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Abstract

This review outlines the developments in the structure, composition, size, and shape control
of many important and emerging Li-ion battery materials on many length scales, and details
very recent investigations on how the assembly and programmable order in energy storage
materials has not only influenced and dramatically improved the performance of some Li-ion
batteries, but offered new routes toward improved power densities. This review also
describes and discusses materials aspects of hybrid and multiphasic materials including
silicon, germanium, a wide range of metal oxides, alloys and crystal structures, carbons and
other important materials. Methods where engineered porosity that offers the energy
density of Li-ion batteries and the power density of pseudocapacitors are also highlighted.
Recent developments in the analytical methods, electrochemical response, and the structure,
composition, size, shape and defined assembly of active materials for a wide range of Li-ion
cathodes and anodes are compared and assessed with respect to cell performance.
Perspectives on the future development of energy storage materials based on structure as

well as the chemistry is also outlined.
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1. Introduction
The earliest research that can be connected to lithium-ion batteries originates in a graduate
thesis written by Harris ' ?, demonstrating the possibility of electrodepositing Li metal under
controlled non-aqueous conditions. This converged with earlier studies in sodium ion

transport in beta alumina *

where ions intercalate, or insert into a crystalline lattice, or
through porous one dimensional channels in some crystalline structures, or indeed between
two dimensional layers in crystalline solids. In 1976, Whittingham at Exxon, reported
intercalation electrodes arranged into a functioning rechargeable lithium battery 2. Following
that, in 1980s Armand introduced the rocking chair concept *, where the conduction of Li
ions can move repeatedly from one side of the battery to other, i.e. diffuse from the anode
to cathode during charge and from cathode to anode during discharge. Development of
materials that could undergo this process numerous times resulted first in commercialization

of primary (single use) and subsequent widespread utilization of secondary Li-ion batteries

(rechargeable LIBs).

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

Rechargeable Li-ion batteries are one of the most extensively researched power
sources for applications in modern portable electronics, hybrid electrical vehicles and sensor

> Newer consumer

networks, as highlighted by a number of recent review articles
electronics that are developed require power sources with higher energy density (amount of
energy stored per unit mass), higher power density (time rate of energy transfer), longer
lifetime (the number of cycles of battery charge/discharge) and improved safety of
operation. Early secondary Li-ion batteries suffered greatly from thermal instabilities caused
by dendritic depositions of Li from the metallic Li anode through to the cathodes °, leading

to the formation of short circuit connections between the electrodes and in some cases

ignition of the battery package when certain electrolytes were used. This problem was

3
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overcome by replacing metallic Li anode with various non-metal compounds *°, capable of
storing and reