to be introduced, and
although cell design and safety devices are important roles in
minimizing the thermal runaway, controlling the heat gen-
eration from the cathode electrodes is much more important,
and the total generated heat of either cathode or anode is an
indicator for evaluating the safety of the materials (Figure 2).
The triggering mechanism that induces thermal runaway is
directly related to the extent of the cathode thermal
instability, and more lithium deintercalation results in
increased oxygen generation (amount of oxygen liberated
from the lattice) from the cathodes. As a consequence,
thermal stability tests need to be carried out for the more-
delithiated states. Heat generation from the cathode is three-

a)
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to-four-times greater than from the graphite anodes at fully
charged states because of the substantial amount of oxygen
that evolves from the cathode lattice above 200°C (Fig-
ure 2a). Of the various cathode materials (Li,CoO,,
Li,Ni3C0915Aly050,, Li,Ni;sMn, 3C0,50,, LiMn,O,,
Li,FePO,) at the fully charged states, Li,Mn,0O, and LixFePO,
showed the smallest amounts of oxygen generation (Fig-
ure 2b). This is why these two materials are considered as the
main cathodes of the Li-ion batteries for PHEVs and EVs.

2.1.1. Layered Lithium Transition Metal Oxides

In the past decade, major effort has been devoted to
searching for high-performance cathode materials in the
layered system LiCoO,-LiMnO,-LiNiO,. The driving force of
this research effort, at least in part, derives from several
advantages associated with low-cobalt-content materials. The
price of cobalt has been increasing continuously, and the
supply of cobalt can be one of the bottlenecks for the
emerging applications of lithium-ion batteries in the trans-

portation sector. Replacing cobalt with relatively
abundant Ni/Mn is a cost effective and sustainable
strategy for the potentially huge expansion of the
market. In addition, the utilization of lithium in

120 [ LiCoO, is limited to only 50% for acceptable
E Total electrochemical performance, which caps its prac-
Z. 100 tical specific capacity at only 140 mAhg LU
(o)) I Replacing Co with Ni/Mn has been shown to
§ 8.0 I result in high utilization of lithium, approaching
- ‘ capacities of 240 mA hg'. Finally the introduction
o) of Mn*" to the transition-metal layer can help
% 60 = stabilize the transition-metal oxide framework,
- Positive since Mn*" doesn’t change its valence state during
g 4.0 : the charge/discharge process.'**!!" A" number of
(<)) g Negative / , / \ these candidate cathode materials can deliver
o 2.0 SEl ~N o ) a reversible capacity above 200mAhg™!, and
"a N M \ some of them even have better thermal stability
% 00 L ) A N than LiCoO,. However, these cathodes are still in
' 30 80 130 180 230 280 the process of development to increase their so-
called tap density, that is, the amount of material
b) Temperature (°C) that can be loaded in a specific volume, and to
= Accelerating Rate Calorimetry (ARC) improve their power performance. In addition, this
g 400 E I EC:PC:DMC class of materials exhibits an accelerated capacity
= 350 E LiCoO: —e 1.2M LiPF fade during cycling or storage at elevated temper-
Q, E LiNio.sC00.15Al0.0502 \ 2 atures as a result of the chemical reaction between
300 E o .
9 250 E | ]\/’\ \ the delithiated cathode and the electrolyte at high
S E I L / \ \ operating potential.””! Such a capacity fade is
& 200 F Liy.1(NisnCo13Mnyz)os02 b i and . li dissolve i h
- E \z \ \ ecause Ni and active metal ions dissolve into the
ﬂl’ 150 E LiMn;O. }’\ \ electrolytes upon storage above 60°C, with con-
= E formation of NiO on the particle surface.
T 100 E LiFePO, current P
= 50 :I 100% SOC ! - P\I \L \ \ This reaction normally accompanies structural
’5 E o t * A \ \ \ ' transformation to spinel and NiO-type rock salt
Z 0 structures. To overcome the performance degrada-
0 100 200 300 400 tion and increase the capacity retention and safety

Temperature (C)

Figure 2. a) DSC scans of anode (negative) graphite and cathode (positive)
Li,CoO, after 100% charging!* and b) accelerating rate calorimetry of various

cathodes after 100% charging.™!
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when operated at high potential, several strategies
have been proposed and demonstrated.

Research on lithium-rich transition-metal
oxides has intensified, with improvements in elec-
trochemical performance and thermal stability. This

www.angewandte.org

9997


http://www.angewandte.org

Angewandte

99938

Reviews

class of materials can be
described by several formu-
las, e.g. as Li[Li,M,_]O,'8
and x Li,MnOj5-

(1-x)LiMO,,"™¥) in which
M stands for a transition-
metal such as Mn, Ni, Co, or
a mixture of them. If the
formula are interpreted
structurally, then the first
formula implies a model in
which extra lithium is ran-
domly doped in the transi-

4.5V charge

Degraded Storageat 60, 90°C
»M* (M = Ni, Co) dissolution

»Acceleratedinterfacial reactions
with the electrolytes

Degraded cycle life
»Anisotropic volume
expansion/contraction
» M (M = Ni, Co) dissolution

Degraded thermal stability

tion-metal site, and the aver- »Oxygen extraction fromthe

_ lattice
a'gfe valence state of the tran S e il eachon e e
sition-metal element electrolytes

increases with extra lithium
content to balance the low
valence state of lithium
(+1).%) Three lithium ions
in the cathode have to be
pinned down for every lith-
ium ion doped into the tran-
sition-metal layer to neutral-
ize the local charge. Therefore, the accessible lithium in the
normal potential window is 1—3x.*”! The second formula is
based on a composite structure model proposed by Thackeray
and co-workers.'”!! In this case, the extra lithium is accom-
modated within a new phase Li,MnOj3, and the whole material
is an integrated structure of Li,MnO; sub-domains and
LiMO, sub-domains.'¥?! The Li,MnO, domain stays inactive
when the cathode potential is less than 4.5 V versus Li*/Li,
and the decrease in reversible capacity with the increase of
excess lithium can be explained by the reduced content of the
layered component LiMO,."! In both models, the extra
lithium, either the pinned portion or the Li,MnOs;, can be
electrochemically activated when the working potential is
higher than 4.5V versus Li*/Li, where oxygen loss from the
framework balances the local charge."??l This activation
process leads to more accessible lithium at a higher potential
and a higher specific capacity, which makes lithium-rich
transition-metal oxides promising as high-energy-density
cathode materials."” In addition to the increased energy
density, these materials were also reported to have good
thermal stability (onset of thermal decomposition at
250°C).»

It is well established that a trace amount of HF present in
the non-aqueous electrolyte plays an important role in
cathode corrosion, which decreases cell life. Reactions with
the cathode materials tend to be accelerated by increasing
temperature and cut-off voltages. Metal doping and the
development of new electrolytes stable under such conditions
are opportunities to address this problem. A general
approach used to tackle the corrosion has been to apply
a surface coating to the cathode materials® that functions as
an HF scavenger to locally neutralize the non-aqueous
electrolyte (Figure 3). Coatings that have been applied, such
as AIF; Li;PO,,”! AIPO,,”" act as a physical barrier that
prevents direct contact between the cathode material and

temperatures.
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Key issues of

Surface Treatment

coating/core-shell
technologies

» MPO, coating »Nanoparticle precipitation
» Sol-gel coating (MOx) - >Homogenous dispersion
» Core-shell »Homogenous coating
»Post-annealing
»Coating concentration

New Electrolytes
» Additives
» Electrolyte composition

J

MetalDoping )
7> Dopant selection

» homogenous mixing
within the precursors ) :

sssssssssylense

Problems: capaclly decrease,
lack of improvement of structural instability

Figure 3. Problems and their solutions for cathode materials under increasing operating voltages and

non-aqueous electrolytes. The surface coating has been
consistently reported to improve the cycle life of lithium-ion
cells, and even to enable the materials to be cycled to a higher
working potential for higher specific capacity with reasonable
capacity retention. The surface coating can be applied by
several methods: sol-gel coating, chemical vapor deposition,
co-precipitation, and other physical deposition techniques.
The methods lead to a thin coating layer, but the complete
coating necessary for the best protection is difficult. There-
fore, these coating techniques have only a limited capability
to prevent the oxygen release from lithium-rich materials and
the oxidation of electrolytes when nickel-rich cathode mate-
rials are charged to a higher potential for higher specific
capacity.

Fabrication of core-shell structured materials is the
conceptual extension of oxide coating, in which the oxide
layer is replaced with a layer of cathode materials having
better thermal stability and better compatibility toward non-
aqueous electrolyte.” In contrast to surface coating, in which
the layer is up to 10 nm thick and the coating is non-uniformly
distributed across the surface, the shell in the core-shell
materials is up to 5 um thick and covers the core uniformly
(Figure 4). Depending on the preparing method, the core and
shell can have the same structure, or heterostructures with
a different core and shell can be formed. In general, the
continuous co-precipitation method leads to the same core
and shell structures in different ratios, but the PVP(polyvinyl
pyrrolidone)-assisted MnO, coating results in spinel-layered
structures (that is, shell-core) for the nickel-based cathode
materials.!

The latest advance in this area is the fabrication of a core—
shell structure by concentration-gradient coating, in which the
concentrations of transition-metal elements are continuously
varied to fine tune the material properties while minimizing
the mismatch of lattice parameters at the interface between
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LiNiO,
(layered)

Figure 4. Schematic view of coating and core—shell cathode materials. In the core—shell
material, the shell structure consists of either a layered or a spinel structure, depending on

the synthetic method.

the core and the shell, thereby ensuring long-term cycling
performance.!*"?]

It should be noted that violent exothermic reactions of the
delithiated cathodes with the electrolytes initiate at the
cathode surfaces and propagate inwards, therefore, it is very
important to introduce a highly stable phase near the surface.
With this feature in mind, the heterostructured core-shell
cathode provides the core layered phase with improved
structural stability when coated by a spinel shell.® Pristine
Liy[Niy7Co,15Mny;5]O, shows two diffraction peaks (108)
and (110) which merged at 200°C, indicating that the layered
phase (Li;_,NiO, (R3m)) decomposed to a cubic spinel phase
Li,Ni,O, (Fd3m) at this temperature. However, for the
corresponding core-shell cathode, the peaks merged 250°C,
showing that the spinel shell greatly improves the structural
stability of the core layered phase.

2.1.2. Lithium Manganese Oxides Spinels

Lithium manganese oxide spinels are another class of
materials that are of considerable interest because of their low
cost, abundant supply, environmental friendliness, good safety
characteristics, and high power capability. A disadvantage is
that lithium manganese oxides can be severely corroded in
acidic electrolyte, especially at elevated temperatures. The
corrosion process can lead to some Mn?" ions being dissolved
in non-aqueous electrolyte.”” The dissolved Mn** ions, whose
reduction potential is about 1.8 V versus Li*/Li, can be easily
reduced and form nanosize metal particles on the surface of
the graphitic anode, compromising its electrochemical per-
formance.’!! Hence, lithium-ion cells using lithium manga-
nese oxides as the cathode and graphite as the anode
generally suffer severe capacity fade at elevated temperatures
because of the migration of Mn from the cathode to the
anode.’? A common approach to improve the cathode
performance is to heavily dope the lithium manganese
oxides with an element having a lower valence state, such as
Lil"®3 or ALP*34 Acoordingly, a higher proportion of Mn**
significantly reduces the reversible capacity.””! Materials with
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good electrochemical performance gener-

oo ! ally have a specific capacity of 80-
ﬂ 100 mAhg™!, which is significantly lower

B
LiNiO,
(layered)

than the theoretical value of the undoped
counterpart. Application of a surface coat-
ing is also widely reported to suppress the
corrosion of lithium manganese oxides in
non-aqueous electrolyte at high temper-
ature and to reduce the detrimental impact
of oxygen release at a high potential.?%+%]
In addition, electrolyte additives that can
form a robust solid-electrolyte interface
are also effective in suppressing the neg-
ative impact of Mn migration from the
cathode to the anode.”

LiNiysMn, 50, is another type of mate-
rial with the spinel structure that delivers
a specific capacity close to its theoretical
value (148 mAhg™") and has a high work-
ing potential at about 4.8V versus Li*/
Li.[23:34.355371 Both features make LiNiysMn, sO, a promising
cathode material for high-energy applications. However, the
working potential of LiNi,sMn, sO, already approaches the
thermodynamic stability limit of carbonate solvents; hence,
a systematic research is needed to develop technologies that
can enhance the compatibility between LiNi;sMn, O, and
non-aqueous electrolyte to give better cycle life and safety
characteristics.

" LiMn,O,
(spinel)

2.1.3. Lithium Transition-Metal Phosphate

LiFePO, was first reported by Goodenough and co-
workers as a potential cathode material for lithium-ion
batteries in 1997 and was considered the safest cathode
material for state-of-the-art lithium-ion batteries. This mate-
rial was originally thought not suitable for high-rate applica-
tions because of its low electronic conductivity and Li* ion
mobility through the LiFePO,/FePO, interface.”® The rate
capability of LiFePO, was finally unlocked after continuous
improvement for almost a decade."% The initial approach to
tackle the low Li* ion mobility through the LiFePO,/FePO,
interface was to develop nano or nano-structured materials to
shorten the Li* ion diffusion path.'***! Meanwhile, a con-
ductive carbon coating was also adopted to improve the
electronic conductivity of LiFePO, particles.'”*! An extra
advantage of the carbon coating is that the carbon can also be
used as the reducing agent for Fe', so that Fe™-based
compounds, such as FePO,, can be used as the precursor to
replace Fe"-based compounds, such as FeC,0,™! Ceder and
co-workers reported that a super high-rate capability of
LiFePO, could be achieved by a non-stoichiometric synthesis
route which generates a special surface coating on the
LiFePO, particles."*

A common initial drawback of lithium-ion cells using
LiFePO,-based cathode materials was limited energy density.
They exhibited a low working potential, about 0.5 V lower
than that of other oxide-based cathode materials. In addition,
nanometer-sized particles were needed to ensure high per-
formance of LiFePO,, further reducing the volumetric energy
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density of the cell. To partially conquer this shortcoming, Sun
and co-workers developed a special synthesis route to prepare
nano-structured LiFePO, with micrometer-sized secondary
particles, nanometer-sized primary particles, and percolated
electrolyte diffusion channels throughout the secondary
particle to facilitate the Li* ion diffusion.”*”! As an alternative
approach to improve the energy density, the Fe in LiFePO,
was replaced with other transition-metals, such as Mn, Co,
and Ni, to raise the working potential.*!

2.2. Anode Materials

The thermal stability of lithiated graphite remains the
biggest concern from the perspective of the battery safety,
especially for large-format lithium-ion cells and battery packs
for automotive and grid applications. For instance, a fully
charged lithium-ion cell can undergo thermal runaway when
exposed to an external temperature of 160°C or above.”) The
thermal runaway involves a set of self-accelerating chemical
reactions, which, once triggered, can generate an exothermic
heat flow that is larger than the heat dissipation rate to the
environment. This excess heat increases the cell temperature,
resulting in accelerated chemical reactions, exothermic heat
flow, and higher temperature. Once triggered without exter-
nal intervention, the thermal runaway will continue until the
reactants are depleted. Chen and co-workers showed that the
exothermal reaction in the temperature range between 110°C
and 180°C observed in lithiated carbon in the presence of
electrolyte was caused by the continuous decomposition/
formation of a solid electrolyte interphase (SEI).! This
exothermic reaction depends mostly on the surface area of
carbon. Higher surface area carbon can result in more SEI
and therefore more heat generation during thermal decom-
position. This initial reaction, which occurs at about 110°C,
can further trigger other exothermal reactions in the cell.
Therefore, the latest work on graphitic anodes mainly focuses
on the development of a stable artificial solid electrolyte
interphase to stabilize the lithiated graphite and improve both
safety and cycling performance.

The solid electrolyte interphase is generally formed
during the initial charging process of a fresh lithium-ion cell
using a graphite anode and an ethylene carbonate/LiPF,-
based non-aqueous electrolyte in the potential window 0.6—
1.3V versus Li*/Li.* Tt is commonly agreed that conven-
tional SEI formed on graphite is generally composed of
organic components and some inorganic components, such as
LiF, Li,O, and Li,COs;; these inorganic components are
insulators to both Li* ions and electrons. Therefore, boron-
based Lewis acid,”! or anion receptors, such as tris(penta-
fluoro phenyl)borane (PTFPB) were proposed as an electro-
lyte additive to dissolve the inorganic components in the
SEL™! As a result, both the rate capability and cycling
performance were improved when the correct amount of
anion receptor was added to the electrolyte.*) When an
excess of anion receptor is added, it tends to promote the
formation of SELM which could be the reason behind the
improved thermal stability of lithiated graphite at elevated
temperatures.[**¢
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The alternative approach is to form an artificial SEI with
better thermal stability at a potential higher than 1.3 V versus
Li*/Li during the initial formation process, in which case the
lithiated graphite is still protected by the artificial SEI even if
the conventional one decomposed under a certain condition.
The class of functional materials that can form the artificial
SEI generally has one or more unsaturated bond and/or cyclic
structure in the molecule, which can be electrochemically
activated to initiate the polymerization reaction on the
surface of the carbon. Some well described materials for
this purpose include 2-vinylpyridine,*” vinylene carbonate,*
vinyl ethylene carbonate,® lithium bis(oxalato)borate,”
lithium  difluoro(oxalato)borate,”  lithium tetrafluoro-
(oxalato)phosphate[ZC21]. The tradeoff for this type of
material is that they generally increase the interfacial
impedance of lithium-ion cells; making some of them
unsuitable for high-power applications. Two promising addi-
tives  worth  mentioning are lithium  difluoro-
(oxalato)boratel™'?! and lithium tetrafluoro-
(oxalato)phosphate,*? both of which provide excellent pro-
tection to improve the cycle life and thermal stability of
lithiated graphite and only a very limited increase in the
interfacial impedance of cells.

From material perspective, silicon-based anodes are the
natural choice for high energy-density batteries. It was
demonstrated in the 1970s that some metallic or semi-metallic
elements alloy with lithium at room temperature in the
presence of a non-aqueous electrolyte. These materials
offered the promise of high theoretical capacity,
900 mAhg™' and above (Figure 5),/ whereas graphite only
has a theoretical capacity of 372 mAhg™'. As an example, the
alloying reaction between Si and Li can lead to a final product
of stoichiometry LiySis, delivering a theoretical capacity of
4200mAhg'. However, their practical utilization in
rechargeable lithium-ion batteries is severely handicapped
because of their huge change in volume (up to 250% )P’
during charge. As a result of such an enormous volume
change, for instance, a 40 um bulk Si anode electrode
increases its thickness to over 150 um, Si cannot be used in
the cell alone. If we consider the available empty volume in
the cell and that volume expansion of graphite is less than
20 %, then the Si expansion that can be tolerated is less than
40% . In addition, if nanosized Si powder is used, even with
a carbon coating, the resulting electrode density is lower than
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Figure 5. Specific capacities and capacity densities for selected alloying
reactions. Values for graphite are given as a reference. Copyright
Royal Society of Chemistry.
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its high surface area, gas generation due to % j
side reactions with the electrolytes is inevi-
table. In this regard, composites of Si nano-
particles and graphite have been reported.*
However, although the composite capacity
was over 1000 mAhg™!, its capacity retention
was not noticeably improved. This is because
when carbon is coated on the aggregated Si

Heat flow (Wig)

Sio

Graphite

nanoparticles, the uncoated Si nanoparticles 0
are pulverized and thus lost to its electrical c)
conduction network. Accordingly, composites

with carbon and various morphologies on the 30

Si nanostructures, such as nanowires, porous
Si, and nanotubes have been published.™
Alternatively, SiO anodes have been
widely investigated recently as an alternative
choice to replace Si. It has been proposed that
SiO consists of two phases: amorphous Si
domains and amorphous SiO, domains

Heat flow (Wig)

Porous Si bulk particles
coated with carbon

Si nanoparticles
with C coating

(random mixed model).’® Both of these two 100
domains react electrochemically with lithium.
One of the most plausible reaction mecha-
nisms is as follows:*”! Amorphous Si domains:
Si + xLi* + xe =Li,Si, Amorphous SiO,
domains: SiO, + yLi* + ye =Li,O and Li
silicates. The Li,O and lithium silicates serve
as the amorphous matrix phase. Accordingly,
the volume-expansion ratio is expected to be
reduced, compared with Si.

Previously graphite-based anodes have been reported as
a source of thermal runaway although the cathode plays
a dominant role in such processes. In this regard, it is
important to pay attention to the Si anode and whether it is
thermally stable in the fully charged states (Li,,Si). Figure 6
shows differential scanning calorimeter (DSC) profiles of
graphite, Si, and SiO anodes after full lithiation to 0 Vat 0.1 C.
LisC begins to undergo exothermic decomposition reactions
at around 150°C (onset temperature). In the case of etched Si
nanoparticles decomposition starts at approximately 190°C,
followed by a very sharp peak centered at 210°C. Such a peak
height is similar to that observed in the nickel-rich cathodes
that underwent in thermal runaway. In the case of SiO, the
onset temperature and peak height is similar to graphite, but
compared to Si, it shows a much improved thermal stability.
In the case of chemically etched bulk Si particles with
a carbon coating, the exothermic reaction starts at about
200°C, followed by continuous further exothermic reactions.
However, with the carbon coating, although there is a new
peak at about 150°C which may be due to reactions with an
amorphous carbon layer and the electrolyte, the peak height
was significantly suppressed. This result clearly indicates that
Li,,Si alloys are thermally unstable, showing violent exother-
mic reactions.

One striking feature is that after thermal annealing at
400°C using Liy;Si soaked in electrolytes, the X-ray diffrac-
tion (XRD) patterns are completely different to the pristine
samples (Figure 7). First amorphous SiO was converted into
the crystalline phases of Li,O5 (Li,COs), Li,Si, (Li;,Si;, Li;Sis,

10°Cmin".
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Figure 6. DSC scans of a) graphite (LiCy), b) SiO, ¢) Si nanoparticles with carbon coating
(carbon was coated after etching), d) porous bulk Si particles with carbon coating. Si-

containing samples (b, ¢, and d) were extracted from the half cells after full lithiation (0V,
0.1C) and DSC was measured, after samples were soaked in electrolyte, at a scan rate of

Li,Si,, Li,Si), LiOH, Li,SiO;, and Li,SiO,. Previously, it has
been proposed that amorphous SiO changed to amorphous
Li,SiO,, Li,SiOs, and Li,Si after full lithiation.”*"®l However,
no direct evidence for the formation of such phases has been
reported. Thermal annealing induces the nucleation of the
amorphous phase to form more-stable crystalline phases. The
Li,;Si completely decomposed to Li,Si, phases. It is notice-
able that porous bulk Si particles show a much decreased
formation of the Li,O; phase compared to Si nanoparticles.
This result means that porous bulk Si particles are more
thermally stable than Si nanoparticles.

2.3. Safety Inspired Electrolytes

Even though sophisticated internal and external protec-
tion mechanisms are used in lithium-ion battery packs, some
lithium-ion cells can still undergo thermal runaway in
unpredictable situations. It is possible that a failed cell
could rupture, and the flame can spread across the battery
pack, leading to failure of the whole pack. An electrolyte with
low flammability is highly desirable to localize the damage to
the individual cell in the event of one cell failing. The
approach to tackle this issue is to replace the liquid electrolyte
with a solid polymer electrolyte to avoid liquid leakage.”®
However, solid polymer electrolytes have low ionic conduc-
tivity at room temperature, and their application is generally
limited to high-energy lithium-ion batteries that will be
charge/discharged slowly. Gel electrolytes are a compromise
approach between the solid polymer and liquid electrolyte; in
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Figure 7. XRD patterns a) before and b) after DSC scans, of etched Si
nanoparticles, porous bulk Si particles, and SiO. All the samples were
taken from the hermetically sealed DSC pans after DSC runs

(Figure 6).

a gel electrolyte a polymer is used as a flexible framework to
host a liquid electrolyte to take advantage of the liquid-free
properties of the solid polymer and good ionic conductivity of
the liquid.”**>* Alternatively, a fire retardant can be used as
an electrolyte additive to quench the fire or reduce the
flammability of solvent vapor in case of the cell venting.* In
this section, electrolyte technologies related to functional
additives, flame-retarding materials,’®"! and ionic liquids' for
safe batteries are presented.

The non-aqueous electrolyte used in lithium-ion batteries
generally contains a certain amount of lithium salt, for
example, 1.2m LiPF, in a solvent mixture of a linear
carbonate, such as ethyl methyl carbonate (EMC), and
a cyclic carbonate, such as ethylene carbonate (EC). As
a rule of thumb, a linear carbonate is selected for its low
viscosity for faster lithium-ion diffusion in the electrolyte;
a cyclic carbonate is desired for its high dielectric constant to
reduce ion pairing or to increase the mobility of ions in the
electric field. A non-aqueous electrolyte is an electrical
insulator and able to shuttle Li* ions between the cathode and
the anode. When a lithium-ion cell fails, the electrolyte
participates in all the reactions inside the cell, leading to
unsafe conditions. Therefore, the electrolyte is a key feature
of battery safety. Battery safety is related to the detrimental
response of lithium-ion cells at unusual conditions, such as
high temperature, short circuits, overcharging, and physical
damage, which can lead to self-accelerating reactions, as well
as fire and explosion. In the following discussion, we focus on
the chemical design that is needed to enhance the safety
characteristics of lithium-ion batteries by changing or adding
materials that alter the chemistry to the lithium-ion cell.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3.1. Additives for the Solid—Electrolyte Interface

Current lithium-ion batteries are sensitive to temperature,
and they can only work properly in a narrow temperature
range. For instance, a fully charged lithium-ion cell will likely
undergo thermal runaway when exposed to an external
temperature of 160°C or above.”! The thermal runaway
involves a set of self-accelerating chemical reactions, which,
once triggered, can generate an exothermic heat flow that is
larger than the heat dissipation rate to the environment. This
excess heat increases the cell temperature, resulting in
accelerated chemical reactions, further exothermic heat
flow, and higher temperature. Once triggered without exter-
nal intervention, the thermal runaway will continue until the
reactants have been depleted. Therefore, improving the
thermal stability of the solid—electrolyte interface on graphite
is critical for a safe lithium-ion cell. The solid—electrolyte
interface is generally formed during the initial charging of
a fresh lithium-ion cell containing a graphite anode and
ethylene carbonate/LiPF¢-based non-aqueous electrolyte in
the potential window of 0.6-1.3V versus Li*/Li.[® The
conventional solid—electrolyte interface formed on graphite
generally consists of organic components and some inorganic
components such as LiF, Li,O, and Li,CO, (Figure 8'*); these
inorganic components are insulators to both Li* ions and
electrons. Therefore, boron-based Lewis acids™** or anion
receptors, such as tris(pentafluoro phenyl) borane, ! were
proposed as an electrolyte additive to dissolve the inorganic
components at the solid-electrolyte interface.

Li,0
&"')CO, -

Li,0

Li;,0 4HECO,
Graphite I{ N
%

Li intercalation

: ,oo..
Lo SSS

typically 30-50 nm

Figure 8. Schematic representation of the chemical composition of the
solid—electrolyte interface at the surface of a graphite anode.*! Copy-
right Royal Society of Chemistry.

As a result, the rate capability and cycling performance
were improved when the correct amount of anion receptor
was added to the electrolyte./*!! The anion receptor tends to
promote the formation of the solid—electrolyte interface,®*!
which can improve the thermal stability of lithiated graphite
at elevated temperature.*8 An alternative approach is to
develop electrolyte additives that can be electrochemically
activated at a potential higher than 1.3 V versus Li*/Li during
the initial process, thereby forming a robust/stable artificial
solid—electrolyte interface underneath the conventional one.
In this case, the lithiated graphite is still protected by the
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artificial solid—electrolyte interface, even if the conventional
one were to decompose. This class of electrolyte additive
generally has one or more unsaturated bond and/or a cyclic
molecular structure, which can be electrochemically activated
to initiate the polymerization of the electrode surface. Some
additives reported for this purpose include 2-vinylpyridine,*!
vinylene carbonate,® vinyl ethylene carbonate,® lithium
bis(oxalato)borate,°-4-¢7) lithium difluoro(oxalato)-
borate,1%431*%] and lithium tetrafluoro(oxalato)phosphate.
The tradeoff of this type of additive is that they generally
increase the interfacial impedance of lithium-ion -cells,
making them inadequate for high-power applications. Two
of these additives are particularly promising, lithium difluoro-
(oxalato)borate!®! and lithium tetrafluoro-
(oxalato)phosphate,” both of which provide excellent pro-
tection to improve the cycle life and thermal stability of
lithiated graphite with only a very limited increase in the cell
interfacial impedance.

2.3.2. Redox Shuttles

Overcharging can dangerously damage lithium-ion cells
or batteries. It can lead to chemical and electrochemical
reactions between cell components, gas release, and rapid
increase of cell temperature, and it can also trigger self-
accelerating reactions in batteries that can lead to thermal
runaway and possible explosion. A redox shuttle is an
electrolyte additive that can be reversibly oxidized/reduced
at a characteristic potential and provides intrinsic overcharge
protection for lithium-ion batteries. The redox shuttle mole-
cule (S) has a defined redox potential at which it can be
oxidized on the cathode and form a radical cation (S'*)

[Eq. (D]

S-St +e ey

The radical cation then migrates to the anode through the
electrolyte and is reduced [Eq. (2)]:

S*te —S 2)

The redox shuttle molecule then diffuses back to the cathode
for the next redox cycle. During normal operation, the redox
potential is not reached, and the redox shuttle molecules stay
inactive. When the cell is overcharged, the potential of the
cathode increases, and the redox cycle of the redox shuttle
molecules is then activated. The net reaction of the redox
cycle is to shuttle the charge forced by the external circuit
through the lithium-ion cell without forcing intercalation/
deintercalation of the lithium in the electrodes. The research
on redox shuttles for overcharge protection of lithium-ion
batteries can be traced back to the 1980s, when Behl et al.
reported that I~ has its first oxidation potential at about
3.25V versus Li*/Li and, hence, is suitable for overcharge
protection of 3V class lithium-ion batteries.*! Aromatic
compounds were first proposed as promising redox shuttles
for overcharge protection of 4 V class lithium-ion batteries in
1999." However, the first stable aromatic redox shuttle, 2,5-
di-tert-butyl-1,4-dimethoxy, was only reported in 2005 by
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Chen and co-workers.”"! Its redox potential is about 3.96 V
versus Li*/Li, resulting in unprecedented stability as a redox
shuttle for lithium-ion cells. Since then, several promising
redox shuttles have been identified to provide overcharge
protection of 4 V class cathode materials.***""72 Although
promising data have been obtained for various redox shuttle
candidates, their practical utilization in lithium-ion cells
hasn’t been demonstrated to date. The first issue is the heat
generation when the redox shuttle is activated.™ If the heat
generated from the shuttle mechanism cannot be efficiently
dispersed, then it can drive the cell into thermal runaway. In
addition, the redox shuttle generally has limited solubility in
non-aqueous electrolyte, and the maximum overcharge
current that can be handled by redox shuttles is generally
less than 1C."%7 Establishment of their structure—property
relationships will also be important for designing stable redox
shuttles with higher redox potential to accommodate the
newly developed high-voltage cathodes.”*!

2.3.3. Flame-Retarding Solvents

Phosphorous flame retardants have been widely consid-
ered as an additive to reduce flammability on the electrolyte
because of their self-extinguishing properties; they can
scavenge the active hydrogen radicals that contribute to the
combustion chain reaction. The basic mechanism of flame
retardants can be explained by gas-phase radical quenching
and thermal shielding. Phosphorous compounds are trans-
ferred into the gas phase at elevated temperature. The
evaporated flame retardants undergo homolytic cleavage and
lead to the formation of P radicals ([P-based solvent],,—
PO) that can scavenge selectively the active hydrogen and
oxygen radicals produced by the combustion of organic
solvents. The phosphoric acid formed by the reaction of P
radicals with organic solvents (PO* + OH'—HPO, + 2OH'—
H,;PO,) becomes polyphosphoric acid at elevated temper-
ature and makes a thermal insulation barrier (called char)
between burned and non-burned parts by the condensation
reaction (Figure 9). The resulting char shields the non-burned
parts from heat and oxygen transfer, and effectively impedes
the combustion chain reaction of electrolyte decomposition.
Trimethyl phosphate (TMP) is an effective flame retardant
because of its high phosphorous content and low boiling point
of 197°C, compared to other phosphorous fire-retarding
additives.[*14™

2.3.4. lonic Liquids

To improve the safety of batteries, much effort has been
devoted to reducing volatility and flammability of organic
liquid electrolytes.™ Mixed electrolytes containing 40 wt %
or more of N-methyl-N-propylpiperidinium bis(trifluorome-
thane sulfonyl) imide (MPPpTFSI), an ionic liquid (IL), were
found to be non-flammable and have good discharge capaci-
ties comparable to IL-free electrolytes in Li-ion cells.™ In
this regard, ILs may help to address the safety problem as
they are practically non-flammable,"*”” and may drastically
reduce the risk of thermal runaway. These properties can
provide the lithium battery with the level of safety required
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0, Li/Li* when a graphitized carbon anode is
> charged.” The reductive decomposition of
0 - “ ol PO 5?:: 20H- ILs on an anode surface, which restricts their
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~o z \/:cavengzing applications, is closely linked to the structure
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Figure 9. Schematic representation of the non-flammability of electrolytes: a) Thermal
decomposition of conventional electrolyte based on carbonate solvents. b) Flame
retarding by phosphorous flame retardant (FR) containing electrolyte. c) Suppression of

combustion reactions by an ionic liquid-based electrolyte.

for large-scale applications including electric vehicles and
smart grids.

The main cause of thermal instability of lithium-ion
batteries is a vigorous and exothermic reaction between the
electrolyte and the delithiated Li;, ,CoO, cathode.””® It has
been reported that an exothermic reaction is observed at
250°C, for Li;sCoQO, in the absence of an electrolyte, whereas
a pronounced exotherm of approximately 800 Jg~' cathode
with an onset temperature of 175°C is observed in the
presence of the EC/DMC electrolyte.’ In contrast, ILs with
TFSI or tetrafluoroborate (BF,”) anions impede the onset of
exothermic decomposition of chemically delithiated
Liy4CoO, and slightly reduce the exothermic heat."™
Although ILs containing dicyanamide (N(CN),”) or bis-
(fluorosulfonyl)imide ([(FSO,),N]~, FSI) exhibit considera-
ble exothermic heat of 1500 to 2000 Jg~' cathode compared
to EC/DMC and other ILs,”! the onset temperature for the
exothermic processes of ethylmethylimidazolium (EMI)-
based ILs with the FSI anion was higher than that of EC/
DMC in the presence of delithiated Lij 44C0O,."* ILs hardly
evaporate and hence delithiated Li, 4, CoO, is covered with IL
of the liquid phase at elevated temperatures. The addition of
ILs into the electrolyte solution can retard the heat evolution
from the exothermic reaction between IL and delithiated
Li, ,CoO, cathode.™ As a co-solvent in EC/EMC with 1.3m
LiPF,, ILs, such as EMITFSI and MPPpTFSI,
were reported to decrease the flammability of

hinder reductive decomposition of ILs.) It is
clearly seen that the use of piperidinium
cations instead of pyrrolidinium and quater-
nary ammonium cations results in superior
anodic stability. Moreover, BF,™ ion containing
ILs undergo electrochemical reduction readily
compared to non-nucleophilic anions, such as
TFSI and tris(pentafluoroethyl)trifluorophos-
phate (FAP). This situation indicates that the
BF,” ion is prone to consume the electrons that should be
utilized for Li intercalation into a graphite anode. To suppress
the reductive decomposition of ILs upon charging, SEI
forming additives, such as vinylene carbonate™ or fluoro-
ethylene carbonate® have been used.

The drawbacks of ILs, which include high viscosity leading
to poor wettability of the composite electrodes used in LIBs,
poor low-temperature performances, and very high prices,
extremely restricts their application in LIBs.**! Despite these
problems, the electrolytes based on ILs are promising
contenders in the design of safe batteries. Recently, lithium
batteries using oxygen from air at the cathode, have attracted
world-wide attention. In this open system, the use of electro-
lytes with low volatility is strictly required. With this in mind,
ILs have been investigated as a nonvolatile electrolyte solvent
for Li-Air batteries.®

3. Lithium—Sulfur and Lithium-Air Batteries
3.1. From Intercalation to Integration
Intercalation-based lithium-ion batteries will eventually

reach their energy storage limits. Although superior to any
other commercial rechargeable battery in terms of energy

. 1.0 5
electrolytes and to reduce the exothermic heat 3 . Cﬁ -9 .
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The limiting reactions of ILs in the cathode > 0.4 3 ZHntD ased ST AN
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stability windows were previously explored.” T 0,0 3 FQC_"_“‘ B —
A key issue that should be overcome is the 0.2 3
cathodic stability of ILs in connection with the 0.4 _ nv\ e
anode side in LIBs. In principle, ionic liquids 0.6 3 P'Pe”"'"'"“‘ ased MLTES
are very unstable at the potential of lithium 0.0 ' ' 14

reduction; the cations are very sensitive to
electron injection.™ For instance, the typical
ionic-liquid cation, EMI, is stable up to
a cathodic potential of around 1.0 V versus
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Figure 10. Differential capacity (dQ/dV) versus cell potential for half cells of graphite/Li
with DMC/IL (3/7, v/v)/1 m LiTFSI during the first Li intercalation.
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storage, it will be difficult to achieve long driving ranges, such
as 500 km, required for transport applications, with these
batteries. New systems are being sought for the next-
generation batteries to provide much higher energy storage,
and reduced cost, which move beyond intercalation chemistry
into the realms of “integration” chemistry. Conventional
lithium-ion batteries (LIBs) are based on intercalation
electrodes which exhibit dual electronic-ionic conductivity,
and an interstitial filled crystalline structure that reversibly
(de)inserts Li ions with minimal structural change. These
characteristics were once believed indispensible qualities for
electrode materials to function for LIBs. To significantly
increase the energy storage requires a decrease in the number
of, and/or atomic weight of, atoms per Li exchanged, Fig-
ure 11a. This requirement cannot be fulfilled with a crystal
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Figure 11. a) Formula weight of the non-lithium components of active
electrode materials per mole of electrons passed. b) Capacity per
weight and volume of lithiated (filled symbols) and delithiated (open
symbols) active material. For LiCoO,, 0.5 Li per formula unit is
assumed to be cycled on charge/discharge. The delithiated state for Li
and Li,O, is taken as zero mass and volume.

structure that remains stable. Examples are the alloying or
conversion reactions in which repeated discharge/charge
cycles involve major structural changes often necessitating
the use of nanostructured materials.®® Major structural
changes also occur during the electrochemical reactions in
Li-Air® and Li-S® batteries, in which new compounds are
formed. The volume changes in going from the charged to
discharged states are illustrated in Figure 11b. It must be
recognized that as one electrode expands the other contracts.
Therefore, if a cell can be designed in which the volume
change at one electrode can off-set, in part, the volume
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change at the other electrode, then the overall cell volume
may remain constant.

The high theoretical specific energy (energy stored per
unit mass) of the Li—Air and Li-S cells, compared with Li-ion
cells, Table 1, arises because Li metal is used instead of
a graphite anode and Li,O,/LiOH/Li,S store more charge per
unit mass than intercalation cathodes, such as LiCoO, or

Table 1: Data for several electrochemical reactions that form the basis of
energy-storage devices.

Battery Cell Theoretical Theoretical
Voltage specific energy  energy density
] Whkg™] WhL™]
Li ion: 3.8 387 1015
1/, CeLi 4 LigsCoO,
23C + LiCoO,
Li-S: 22 2567 219981 (Li+ Li,S)
2Li + S=Li,S
Li-O, (non-aqueous): 3.0 3505 343619 (Li+ Li,0,)
2Li + 0,=Li,0,
Li-O, (aqueous): 3.2 3582 22341 (Li+H,0+
2Li + 40, + H,0 LiOH)
=2 LioHY

[a] Based on volume of ZnO at the end of discharge. [b] Based on the
sum of the volumes of Li at the beginning and Li,S at the end of
discharge. [c] Based on the sum of the volumes of Li at the beginning and
Li,O, at the end of discharge. [d] Assuming the product is anhydrous
LiOH and alkaline conditions. [e] Based on the sum of the volumes of Li
+ H,O consumed and the LiOH at the end of discharge.

LiFePO, (Figure 11a). However, practical energy storage will
be lower than the theoretical values in Table 1. The cathode
cannot consist only of Li,O,, LiOH, or Li,S but must include
a conductive matrix within which the active discharged
products form, thus adding mass and volume to the cathode.
Although Li metal is an attractive anode because of its high
theoretical specific energy, in practice it reacts with the
electrolyte forming a solid electrolyte interface (SEI) layer
composed of lithium salts. Such passivation is essential for the
functioning of the Li anode but continuous reformation of the
SEI layer on each charge/discharge cycle inevitably consumes
lithium, resulting in the need to include excess lithium to
obtain a reasonable number of cycles. Of course, as for all
cells, further reduction in energy storage arises from the
inclusion of current collectors and packaging.

In the case of air-based cathodes the need for gas diffusion
channels transporting the air to the cathode surface must also
be taken into account. One potential advantage is that such
gas channels also provide cooling, avoiding the need for
additional cooling vents in large batteries. The practical
specific energies anticipated for a Li-air cell are shown in
Figure 12 where they are compared with several other battery
technologies. Since few, if any, realistic prototypes for Li-air
cells have yet been constructed, the values presented should
only be regarded as very rough estimates based on scaling
down from the theoretical specific energy by the factor used
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Figure 12. Estimated practical specific energies for future rechargeable
batteries in comparison to established systems. For future technolo-
gies, a range of anticipated specific energies is given.
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for Li-S cells, for which realistic prototypes do exist.”*! They
show a considerable reduction in specific energy from theory
to practice but also that the estimated practical specific
energies are significantly higher than those for alternative
battery technologies. It should also be noted that the greatest
improvement of the Li-air battery over the Li-ion battery is
seen in the specific energy, the energy densities (volumetric)
may be similar or only marginally higher (Table1 and
Figure 12).

3.2. Lithium-Sulfur Battery

The sulfur molecule (Sg)—eight sulfur atoms arranged in
a puckered ring—represents the most stable configuration of
sulfur at standard temperature and pressure (STP). The a-
sulfur phase has a “crankshaft” structure with the space group
of Fddd-D,,, as shown in Figure 13.%") One unit cell contains
16 molecules, and the density of a-sulfur is 2.07 gcm . On
increasing the temperature, molten sulfur exhibits a sudden
increase of viscosity near 159°C, often termed as the “A
temperature”, where the Sg rings start to be cleaved and
polymerize into long chains.® The lowest viscosity of molten

Figure 13. The “crankshaft” structure of orthorhombic a-sulfur. The
section in the outlined square corresponds to one unit cell.
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sulfur is thus obtained around 155°C before the polymeri-
zation begins.

The lost cost of elemental sulfur has (about $150 per ton)
has made it attractive for many uses in the past thousand
years. Its first critical application was for war: as an ingredient
in “feu grégeois” (Greek Fire), whose secret composition
(sulfur + carbon) was critical for the survival of the Byzantine
Empire, and in gun powder. Herbet et al. first conceived
elemental sulfur as a positive electrode in 1962.”7 A sulfur
electrode has many valuable characteristics, such as low
equivalent weight, high capacity, low cost, and nontoxicity.
Considerable efforts have been devoted to alkali-metal—
sulfur energy-storage systems, such as Na-S batteries,”!
which operate at 300-350°C and Li-S batteries operating at
room temperature. In a Li-S cell, the overall redox couple,
described by the reaction Sg + 16 Li<—8Li,S lies at an average
voltage of approximately 2.15V with respect to Li'/Li,
a potential about 2/3 of that exhibited by intercalation
positive electrodes. However, this is offset by the theoretical
specific capacity afforded by the non-topotactic integration
process, of 1672 mAhg’l, the highest value for any known
solid cathode materials. Theoretical values can approach
2500 Whkg™' or 2800 WhL™! on a weight or volume basis,
respectively,® assuming complete reaction to Li,S. The
energy density (WhL™") and specific energy (Whkg™') is the
product of the cell voltage (V) and the specific and volumetric
capacity (mAhg™' or mAhcm™) based on the total mass of
cathode and anode (S + 2 Li). Thus, compared to conventional
LIB, Li-S batteries have the opportunity to provide an energy
density at least five-times higher at a much lower cost.

3.2.1. Challenges of Li-S Batteries

Despite the considerable advantages of the Li-S battery, it
is plagued with problems that have prevented its practical
realization until recently. The first challenge is low conduc-
tivity. It is well-known that both sulfur and its insoluble
discharge products are excellent electronic insulators and
sulfur is not ionically conductive either.”” This necessitates
the connection of the active mass with substantial amounts of
electronic conductors, such as carbon or metals, and a fluid
electrolyte or efficient ionic conductors. A high ratio (Am ™)
of contact area over the sulfur mass is required to achieve
good conductivity, and the particle size of the sulfur active
mass needs to be minimized to reduce the diffusion paths.

Various challenges arise from the solubility of the poly-
sulfide ions (S,””) formed on reduction of Sg or upon
oxidation of insoluble sulfides.” Polysulfide ions can diffuse
through the electrolyte onto the lithium anode and directly
react with lithium in a parasitic reaction, which can result in
the formation of dendrites and cause depletion of the lithium
electrode.” Secondly, dissolution leads to a polysulfide
shuttle phenomenon. Polysulfide (S,) ions of longer chains
diffuse to the lithium negative electrode where lower order
polysulfides (S,_,) form. S,_, ions diffuse back to the positive
electrode and are re-oxidized back into S,. The above process
takes place repeatedly, thus creating an internal “shuttle”
phenomenon which markedly reduces the coulombic effi-
ciency (discharge capacity/charge capacity). This also can
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cause an internal current and consequently self discharge,
evidenced by shelf voltage degradation.” On the other hand,
such “redox” shuttles provide intrinsic overcharge tolerance
for Li-S batteries.””) Mathematical modeling has yielded
a good quantitative understanding of the shuttle phenomenon
in Li-S batteries.”! The modeling encompasses theoretical
models of the charge process, charge and discharge capacity,
thermal effects, self-discharge, and a comparison of simulated
and experimental data. The study provides evidence that self-
discharge, charge—discharge efficiency, and overcharge pro-
tection are all facets of the same phenomenon. Thirdly, on the
completion of each cycle, polysulfides in solution are reduced
to insoluble Li,S, and/or Li,S and can be deposited back onto
the electronic conductors in the cathode. These sulfides
gradually form agglomerates over prolonged cycling,” which
become electrochemically inaccessible and cause active mass
loss, capacity fading, and build-up of impedance layers. The
sulfur electrode—where most of the problems originate—is
believed to be the key to improving Li-S batteries. Innova-
tions of electrolytes and Li anode are also necessary to make
the Li-S battery a secure, reliable, and efficient technology.

3.2.2. Carbon—Sulfur Positive Electrodes

Carbonaceous materials are extensively employed as
conductors in the battery industry, and they play a crucial
role in the sulfur electrode. In the earliest Li-S cell config-
uration, bulk carbon and sulfur powder was simply mixed
together to form an electrode. These cells suffered low
capacity, and poor discharge/cycle efficiency. To obtain good
conductivity, additional carbon was added, which decreased
the energy density of the cells. Peled et al. first described the
concept of loading sulfur into the porous structure of carbon
materials to form more efficient electronic contact.""’] Much
more recently, carbon coatings (18 nm thick), sputtered onto
a sulfur cathode,'” have been used to similar effect. These
cathodes exhibit a very high capacity of 1178 mAhg™" on first
discharge but considerable fading. Impedance measurements
showed that the interfacial resistance of the non-coated sulfur
cathode increased substantially after 50 cycles while the
carbon-coated sulfur cathode exhibited somewhat less inter-
facial resistance. However, it was not revealed if the carbon
layer simply functions as a physical barrier to prevent
polysulfide ions from diffusion.

Qiu et al. studied sulfur/multiwalled carbon nanotube
(MWCNT) composites, but they focused on MWCNT-core/
sulfur-shell structures instead of pore filling."®” These systems
have limitations. The surface area and pore volume of CNTs
are typically less than 350 m’g™' and 0.5cm’®g' respec-
tively,'*] which restricts the capacity for the active mass that
can be accommodated. Second, the 1D structure of CNTs is
generally less favorable for Li-ion diffusion, compared to
a 3D case. Moreover, the tubes are normally several microns
long, which may induce discontinuous sulfur loading. Third,
the diameter of CNTs—typically several tens of nanome-
ters—is larger than ideal. A departure from typical MWCNT-
S composites is provided by the recent work of Wang et al.,
who reported on sulfur-impregnated “disordered” carbon
nanotubes (DCNTs) prepared by a template wetting method
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utilizing anodic aluminum oxide membranes."™ To bind the
sulfur to the semi-graphitized DCNTSs, a heating step (up to
500°C) was employed, with the aim of chemically trapping
sulfur as “S,” molecules within the graphitic clusters of the
DCNTs. Heat treatment at 500°C (compared to 160°C), was
beneficial for capacity stabilization; electrodes showed reten-
tion up to 73% over 100cycles at intermediate rates.
However, these high-temperature composites contain only
40 wt % sulfur, and a very significant drop was noted on the
first cycle owing to excess sulfur on the surface on the DCNTs.

Carbon nanofibers have also been used as conducting
wires;['®! although recent improvements in nanofiber tech-
nologies, through electrospinning, and in methods for sulfur
deposition have greatly increased the electrochemical perfor-
mance. Capacities are reported up to 1100 mAhg™' at a rate
of C/10 in porous carbon/sulfur nanofibers."® If sulfur is
loaded into hollow carbon nanofiber tubes, an S-C-S core—
shell structure will form. This was nicely demonstrated by Cui
etal., for hollow carbon nanofiber arrays fabricated using
anodized aluminum oxide templates, they reported a capacity
of 750 mAhg™" at C/5 after 150 cycles. Such porous and/or
hollow carbon nanofiber materials offer inexpensive process-
ing and low-cost materials if thin-film deposition methods can
be avoided.

The popularity of graphene has resulted in promising new
approaches for the encapsulation of sulfur particles within
graphene oxide and graphene-based carbon materials.'"”)
These have employed different “rational design syntheses”
to prepare a variety of composites. They include functional-
ized graphene sheets that sandwich sulfur particles incorpo-
rated by melt-treatment to create a 3D architecture with
70 wt % sulfur;"" and graphene-oxide sheets that envelope
sulfur nanoparticles prepared by the deposition of sulfur by
reduction of precursors from solution.'’*¥ In the latter
materials, sulfur contents vary from 66-70 wt %< to up to
87 wt %179 and particularly robust cycling stability was
observed in ionic liquid/polyethyleneglycol dimethyl ether
(PEGDME) electrolytes over 50 cycles at a C/10 rate, at
a capacity of 950 mA hg= 1"l The “oxo” functional groups
on the graphene oxides appear to play a significant role in
binding polysulfide ions and providing a barrier to dissolu-
tion. The wide range of graphene/graphene oxide composi-
tions allowed by this route, and the ability to tune the
functional chemistry and also incorporate high sulfur/carbon
content make this an appealing and flexible platform for
future work.

Most recently, mesoporous carbons have found great
applications in Li-S batteries. A carbon with a pore size less
than 3 nm was employed in a sulfur electrode described by
Gao et al.'®! Upon sulfur loading, the surface area dramat-
ically decreased from 1473 m?g~! carbon to
24 m?g~! composite (57 wt% sulfur), which suggests not
only a successful sulfur loading but also that the pores are
nearly completely filled. The composite exhibits an initial
discharge capacity of 740 mAhg™' (down to a potential of
1.5 V versus Li'/Li). Surprisingly, the electrode with 75 wt %
sulfur could not be recharged.

Much attention has been focused on improving the
electronic contact in carbon-sulfur composite electrodes.
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Recently, ionic transportation has been taken into account as
well. Liang et al. reported a carbon-sulfur nanocomposite
based on a hierarchically structured micro-mesoporous
carbon.'” A mesoporous carbon was treated by a post
activation method to generate micropores in the carbon walls.
Sulfur was loaded, but only into the micropores, by a wet-
impregnation method (Figure 14). The empty mesopores
accommodate the soluble polysulfide ions formed during
cycling.

MPC Activated MPC

I

charge

Figure 14. lllustration of the S/C composite cathode material with
bimodal porous carbon as the support. MPC=mesoporous carbon.'™
Copyright Royal Society of Chemistry.

Utilization of sulfur is strongly affected by the percentage
of active mass in the electrode. The composite containing
51.5wt% sulfur exhibits a first discharge capacity of
818 mAhg™' (obtained at a potential of 1.2 V versus Li*/Li).
At a sulfur loading of 11.7 wt %, a capacity of 1584 mAhg™!
(95 % sulfur utilization) is achieved in the first cycle at a very
high current rate of 2500 mA g~'. Rapid capacity fading is
observed for this composite. Importantly, the carbon-sulfur
composite based on microporous carbon exhibits inferior
performance compared to its mesoporous carbon counter-
part: its first discharge capacity is only 388 mAhg'. This
might suggest that sulfur-stuffed micropores would not
provide good ionic conductivity, although this has been
contradicted by later reports (see below).

Some of the best electrochemical properties reported for
carbon-sulfur composites are exhibited by ordered, inter-
woven carbon-sulfur composites that are composed of high
pore-volume carbons with bicontinuous nanostructures.
These studies began with investigations of a carbon known
as CMK-3."% Sulfur is readily incorporated from the melt by
capillary forces. The impregnation temperature is optimal at
155°C where the viscosity of molten sulfur is the lowest. With
this impregnation method, the percentage of active mass can
be precisely controlled. Excess pore volume in the nano-
composite can be precisely tuned to provide pathways for
electrolyte/Li" ingress and to accommodate the active mass
volume expansion during cycling. The conductive carbon
framework constrains the sulfur within its channels and
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generates the essential electrical contact (Figure 15). Kinetic
inhibition to diffusion within the framework and the sorption
properties of the carbon aid in trapping the polysulfides
formed during redox. Thus immobilized, full reduction to
Li,S,/Li,S (or oxidation to Sg on charging) is achieved within
the carbon framework.

Sixtal

000 XX )
0000 *Li, 0000
00000 - 00000
0000 0000

000 000

Figure 15. Schematic representation of sulfur (yellow) confined in the
interconnected pore structure of the mesoporous carbon, CMK-3,
formed from carbon tubes that are held apart by carbon nanofibers to
form channels. The view is down the channels. Lower panels represent
subsequent discharging—charging of sulfur with Li, illustrating the
strategy of pore filling to tune for volume-expansion/contraction.
Copyright Nature Publishing Group.

Remarkably stable and excellent electrochemical behav-
ior has been reported, for example, by two groups that have
generated small-pore carbon spheres impregnated with sulfur
by sublimation. In the one study, the carbon spheres had
a 3nm pore outer shell that housed a hollow interior;'"!
whereas in the other, the carbon pore size was less than
1.5 nm, and permeated the entire carbon sphere."'” In this
system, a stable capacity of 800mAhg™' over 100 cycles was
reported at current densities as high as 400mAhg~!, although
the sulfur content was only 42 wt%. Much higher sulfur
content was achievable in the mesoporous-shell carbon
spheres with the hollow interior, presumably because of
their ability to absorb sulfur within the interior (up to
70 wt %), with reported capacities of 970mAhg' at a C/2
rate with 91% capacity retention over 100 cycles. This
promising approach is only limited by the apparent difficulty
of imbibing the sulfur vapor through the porous shell into the
interior, a process which required three “passes” to complete;
nonetheless it suggests that polysulfide diffusion can be
retained with such tailored design concepts.

3.2.3. Catholyte Cells

Another configuration for Li-S batteries is the “all liquid”
system, first reported by Rauh et al.,['™®! that relies on the high
solubility of polysulfide ions which function as the initial
positive electrode, and are dissolved in an organic electrolyte.
To increase the energy density of the cell, a high concen-
tration of polysulfide ions is preferred. THF can dissolve
polysulfide ions at an equivalent concentration of 20m sulfur.
However, the high viscosity of the concentrated polysulfide
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solution may lead to much decreased ionic conductivity. Co-
solvents (e.g. toluene) can be added to the electrolyte to
decrease the viscosity and thus increase the conductivity.
Electrolyte additives are also used to maintain solubility and
increase the fraction of active species in solution.['*¥

On the anode side, self-discharge of 0.5 % per day at 25°C
and 4.4 % per day at 71 °C, which is caused by the polysulfide
shuttle mechanism, is observed. This represents more rapid
self-discharge compared to other cell configurations. Self-
discharge is closely related to the Li anode corrosion caused
by the soluble polysulfide ions that forms a Li,S/Li,S, solid
electrolyte interface (SEI) film on the Li anode surface, as
shown by many impedance studies.""”) However, the SEI
cannot prevent further Li anode corrosion because the
polysulfide ions can react with Li,S/Li,S, in the SEI to form
polysulfide ions of shorter chains which diffuse into the
electrolyte, resulting in a “cleaned” Li surface. The partially
clean Li anode can react with polysulfide ions to again form
the Li,S/Li,S, SEI. The SEI is thus in a dynamic equilibrium
state. This process occurs repetitively, which causes continu-
ous corrosion of the Li anode. These reactions lead to a high
concentration of short polysulfide ions on the anode side,
which promotes the shuttle phenomenon. The corrosion rate
can be reduced by employing polysulfide ions of low order.
This approach is effective because of the lower electromotive
force that describes the reactions between shorter polysulfide
ions and Li,S/Li,S, in the SELF*! For example, the corrosion
rate in a solution of Li,S4¢ decreases by five orders compared
to elemental sulfur. If the polysulfide positive electrode is in
excess compared to the Li electrode, the Li anode may be
depleted by the corrosion. On the cathode side, although the
positive electrode is in solution at the initial stage, insoluble
sulfides are deposited extensively onto the current collector in
the last stage of the discharge process, forming thick sulfide
agglomerates.''"! This leads to the loss of active mass on the
positive electrode.

An “all liquid” system cannot solve the problems of Li-S
cells—neither at the cathode side nor at the anode side—and
falls short of the mark for stable long-term electrochemical
performance.

3.2.4. Lithium Anode Protection

The Li negative electrode is problematic for any Li
(metal) battery system owing to the possibility of dendrite
formation during the charge process (Li deposition), which
can cause short-circuits. Problems of anode corrosion and
polysulfide shuttling further necessitate Li anode protection
for Li-S batteries. A protective layer should be able to protect
the Li metal from reacting with the other battery components
while providing high ionic conductivity to facilitate high
performance of the battery. A solid electrolyte interface (SEI)
as a protection layer can be formed simply by reacting lithium
insitu with the electrolyte or an oxidative species in
a controlled reaction.!'’”! Polymer protection layers can be
formed by a ultra-violet curing method.™® Very recently,
Mikhaylik, Aurbach et al. discovered that the positive effect
of a LiNO; additive in the electrolyte mainly lies in the
protective film of Li,NO, and/or Li,SO, on the Li anode.""")
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Detailed surface-science studies show these films are formed
by the reactions of NO;™ ions directly with the Li anode or
with other species which are formed on the Li anode by
reactions with the electrolyte solvent or the salt (i.e.,
TFSI)."” The layers formed by these controlled reactions
are typically porous structures that contain defects which
allow polysulfide ions to diffuse to the Li metal surface. The
SEI structure may deteriorate as a result of self-discharge
reactions. Pre-formed impervious protection layers have also
been intensively sought. Lithium phosphorus oxynitride
(LiPON) is one such material that has been investigated as
a potential Li-electrolyte for solid-state lithium microbatter-
ies. The sputtering of a protective LiPON layer on a Li anode
was first described by Bates in 1994.2!l Later, Visco and Chu
described a plasma approach to form a glass protection layer
on alkali metals.'"”?! However, the lithium anode must have
a very clean and smooth surface, which is very challenging for
commercial Li foils. To solve this problem, Visco and Tsang
reversed the procedure sequence to form LiPON protected
Li. Instead of sputtering LiPON onto the Li anode, Li is
sputtered onto a LiIPON protection layer which is pre-formed
on a smooth silicon substrate to obtain a high quality film.">!
Protection membranes with multiple layers have been
described as well."*

3.2.5. New Electrolytes for the Sulfur Battery

Tonic liquids as alternative electrolytes exhibit many
desirable characteristics, such as non-flammability, low
vapor pressure, good thermal stability, and high Li-salt
solubility. However, ionic liquids based on imidazolium
cations, such as ethylmethylimidazolium (EMI), typically
have very poor stability at voltages below 1.1 V versus Li*/Li,
owing to their propensity for reduction.”! This is problem-
atic for applications in Li-S batteries. Cairns et al. reported
that the compatibility of ionic-liquid electrolytes towards the
Li anode can be improved by the addition of PEGDME or
tetracthyleneglycol dimethyl ether (TEGDME) into the
electrolyte.'”) Ai et al. reported that the methylbutyl piper-
idinium cation based ionic liquid (PP14-TFSI), which has
a wide potential window from —0.15 to 5.2 V versus Li*/Li, is
quite stable with respect to the lithium anode.'””! Cyclic
voltammograms of sulfur/carbon electrodes in this ionic liquid
electrolyte show unique reduction behavior which is different
from that in organic electrolytes. The difference is possibly
caused by the low solubility of polysulfide ions in ionic liquids,
although this has not been proved directly. As mentioned
above, rather stable cycling behavior has been observed in
such systems.['"’]

Sulfide glasses such as Li,S-SiS, and Li,S-P,Ss are good
room-temperature lithium-ion conductors.'®! By using
80 mol % Li,S-20 mol % P,Ss glass as an electrolyte, Hayashi
et al. prepared an all-solid sulfur cell in which the cathode
(sulfur and copper) exhibits a stabilized discharge capacity of
650 mAhg™' for 20 cycles.'”) A thio-LISICON electrolyte
has also been employed in an all-solid sulfur cell.™™ Most
recently, the glass ceramic 80 Li,S-20P,S; electrolyte compo-
sitions (which rely on Li;,P;S,; as the active ion conductor)
have been employed very successfully in solid-state Li-S cells

www.angewandte.org 10009


http://www.angewandte.org

10010 www.angewandte.org

Angewandte

Reviews

with a sulfur—carbon positive electrode, and a Li-In alloy
negative electrode. These cells retained a remarkable rever-
sible capacity of over 850 mAhg~' with stable cycling over
200 cycles at moderate current densities of 333 mA g~'.['3!

Arabinda et al. described the use of ion-selective mem-
branes as a functional separator between the anode and
cathode in 1974."% The separator is designed to be only a Li-
ion conductor which effectively blocks polysulfide-ion diffu-
sion. These membranes are made of synthetic polyelectrolytes
which typically contain a large number of sulfonated groups,
such as SO;™. Loosely bound Li" ions function as the
counterions. In the battery, Li ions readily diffuse into
electrolyte because of the concentration gradient, which
renders the separator net negatively charged. Thus, negatively
charged polysulfide ions are electrostatically repelled by the
separator. Polymers containing fluorine were also investi-
gated as separator materials, which showed some improved
results (probably related to their hydrophobic nature) com-
pared to non-fluorinated polymers.['*”

3.3. Lithium-Air (O,) Battery
3.3.1. Operation and Energy Storage

Non-aqueous and aqueous Li-air cells were first described
by Abraham™* and Visco,!'* respectively (Figure 16). On
discharge, the lithium-metal anode is oxidized releasing Li*
ions into the electrolyte and O, from the air is reduced in the
pores of the cathode, which are flooded with electrolyte.
When a suitable non-aqueous electrolyte is used, O,* is
formed and combines with Li* to precipitate Li,O, as the final
product in the pores of the cathode. Charging involves
oxidation of the Li,O, to reform Li* and O,.'* The overall
cell reaction is 2Li* + O, + 2e*™+=Li,0, and corresponds to
a theoretical open circuit voltage of 2.96 V versus Li*/Li.'*”!
In the case of an aqueous electrolyte, OH™ and then LiOH
form on discharge, the LiOH being oxidized on charging.!'**!
The overall cell reaction is in this case 2Li* + '/, O, + H,0 +
2e =2LiOH, corresponding to a theoretical open circuit
voltage of 3.35 V.'*l It should be noted that the electrolyte
solvent, H,O, is involved in the cell reaction and this is
sometimes referred to as a Li-water battery. The aqueous Li—
air battery can also operate in acidic media, where the overall
cell reactionis 2Li + ', O, + 2 AH=2 ALi + H,O and with an

non-aqueous aqueous

e porous porous
I\‘ cathode ® Cathode
L g'%ou © LiOH
I Ljt € r{ —
[¢ \‘ 02

*0, evolution
ceramic  conductor electrode
Li* conductor
2Li*+2e +%0,+H,0
<= 2 LiOH

2Li*+2e+0, == Liy0,

Figure 16. Schematic representation of aqueous and non-aqueous Li—
air cells.
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open circuit potential of 4.07 V in the case of AH being acetic
acid.'"" However, many other organic and inorganic acids
have been considered.""!! The aqueous Li battery concept has
recently been extended to the use of redox couples, such as
Fe(NO,),/Fe(NQ,), instead of O,, by Goodenough et al.'*!
To date, most of the effort on aqueous Li-air batteries has
focused on alkaline electrolytes, and this is reflected in this
Review.

3.3.2. The Non-Aqueous Li-Air Cell

Transforming the Li-air battery from theory to practice
presents a number of scientific and technological challenges;
several of the most significant are shown in Figure 17. To
operate the cell in air, H,O and CO, must not be allowed to
enter the porous cathode, thus preventing formation of LiIOH
and Li,COs;. Zhang and co-workers have examined protecting
the cathode with hydrophobic membranes, such as poly-
methylsiloxane and silicalite!*! or Melinex (DuPont), a poly-
ester—polyethylene glycol co-polymer, or high-density poly-
ethylene films."'? Using such an approach, it was possible to
discharge a cell in ambient air with 20 % relative humidity for
one month.!"? These results indicate progress is possible but
more work is required to optimize membranes that will block
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Figure 17. Challenges facing the non-aqueous Li-air battery. Key perfor-
mance properties: capacity, polarization, rate capability, and capacity
fading. Data taken from a cell with an organic carbonate electrolyte,
Li/1™m LiPFg in propylene carbonate/(Super P/Kynar/a-MnO, nano-
wires).'] Use of more stable ether electrolytes, for example, glymes
reduces, although does not eliminate, capacity fading."**"*% Image of
Li dendrites taken from Ref. [151]. Copyright: Royal Society of Chemis-
try, American Chemical Society, Elsevier, and The Electrochemical
Society.
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CO, and H,O while allowing facile O, transport. Carbon has
been the material of choice from which to form porous
electrodes for fuel cells and metal-air batteries because it is of
low cost, high conductivity, and is ease of processing. Aside
from the nature of the substrate, the design of the porous
electrode presents multiple challenges.'*! If Li,O, forms as
a film on the electrode, being an insulator, it may slow the rate
of reaction, even at a film thickness of only a few tens of
nm.!'**! However, studies to date suggest that the formed
Li,O, has a morphology of micron-sized toroidal particles
made up of smaller primary particles, so such limitations may
not occur in practice.'"” If the pores are large then much of
the volume of the electrode may be inactive, if they are too
small, Li,O, may block the entrances to the pores. It is
anticipated that a narrow pore size distribution within the
range 10-100 nm will be optimal.'**+14] However, it is also
important to avoid electrolyte evaporation at the gas inter-
face, thus tapered pores that narrow towards the gas interface
may offer an advantage. To ensure facile transport of O, to the
electrode surface, a gas-diffusion electrode is desirable within
which O, is transported as far as possible in the gas phase
before it enters the electrolyte near the site of reduction on
the electrode surface. In aqueous systems this is achieved by
a porous electrode which has hydrophilic and hydrophobic
channels, the former filled with electrolyte and the latter
acting as gas diffusion channels. This is more difficult to
arrange in a non-aqueous system and emphasizes the
important issue of the electrolyte wetting the electrode
surface. If a catalyst is also to be used, then consideration
must be given to its particle size and distribution (loading) on
the surfaces of the porous electrode.!'” “Catalysts” have been
employed extensively in porous cathodes for non-aqueous Li—
air cells.1¥148]

However, early studies were carried out in electrolytes
that are now known to be unstable, for example, organic
carbonates, and it is now recognized in these cases that
catalytic electrolyte decomposition is the dominant process.
Although the absence of Li,O, formation in organic carbo-
nates on discharge precludes studying the effect of a “catalyst”
on Li,O, formation using such solvents, this may not be the
case for Li,O, oxidation.'***!%81l Differential electrochemical
mass spectrometry (DEMS) has shown that oxidation of an
electrode containing Li,O, in a propylene carbonate based
electrolyte evolves only O, The study included several
first-row transition-metal oxides and concluded that the
lowest charging voltage was obtained with a-MnO, nanowires
loaded onto carbon.!¥>1#d Comparison with the kinetics of
H,0, decomposition in an aqueous environment using the
same series of compounds, demonstrated similar trends.!'*
However, recent studied by McCloskey et al. suggest that
there is no catalytic effect on Li,O, oxidation.*? More work
is required to better understand the kinetics of Li,O,
formation and decomposition and the possible role of
a catalyst.

Currently, the electrolyte is a major focus of research.?
The Li-air battery imposes more requirements on the
electrolyte than Li-ion cells (see Figure 17). These are
a) high Li"-ion conductivity, b) stability to oxidation and
reduction within the voltage range of the cell, c) safety,
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d) sufficient O, solubility and diffusivity to enable high rates,
e) low volatility to avoid evaporation at the interface with the
gas phase, f) chemical stability towards reduced O, species,
g) favorable interaction with intermediates and Li,O, to allow
for fast formation and decomposition of Li,O, at high packing
density, h) a deformable electrode to adapt to the shape
changes during formation/disappearance of Li,O,. The five
requirements (d) to (h) are in combination unique to Li-air
chemistry and impose conflicting requirements on the mate-
rials. The challenge is formidable. Early studies of the non-
aqueous Li—air batteries employed organic carbonate electro-
lytes because of their low volatility, compatibility with Li
metal, and high oxidation stability (greater than 4.5 V versus
Li*/Li, which was necessary to charge the cells). However,
previous investigation of O, as a contaminant in organic
carbonate electrolytes in Li-ion batteries has shown evidence
of electrolyte instability and this has since been confirmed by
several research groups in the context of the Li-O, bat-
tery.'"*131 Using a combination of techniques including
FTIR, surface-enhanced Raman spectroscopy (SERS),
DEMS, and NMR spectroscopy it has been shown that in
electrolytes, such as LiPFy in propylene carbonate, on
discharge, O, is first reduced to O, which, being a strong
nucleophile, attacks the organic carbonate molecule leading
ultimately to the formation of compounds such as C;Hg-
(0CO,Li),, Li,CO;3, HCO,Li, CH;CO,Li, CO,, and H,O; the
exact species formed and their relative ratios depending on
the specific organic carbonate. O, attack on organic carbo-
nates was not unexpected but the ability of Li-air cells to
cycle encouraged the belief that, in addition to electrolyte
degradation, reversible Li,O, formation/decomposition was
occurring. However, recent SERS and DEMS studies also
show that there is little or no evidence of Li,O, formation.['*’]
Instead, the ability to charge the cell depends on the
decomposition of the solid products that accumulate in the
electrode on discharge. Cycling involves the repeated decom-
position of the electrolyte on discharge and then oxidation of
the decomposition products on charging, that is, back-to-back
irreversible reactions."*! This situation explains the observa-
tion that Li—air cells with such electrolytes can sustain several
tens of cycles. A variety of ether-based electrolytes both linear
(e.g. CH;0(CH,CH,0),CH,) and cyclic (e.g. 1,3-dioxolane;
C,0,H;) have been studied and, as expected, exhibit greater
stability towards reduced oxygen species than the organic
carbonates.1#>1015%e1941 1§ O, js formed on the first discharge
but is accompanied by side reactions.*>* !> The formation of
Li,O, is not reversible, with up to 40 % loss on the first cycle in
dimethoxyethane (DME) being reported.!***! Li,O, forma-
tion is no longer evident after a few cycles." Amide-based
electrolytes, such as dimethylformamide, show greater stabil-
ity than ethers, nevertheless a degree of decomposition
impedes prolonged cyclability.'"! Identifying electrolytes
that are stable towards reduced oxygen species and that
permit reversible Li,O, formation, which can be sustained on
cycling without significant side reactions, is one of the major
challenges in this field at present. Increasingly, computational
methods are used to gain insight into solvent stability and to
identify promising directions.'**'* Electrolytes other than
the conventional non-aqueous liquids discussed above have
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been explored. Ionic-liquid electrolytes based on 1-ethyl-3-
methyl imidizolium bis(trifluoromethane sulfonyl) imide,
owing to its hydrophobicity, permitted discharge of a Li-air
cell for 56 days in air.® ¥ Work on liquid ethers has been
extended to siloxane-modified ethers!™™ and higher molec-
ular weight solid polyethers, for example, poly(ethylene
oxide) ([CH,CH,0],).*” For the solid polyethers, charging
between 3.1 and 3.2 V versus Li*/Li was reported.

Li"-ion conducting ceramic electrolytes, specifically
18.5Li,0:6.07 AL,0;:37.05Ge0,:37.05P,05 (LAGP) have
been used in a Li-O, cell and demonstrated operation for
up to 40 cycles at elevated temperatures (30-105°C)."*"l More
work is needed on all these less-conventional electrolytes to
give stable cycling and demonstrate whether or not Li,O, is
forming with high purity and decomposes reversibly on
cycling. Particularly in the case of a solid electrolyte, the
question of how solid Li,O, forms in significant quantities
remains to be clarified.

Although not a practical electrolyte, LiClO, in CH;CN
has been used to carry out SERS and DEMS studies of the
fundamental reactions involved in O, reduction to Li,O, and
its oxidation on Au, Figure 18.°% Such studies are in accord
with electrochemical measurements. The mechanistic steps on
reduction are given by Equations (3a—c):

O,+e — 0O, (3a)
0, +Li* — LiO, (3b)
2LiO, — Li,0, + O, (3¢c)

Several studies suggest also the direct reductions
[Eq. (3d,e) can occur.!*"1>%161]

LiO, + Li* + e~ — Li,O, (3d)

Li,O, + Li* + e~ — 2Li,O (3e)

The reaction in Equation (3d) occurs at lower voltages
than that in (3a)!'®¥ and there has, to date, been only
speculation for the formation of Li,O. Oxidation of Li,O,
follows Equation (4).

Li,O, —»2Li* +2e + O, (4)

It is noteworthy that oxidation does not proceed by the
reverse pathway to reduction, this relates to the separation of
the charge and discharge voltages, even when the electrolyte
itself is stable.['*%

There is no doubt that the lithium-metal anode presents
a formidable challenge. In addition to the cycling inefficiency
necessitating excess Li, O, can transfer from cathode to anode
and react with the lithium metal. A solid electrolyte capable
of conducting Li* ions can be placed between the Li and the
liquid electrolyte in an attempt to address these prob-
lems. 1314016821 §ych a protected lithium anode is essential for
aqueous Li—air systems, it has been a major focus of attention
in that field, and will be discussed in more detail below. An
alternative approach is to replace the Li metal with Si or
Sn.'*! However, these materials would have to be alloyed
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Figure 18. In situ surface-enhanced Raman spectroscopy during O,
reduction and re-oxidation on Au in O,-saturated 0.1m LiClIO, in
CH,CN. Spectra collected at a series of times and at the reducing
potential of 2.2 V versus Li/Li* followed by another spectrum after
subsequent oxidation at 4.4 V. The signals are assigned as follows:
1) C—C symmetric stretch of CH;CN at 918 cm™', 2) O—O stretch of
LiO, at 1137 cm™', 3) O—O stretch of Li,O, at 808 cm™'; 4) CI-O
stretch of CIO,™ at 931 cm~'.I*%

with Li prior to cell assembly or the cells fabricated in the
discharged state (with Li,O, already in the cathode). Of
course, Si and Sn have their own challenges in terms of
stability and cycling efficiency. Clearly the anode will be
a major focus of investigation in the future and indeed interest
in the Li-O, cells is prompting a renaissance of interest in
lithium-metal anodes.

The current focus is largely on rechargeable, rather than
primary, Li-air cells, driven by the future needs for energy
storage. Much of the above discussion, especially regarding
electrolyte and electrode stability, relates to rechargeable
Li—air batteries. For a primary battery, it may not matter if
the electrolyte decomposes on discharge. For a rechargeable
Li-air battery, the lesson we must learn from the experience
with organic carbonate electrolytes is that observing electro-
chemical rechargeability alone is not proof of reversibility. A
truly rechargeable battery must be based on highly reversible
reactions at the electrodes. No reaction leads to products that
are 100% pure or is 100% reversible, however if the
electrode reactions are accompanied by significant side
reactions (electrolyte decomposition) and even if the decom-
position products can themselves be decomposed on charging,
eventually the electrolyte will be consumed and the battery
will fail. As a result, for a rechargeable Li-air battery, it is
important to demonstrate that Li,O, is formed in high purity
on discharge, can be oxidized on charging, and that this is can
be sustained on cycling. A combination of electrical measure-
ments and spectroscopic methods is essential to demonstrate
a truly rechargeable Li-air battery.

3.3.3. The Aqueous Li-Air cell

The challenges facing the aqueous cell are shown in
Figure 19. Although it is not necessary to protect the cathode
from ingress of H,O, (although of course it is important not to
lose/gain H,O from the cell to ensure water balance) CO,
must still be avoided, therefore a membrane covering the
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Figure 19. Challenges facing the aqueous Li-air battery.

cathode and blocking CO, while allowing facile transport of
O, is important.

The most widely used aqueous electrolytes are alkaline
solutions, in which the discharge product at the cathode is
LiOH. Saturation of LiOH is reached at 5.3 molL™!, corre-
sponding to a specific capacity of only around 170 mAhg™
(based on electrolyte alone) that is, barely more than
a lithium-ion cell. To access higher capacities, a flow-cell
design, in which the electrolyte is constantly replenished with
a fresh solution, has been proposed; the same authors have
also proposed recharging by collecting the LiOH, extracting
lithium metal, then mechanically replacing the anode.!¥1%4l
Otherwise, to obtain high capacities, it is necessary to allow
the LiOH to precipitate. To avoid solid LiOH blocking the
pores of the cathode, an anionic exchange membrane is
employed to separate the cathode from the electrolyte
(Figure 19).%%! Such a membrane permits OH™ ions gener-
ated in the porous cathode on discharge to be transported out
into the bulk electrolyte, while preventing the Li* ions from
entering the cathode, hence LiOH precipitates outside the
porous cathode. Without the need to accommodate a solid
discharge product, as in the case of non-aqueous Li-air
battery, the porous cathode design can be somewhat simpli-
fied and is much closer to the gas-diffusion electrode familiar
in aqueous-based fuel cells and other aqueous metal-air
batteries."*® The key design principles of the porous
electrode are efficient O, transport in the gas-diffusion
channels and exchange of O, between these channels and
the electrolyte near the sites of the O, reduction catalyst on
the electrode surface, good dispersion of the catalyst, and
a high active surface area. To charge the cell, a third (O,
evolution) electrode is located in the bulk electrolyte outside
the cathode.'™ Cheap and efficient O, reduction and
evolution catalysts are required. Separation of the oxygen
reduction and evolution electrodes permits the use of differ-
ent catalysts for each electrode. Moreover, basic conditions
allow for non-precious metal catalysts.'*” It is interesting to
note that recent progress with grapheme-based electrode
materials has led to metal-free and therefore cheap electrodes
for acidic Li-air cells."® This development permits access to
higher energy densities, as a result of the increased thermo-
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dynamic voltage in acidic media and higher solubility of the
products.

A major focus of attention has been the lithium-metal
anode protected by a lithium-ion conducting ceramic electro-
lyte. The most commonly used ceramic membrane is LISI-
CON with the composition Lig ., AlLTi, ,Si Ps_,,O;, (mar-
keted by Ohara Incorporated, Japan).'” Although it is of
course essential to protect the lithium-metal anode in an
aqueous cell, such a ceramic membrane is not without its
challenges. LISICON is reduced in contact with Li’ and the
Li/ceramic interface is difficult to cycle. Efforts to address
these issues involve introducing an interlayer of LIPON!3"!
or a thin film of a non-aqueous liquid or gel electrolyte.*!
However, such liquid or gel electrolytes introduce the Li
cycling problems mentioned above. Furthermore, the alkaline
electrolyte can attack the ceramic membrane resulting in an
increase in the interfacial impedance and therefore the
overall impedance of the cell. The membrane can become
clogged with precipitated LiOH. Both protection of the
membrane from strongly basic conditions and the avoidance
of LiOH deposition can be achieved using a Li*-conducting
polymer on the electrolyte side of the ceramic.'*® The
necessity for these numerous layers introduces considerable
complexity. There remains much scope for new protective
membranes that can address the challenges just described.
Nevertheless the aqueous lithium-air cell is a potentially
promising approach and small prototypes have shown the
ability to sustain several hundred cycles, albeit at relatively
modest capacities. Such cycling has indicated that the charge-
discharge voltage separation can be as low as 0.3 V at current
density of 0.1 mAcm 2 or 0.9 Vat 0.5 mAcm 2

4. Electric Double-Layer Capacitors
4.1. General Principles and Cell Construction

In the simplest configuration an electric double-layer
capacitor (EDLC) consists of two electrodes immersed into
electrolyte and separated by an ion-conducting but electron-
insulating membrane. Upon the application of a potential to
one of the electrodes the ions of the opposite sign accumulate
on its surface in a quantity proportional to the applied
voltage, forming a so-called electrical double layer. This
double layer consists of an electrical space charge from the
electrode side and an ion space charge from the electrolyte
side."® The charge storage mechanism in pure EDLC is non-
Faradaic, which means that during charging and discharging
of this device no charge transfer takes place across the
electrode/electrolyte interface and the energy storage is
electrostatic in nature.

Apart from electrostatic ion adsorption, carbon materials
with functional groups on their surfaces may additionally
exhibit chemical interactions with selected electrolytes, which
involve fast and often reversible charge-transfer reactions
between the carbon surface and the electrolyte ions. Such
processes are called Faradaic. The adsorption of ions under
the application of an electric field could be described by an
adsorption isotherm, which describes the surface coverage of
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the adsorbed species at constant temperature as a function of
their concentration, controlled by the applied voltage.'*] At
a constant temperature and voltage, the coverage of the
surface by ions is controlled by the balance between the
changes in entropy and enthalpy of a system. If the enthalpy
of ion—carbon electrode interactions deviates weakly from its
average value, the accumulated surface charge will strongly
depend on the applied voltage and the pseudocapacitance will
exhibit a sharp peak at certain voltage values as typically
observed in batteries.'”) Many pseudocapacitive materials
(including transition-metal oxides, conductive polymers, and
functionalized or doped carbons) may show a very broad
capacitance peak or demonstrate almost no dependence of
the pseudocapacitance on the applied voltage."”>"!l This
situation may indicate that the pseudocapacitive ion-adsorp-
tion sites have a very broad distribution of enthalpies. Some
authors employ the “pseudocapacitance” designation only
when the charge accumulated during Faradaic processes is
a continuous and, ideally, a linear function of the applied
voltage. In this case, experimental differentiation between
non-Faradaic electrostatic ion adsorption and a fast Faradaic
electrochemical ion adsorption becomes particularly difficult.

The energy density of an EDLC is determined by the
capacitance of positive and negative electrodes and the
maximum voltage, at which the device can be operated

[Eq. (5)].

c.C
EDLC __ -+ EDLC)2
E - <C7 + C+> (Vmax ) (5)

To maximize the energy of an EDLC the capacitance of
both electrodes should be the same. In this case [Eq. (6)]:

1
EEDLC — z C(VEB(LC)Z (6)

The maximum voltage is generally determined by the
stability window (from the lowest stable potential V"™ to
the highest stable potential V""" of the selected electro-
lyte. Impurities and functional groups on carbon, however,
may catalyze electrolyte decomposition and increase V., "
or decrease V"™, thus lowering EDLC maximum voltage
and energy density. The Supporting Information provides
a brief discussion of routes to maximize the EDLC voltage
(Supporting Information, Figure S1).

4.2. Electrolyte—Electrode Interactions

Traditionally, a Helmholtz electric double layer consisting
of solvated ions was used to understand the energy-storage
mechanism. Solvated ions were often believed not to enter
the pores if their size exceeded the pore dimensions. How-
ever, by studying over 30 different porous carbons in KOH
electrolyte it was found that the specific surface area (SSA) of
the carbon does not have a clear correlation with the specific
capacitance.”” Furthermore, increasing SSA with a simulta-
neous increase in the average pore size was shown not to
increase the specific capacitance either.'” Another study
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investigated the correlation of the pore size and SSA
accessible to N, gas with that accessible by positive and
negative ions in both aqueous and organic electrolytes.!™
The study concluded that a distortion of solvation shells is
dependent on both the ion and the solvent. In 2006 two
research groups!'’* observed significant enhancement of the
specific capacitance in small micropores, in which the ion
solvation shell becomes highly distorted and partially remov-
ed.™ The resulting smaller charge-separation distance
between the ion centers and the pore walls leads to greatly
increased capacitance.'"*!”! Yet, when the pore size becomes
smaller than the critical (often unsolvated) ion size, the access
of the ions into the pores becomes limited"’**'"! and,
additionally, the transport of ions inside such pores becomes
slow.

A recent study revealed the significant effect of pore
tortuosity on slowing down the transport of ions within
carbon nanopores.'’””! Electrochemical impedance spectros-
copy measurements and cyclic voltammetry studies showed
up to three orders of magnitude enhancements in the ion
transport and frequency response accompanying the micro-
pore alignment and a decrease in the concentration of
obstacles for ion diffusion. The positive effect of electrolyte
wetting on the carbon surface has been discussed in many
publications.'™® Improved electrolyte wetting behavior com-
monly improves the charge—discharge rate and allows higher
specific capacitance values to be achieved. Furthermore,
defects on the surface of the carbon were proposed to interact
with the solvation shells of the ions, decreasing the average
carbon-surface—ion separation distance, and thereby increas-
ing specific capacitance!'””)

4.3. Electrode Materials

To clearly distinguish capacitor-type electrochemical
energy storage from battery-type systems described in other
sections of this Review, we focus only on devices containing
pure-carbon electrodes exhibiting primarily a non-Faradaic
double-layer energy-storage mechanism. Various types of
carbon materials with high surface area, high electrical
conductivity, as well as a range of shapes, sizes, and pore
size distributions could be synthesized on a large commercial
scale. Some common examples of such carbons include:
activated carbon, carbide derived carbon (CDC), zeolite-
templated carbon (ZTC), graphene, carbon nanotubes,
carbon onions, and carbon aerogels (Figure 20, and 21 and
Table 2). However, in this Section, we focus on recent
progresses on carbon nanotubes and graphene.

4.3.1. Carbon Nanotubes

Carbon nanotubes (CNTs; Figure 19¢) have relatively
low BET SSA, low density (which may thus lead to a low
volumetric capacitance), and are typically difficult to process
into thick electrodes using conventional electrode prepara-
tion methods. However, they offer very high electrical
conductivity and open porosity, which may allow fast ion
transport and thus high power characteristics of EDLCs. One
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Figure 20. Electron microscopy images of high surface area carbon materials: a) SEM of active
carbon fibers.™ b) SEM of templated carbide-derived carbon."®"! ¢) TEM of carbide-derived
carbon nanoparticles." d) SEM of zeolite-templated carbon.l'” e) SEM of vertically aligned
MWCNTs.'"® f) TEM of multi-layer graphene flakes."™ g) TEM of carbon onions.'”*! h) SEM of
carbon aerogel particles."®! Copyright: American Chemical Society, Elsevier, The Electrochemical

Society, and John Wiley & Sons, Inc.
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Figure 21. Schematic representation of the pore structure for two
classes of structured porous carbons: a) template carbide-derived
carbonl™"13 and b) zeolite-templated carbon."®”! Copyright: American
Chemical Society, Elsevier, and John Wiley & Sons, Inc.

Table 2: Selected properties of some of the nanostructured carbon
materials used in EDLCs.

Carbon electrode SBET Capacitance Capacitance

material [m?g™] in organic and  in aqueous
IL electrolytes  electrolytes
[Fgl [Fg]

Activated carbon (AC) 800-3500  50-300 50-300

Carbide-derived 600-2800 70-180 60-220

carbon (CDC)

Zeolite-templated 1000-3600  80-190 150-340

carbon (ZTC)

Carbon nanotube (CNT)  400-1200 15-100 15-210

Graphene 300-3100  100-240 40-220

Onion-like carbon 400-650 20-60 15-50

(OLQ)

Carbon aerogel 100-1000  7-80 20-190

of the earliest studies describing the abilities of thin CNT-
based EDLC electrodes to provide high power and high rate
performance was reported in 1997.0% In this study multi-
walled CNTs (MWCNTSs) with an average diameter of 8 nm
were treated in nitric acid and processed into thin (25 pm)
electrodes. When tested in concentrated (38 wt.%) H,SO,
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electrolyte the CNTs showed moder-
ately high specific capacitance of
102 Fg~! but offered a high operating
frequency of up to 100 Hz.I"s®!

SWCNTSs offer higher SSA than
MWCNTs, but tend to bundle and may
contain semiconducting tubes, which is
undesirable for EDLC applications. A
first electrochemical study on single-
walled CNT (SWCNT) bundles having
individual tubes of 1.2-1.4 nm diame-
ter and 10 nm bundle diameter was
reported in 2000.% The SWCNT
bundles were processed into a paper
with a density of 0.3-0.4 gcm™ and
thickness of 25-40 um, in which tubes
hold together purely by van der Waals
interactions. BET SSA of the samples
was not provided. In three-electrode
cells with aqueous electrolytes (1M
NaCl, 7m H,SO,, and 5M KOH) most SWCNT paper samples
showed capacitance ranging from 19 to 26 Fg~' for scan rates
up to 500 mVs~!, with several samples exhibiting capacitance
as high as 30-41 Fg~' in 1m NaCL"! A small capacitance
decrease (less than 15 %) was observed when the sweep rate
was increased from 5 to 500 mV's',['®] which is characteristic
of high-power devices. Broad redox/pseudocapacitive peaks
observed in most SWCNT electrodes because of the presence
of oxygen-containing functional groups could be eliminated
by annealing the material at 900°C in Ar."*)

A follow-up study by the same research group inves-
tigated the electrochemical performance of SWCNT papers
in aqueous (0.1m) solutions of NaCl, CsCl, benzyltriethyl-
ammonium chloride (BTEAC), LiNO;, NaNO,;, Ca(NOs),,
and trimethylammonium nitrate (TMAN), as well as in
organic electrolytes, such as LiClO, and TBATFB in aceto-
nitrile (AN) solvent.””] Interestingly, while no well-defined
Faradaic signals were observed with TBATFB-based electro-
lyte, a LiClO -based electrolyte demonstrated clear reduc-
tion/oxidation responses.'”” Capacitance values similar to
that of Ref. [189] were achieved. This study was also one of
the first that utilized electrochemical quartz-crystal micro-
balance (EQCM) instrumentation, and which detected elec-
trode mass changes of up to around 1% in aqueous electro-
Iytes and in a TEATFB-based organic electrolyte, and up to
about 4% in a 1M LiClO4-based organic electrolyte upon
charging.'™ When used in IL electrolytes with different
anions (such as bis(trifluoromethanesulfonyl) amide (BFSA),
dicyanamide (DCA), hexafluorophosphate (HFP), and p-
tolunesulfonate (PTS)) and cations (such as R,R0O-Imid-
azolium and R,RO-Pyrrolidinium) SWCNT paper demon-
strated capacitance ranging from 14 to 24 Fg~', but offered
a very-high voltage stability window of up to 5.5 V.'!l

The first study of MWCNTs grown directly on conductive
graphite-foil substrates was reported in 2002. Misaligned
MWCNTs with a diameter of 50 nm showed an unusually high
specific capacitance of 116-153 Fg~' in 1m aqueous solution
of H,SO,, and up to 13-79 Fg~" in 0.1m LiClO,-based organic
electrolyte, for sweep rates from 100 to 2 mV's .1 The study
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assumed invariance in the capacitance and mass of graphitic
foil substrates after the CNT growth, which may or may not
be correct.'”” Development of methods to grow CNTs on
bulk metal substrates (such as an Inconel alloy) improved the
current collector/CNT contact resistance and rate capabil-
ity.'? In this study, however, a capacitance of only 18 Fg™
was achieved in 6M KOH electrolyte.'””! In another study,
however, vertically aligned MWCNTSs grown to 0.15 mm on
Inconel foils showed specific capacitance as high as 83 Fg~! at
1mVs™ and 47 Fg™' at 1000 mVs™ in organic electrolyte
based on 1M TEATFB salt solution."® Various MWCNT
electrodes (including those grown directly on Al foil) with
BET SSA ranging from 47 to 1064 m*g~' and a density
ranging from 0.1 to 0.9 gcm >, were also investigated in 1m
TEATFB organic electrolyte.'” As their capacitance values
were quite modest (8-16 Fcm™, over three-times smaller
than that of commercial activated carbons) it was concluded
that this technology would unlikely be acceptable for main-
stream EDLC applications.!™!

Aligned CNT forests (Figure 19¢) provide higher rate
capability than misaligned ones having the same thickness,
this is due to the straight shape of the pores and thus their
lower ionic resistance. However, the as-grown (either aligned
or misaligned) CNT forests generally have very high porosity
(up to 98 % pore volume/empty space) and thus exhibit very
low volumetric capacitance. A simple method to produce
electrodes with greatly enhanced density was proposed in
2006.1" This method described the introduction of liquid into
0.1-1.5 mm long aligned SWCNT forest (2.8 nm average tube
diameter), followed by the evaporation of the liquid, which
causes an electrode densification of over 20 times (to an
average tube separation distance of 0.9 nm) and preserves the
very high degree of tube alignment and high BET SSA of
1000 m? g~ The specific capacitance of densified SWCNT
electrode reached 80 Fg~! in TEATFB-based organic electro-
lyte.[1%]

Significant enhancement of the vertically aligned
MWCNTSs’ capacitance was observed after plasma activa-
tion."” Aligned MWCNT electrodes with approximately
50 nm diameter were synthesized on Ni substrates and
investigated in 6M KOH electrolyte. The ammonia plasma
etching increased the BET SSA from 9.6 to 86.5 m?g ! and
specific capacitance from 37 to 207 Fg~'.”) These values are
unusually high for the modest surface area of these samples
(up to 239 uFcm ™) and thus very promising, but the origin of
such high area-normalized capacitance remains unclear. Yet,
similarly unusually high values of specific capacitance of
plasma-activated MWCNTs were reported in the studies by
another research group.['” The use of oxygen plasma on 0.1-
0.2 mm tall, vertically aligned MWCNT electrodes (5-10 nm
in diameter) resulted in opening of the CNT tips, increasing
the SSA to 400 m*g~', and increasing the number of defects
and functional groups on the tubes’ outer walls, which, in turn,
lead to outstanding specific capacitance (over 400 Fg™) in IL
electrolytes.'”®! This value is significantly higher than that of
similar vertically aligned MWCNTs that were not exposed to
plasma etching/activation (27 Fg~'in ILs,"* and 11-22 Fg'
in 6M KOHP ). Unfortunately, plasma-activated samples
decorated with functional groups may potentially have issues
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with low cycle stability and high leakage current, but such
studies were not presented in either of the reports.':1%l

The CNT-based layer-by-layer (LBL) assembly consists of
the repeated, sequential immersion of a substrate into
different aqueous solutions of functionalized CNTs, some
having only a positive charge (such as amine functional
groups, CNT-NH,) and others having only a negative charge
(such as carboxylic functional groups, CNT-COOH) on their
surface.? Ultra-thin (less than 1 micron) but self-supporting
films could be prepared by cross-linking CNT bi-layers at
temperatures as low as 150 °C.*" The specific capacitance of
LBL CNT films was found to approach 160 Fg™' in 1m
H,SO, " which could be a result of the pseudocapacitive
effect of the functional groups on their surface. Indeed, heat-
treatment of LBL CNTs in an H, atmosphere at 300°C for 3 h
reduced both the amount of functional groups and the
estimated specific capacitance (to 60 Fg).20®]

The binder-free LBL CNT films (up to 3 pm in thickness)
were investigated as a positive electrode in Li-ion battery/
supercapacitor hybrid devices.”*'?l After heat-treatment in
vacuum at 150°C and in H, at 300°C, the LBL CNT films
produced showed significant improvements in electrical
conductivity and mechanical stability. They also demon-
strated unusually high density of 0.8 gcm ™ (their porosity of
30% was significantly smaller than the theoretically possible
value for misaligned CNTs) and contained nearly 11 atom %
oxygen and 4 atom% nitrogen.”¥ Owing to the pseudo-
capacitance induced by the functional groups, the LBL CNT
electrodes demonstrated ultra-high capacitance of 250 Fg ' in
organic electrolyte based on a 1m LiPFy salt dissolved in
a mixture of carbonates when tested in the voltage range from
1.5 to 4.5 versus Li/Li*.?""¥ When LBL CNT films were heat-
treated at 500°C to reduce the number of functional groups,
they showed a reduced specific capacitance of 150 Fg™',
although this is significant when compared to that of CNT-
COOH and CNT-NH, (both less than 100 Fg™'), and of
pristine CNTs (below 50Fg™') bonded together using
20 wt. % PVDF binder. The small capacitance of the func-
tionalized CNTs was explained by the presence of a binder
that blocks access of the Li ions to the functional groups.?"!?!
The LBL CNT film was found to store Li ions up to
a gravimetric capacity of 200mAhg ' and demonstrated
ultra-high power (100 kWkgoyr ') and good cycle life (sev-
eral thousand cycles) in a full cell (LBL CNT vs. Li,Ti;O,
(LTO)) configuration "'l

In contrast to LBL assembling, electrophoretic (EP)
deposition is a significantly faster thin-film fabrication
technique. It involves formation of a good suspension of
(e.g. negatively) charged CNTs and application of an opposite
(e.g. positive) potential (commonly 10-50 V) to a metal
current collector to attract CNTs.”™ The EP CNT films with
moderate capacitance (20 Fg~' in 6M KOH) demonstrated an
operating frequency in excess of 1000 Hz (the “knee”
frequency in the impedance plot was about 7500 Hz) and
a power density in excess of 20 kW kg~1.20%

Formation of a highly concentrated (such as 27 mg per
mL) colloidal suspension of MWCNT in dimethylformamide
(DMF) was shown to produce thin, locally aligned MWCNT
sheets if the suspension is deposited on Ni foil and dried.”*
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While the specific capacitance of the produced sub-um
electrodes was modest (20 Fg~! in 6m KOH electrolyte), the
sheet resistance of the electrodes was low and their power
characteristics were very high (30 kWkg™").?%!

4.3.2. Graphene

One of the first studies of graphene structures (Fig-
ure 20f) in different electrolytes was reported in 2008.2%
Graphene was prepared by thermal exfoliation of graphitic
oxide (GO) at 1050°C, which resulted in a material with BET
SSA of 925m?*g'. The specific capacitance of graphene
electrode in 1M H,SO, (100-117 Fg ! for sweep rates ranging
from 1 to 0.01 Vs~! for exfoliated GO) compared favorably
with that of onion like carbon (OLC;35Fg™"), MWCNT (8-
14 Fg™), and SWCNT (50-70 Fg ). In ionic liquid (N-butyl-
N-methylpyrrolidinium  bis(trifluoromethanesulfonyl)imide
or PYR,,TFSI), exfoliated and reduced GO exhibited specific
capacitance approaching 75 Fg 1.”* Soon after that, an
alternative method for graphene synthesis involving suspend-
ing GO sheets in water and then reducing them by using
hydrazine hydrate resulted in graphene structures agglom-
erated into 15-20 pm size particles exhibiting moderately high
BET SSA of 705 m*g".”*! Surprisingly, graphene particles
showed a high specific capacitance of 100-135Fg~' in 5.5m
KOH electrolyte and up to 99 Fg™! in organic electrolyte
based on 1M TEABF, salt.? While both the specific and
more importantly volumetric capacitance of graphene was
significantly smaller than that of activated carbons, these two
publications generated significant interest and multiple
follow-up publications in 2009-2011. To minimize the agglom-
eration of individual graphene layers, a reduction of GO by
hydrazine in the gaseous phase was proposed.? This process
modification allowed researchers to further improve the
specific capacitance of graphene to a very high initial value of
205 Fg™" in 30% KOH solution (reduced to 170 Fg™" after
1200 cycles), in spite of the low measured BET SSA of
320 m?g'.2%! An alternative process of avoiding graphene
agglomeration and the preparation of stable graphene
colloids involved reducing exfoliated GO with p-phenylene
diamine (PPD), which causes positive surface charge on
graphene fragments induced by adsorbing the oxidation
product of PPD.®" By using EP deposition of graphene on
Ni, thin EDLC electrodes with the desired thickness and
specific capacitance up to 164 Fg™' in 6M KOH could be
prepared.’™ A stable aqueous suspension of graphene was
also prepared by a noncovalent functionalization of graphene
with 1-pyrenecarboxylic acid (PCA) by a nondestructive n—mu
stacking (aromatic interaction) mechanism.”*! The -COOH
group of PCA facilitates the graphene stability in water and
allows formation of EDLC electrodes with capacitance
approaching 120 Fg™' in non-specified electrolytes.”!
Reduction of the size of graphene platelets may also minimize
their tendency to agglomerate. Exfoliation of oxidized carbon
nanofibers and subsequent reduction in hydrazine showed
specific capacitance of 82-132 Fg™' in 2m H,SO,, depending
on the size of the graphene segments, with the highest
capacitance observed in the smallest graphene platelets
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(which had the lateral dimensions of 170 nm and an average
thickness of 1 nm).["!

In situ electrochemical reduction of GO was proposed in
2009, and involved gradual insitu transformation of GO
electrodes into graphene electrodes during CV cycling in the
potential range from —1 to 4+ 1 V versus a reversible hydrogen
electrode (RHE) in 0.Im Na,SO, solution.”'! After
2000 cycles the electrode exhibited impressive specific capac-
itance of 165 Fg L. The electrochemical performance of
graphene electrodes, prepared using thermal exfoliation of
GO at low temperature (250-400°C) in air and with
subsequent optional carbonization at higher temperature
(700-900°C) in N,, was evaluated in 2m KOH electrolyte. The
produced functionalized graphene had an average pore size of
17-20 nm, BET SSA ranging from 329 to 737 m’g ', and
showed specific capacitance of 221-233 Fg™' for samples
produced without annealing in N,, and 95-114Fg' for
sample after such an annealing.”!! In spite of lowering the
specific capacitance, the high-temperature annealing signifi-
cantly improved the electrode rate capability, showing up to
79% capacitance retention when the sweep rate was
increased from 5 to 100 mVs~.P

Partial reduction of a GO suspension by hydrobromic acid
resulted in the formation of functionalized graphene, which
exhibited specific capacitance of up to 129 Fg~' at 10 mV's™!
in 1m H,SO, and up to half of that in 1-butyl-3-methylimid-
azolium hexafluorophosphate (BMIHFP) ionic liquid in
a symmetrical two-electrode EDLC.*'Yl When evaluated in
a three-electrode configuration the electrodes exhibited
capacitance of up to 198 Fg~! when evaluated using CV
tests and up to 348 Fg~! when evaluated using galvanostatic
charge—discharge tests in 1m H,SO,.”"! The origin of the large
difference in the performance results depending on the
testing technique was not discussed.””'? Partial mild reduction
of a GO suspension in dimethylformamide (DMF) was also
performed by simply heating the suspension to 150°Cin an oil
bath for different durations.”"” Electrodes with small elec-
trode density (under 0.2 mgecm ) showed a specific capaci-
tance of approximately 180 Fg' when evaluated from CV
tests, and up to 276 Fg~! when evaluated using galvanostatic
charge—discharge tests in 1M H,SO, (both tests performed in
three electrode configuration).*'?!

Vertically aligned graphene sheets grown by plasma-
enhanced CVD on carbon cloth were proposed for ultra-high
power and ultra-high frequency performance.?™ This idea
was further developed in 2010, when sub-pm long graphene
nanosheets were synthesized on Ni substrates using plasma-
enhanced CVD and exhibited a BET SSA of 1100 m*>g .2
The capacitance of the nanosheet-based EDLC decreased
from 375 to 140 puF when the frequency was increased from
0.01 to 10000 Hz, which allowed the produced EDLC to be
efficiently used for AC filtering at a characteristic frequency
of 120 Hz.”" In an organic electrolyte the capacitance was
50% higher than in aqueous one but the frequency response
was inferior.”*! The produced material showed a frequency
response comparable to that of Al electrolytic capacitors,
while offering higher volumetric capacitance and maximum
operating voltage.*'¥
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Thermal reduction of GO (having initial interlayer spac-
ing of 0.6 nm) in Ar at 200-1000°C produced a graphitic
material with a very small BET SSA of 5 m’g' and interlayer
spacing of 0.33-0.46 nm.”*™ This partially reduced GO
material, having negligibly small initial capacitance was
electrochemically activated in a traditional TEATFB electro-
lyte in the potential window of —2.1 to + 1.6 versus the carbon
quasi-reference electrode. The activation caused the subse-
quent intercalation of anions and cations in between gra-
phene layers and a dramatic increase in the specific capaci-
tance up to an impressive 220 F g~.”"") While neither the pore
size nor the density of the activated sample were reported, its
volumetric capacitance is expected to be very high, owing to
the small pore size, which is just large enough for ion
insertion. It is still arguable if such a material should be called
“activated graphite” or “multi-layered graphene”, but it is
clearly one of the most promising materials for EDLC
reported to date.

Limitations of most mesoporous graphene samples dec-
orated with multiple functional groups and having high
pseudo-capacitance include low electrode density and thus
low volumetric capacitance, as well as the expected high
leakage current and limited cycle life. Such issues, however,
have historically been ignored and rarely presented or
discussed. Most specific capacitance values reported in the
literature for graphene do not come from symmetric two-
electrode tests and thus over-estimate the real performance.
Similarly to the CNTs and OLC, mesoporous graphene
electrodes are unlikely to replace traditional activated
carbon-based EDLC electrodes with the rare exception of
devices operating at ultra-high frequency and competing with
electrolytic capacitors.

5. Summary and Outlook

There has been a global trend to develop a safe lithium-
ion battery with high energy density that meets the emerging
applications in the transportation sector. The research effort
on the cathode has been centered on high-Ni-content and
lithium-rich transition-metal oxides, which can deliver a rever-
sible capacity of more than 200 mA hg'. However, naturally
unstable Ni** ions are apt to reduce to Ni** on the cathode
surface in the form of NiO, and this reaction accelerates with
increasing temperatures. Further structural instability from
the higher oxidation state of Ni*" with increasing cut-off
voltages leads to substantial oxygen generation from the
lattice at elevated temperatures. Recently, larger amounts of
Ni were substituted by electrochemical inactive Mn ions to
counteract such inherent problems, but increasing the Mn
content increased the charge transfer resistance, resulting in
decreased electrochemical performance (rate capability). On
the other hand, increasing Mn content preserves the initial
structural integrity during the high-temperature heating as
well as electrochemical cycling. In this regard, applying
a coating or core-shell methods to the cathode material
may solving both the problem of rate capability and the
thermal instability of the delithiated states. Nano-structured
Si-based composite materials showed promise for providing
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significantly higher specific capacity than the conventional
graphite anode, but larger amounts of heat generation from
the nanosized Si, in spite of carbon coating, is still a great
concern. As far as we are concerned, porous bulk Si coated
with the carbon is the best solution to minimize the
exothermic reaction with the electrolytes.

The development of a robust and thermally stable solid—
electrolyte interface is critical to enhance the safety of the
anode materials. Flame retarding solvents and low-volatile
ionic liquids have been considered as promising materials for
the suppression of flammability of electrolytes and enhanced
thermal stability of batteries. Research is also underway to
develop high-voltage electrolytes and novel electrolyte addi-
tives to protect cathode, carbon, and Si-based anode materi-
als.

The progress achieved to date shows that the Li-S battery
is a very promising energy-storage system, although the
theoretical full capacity over extended cycling has not been
realized to date. However, exciting reports of optimized
systems have appeared over the last few years with
800 mAhg™" capacities over 100 cycles, at good rates (over
C/5) and with good capacity retention and coulombic
efficiencies that approach >96%.

By loading sulfur into a nanoporous carbon in a controlled
manner, nanocomposite electrodes can exhibit high electronic
and ionic conductivity and a high adsorption capacity for
polysulfides. However, because of the dissolution of poly-
sulfides—even at a very slow rate—the morphology of the
active mass will change, resulting in degraded charge transfer
and accessibility. This requires additives, and porous carbons
in particular, to execute a multi-functional task. Nanocompo-
sites based on functionalized mesoporous carbons and
graphenes represent the most promising candidates as
positive electrodes in Li-S cells, and polymer coatings provide
more even more Scope.

The functionality of various nanostructured carbons, in
particular, allows for substantial potential in improving the
overall performance of Li-S batteries. Together with advan-
ces in the Li anode and electrolytes, nanocomposite electro-
des will hopefully enable the Li-S battery to be a highly
efficient and reliable energy-storage system in the very near
future. We note that initial steps have also been taken to
extend the chemistry using porous carbon/sulfur cathodes to
Mg-S batteries that utilize a Mg anode™®! and tailor-designed
electrolytes. Although cycling was not demonstrated because
of capacity fade due to polysulfide dissolution, this marks an
interesting and important new direction.

The combination of the highest theoretical specific energy
of any rechargeable battery and the need for a step-change in
energy storage in the long-term will ensure intense interest in
aqueous and non-aqueous Li-O, batteries now and for some
time to come. Aqueous Li-O, batteries present particular
challenges centered on the lithium anode, its protection,
cyclability, stability, and safety. New Li* conductive protective
membranes that are thinner/better conductors, more stable,
and enable reversible and facile Li plating and stripping are
required to optimize performance.

The non-aqueous Li-O, battery is the newest energy-
storage device discussed in this Review. Significant progress
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has been made recently in understanding the fundamental
processes occurring in the cell. It is now known that organic
carbonate electrolytes are too unstable and that ethers,
although more stable, may not be sufficiently stable on
cycling for use in such cells. As a result, suitable stable, non-
volatile non-aqueous electrolytes have yet to be identified.
Progress in understanding the mechanisms of O, reduction
and Li,O, oxidation will pave the way to achieving better
control of the kinetics and hence reduce the gap between the
charge and discharge voltage, important in improving the
round-trip energy efficiency and rate capability. As well as
new electrolytes, further work will examine cathode stability
and optimization of porous electrode architecture. Future
work must also address the lithium anode in terms of safety
and cycling stability, perhaps with similar strategies to those
for aqueous systems.

The significant progress in material science and electro-
chemistry of nanostructured carbon materials has made it
possible to produce advanced electrochemical capacitors with
greatly improved performance characteristics suitable for
a continuously increasing number of applications. The novel
design of electrochemical capacitors cover almost the entire
performance range (in terms of power and energy density)
existing between conventional capacitors and electrochemical
batteries. Their rapid charging rate (from 20 down to 0.01 s),
the long cycle life (up to 100000 cycles) and the broad
operational temperature window (from —70 to above
+100°C) are yet unmatched by high-power batteries. The
overall prospects and the associated advantages of using
EDLC devices in new applications will power further efforts
in research, development and production of materials for
future electrical double-layer capacitors.
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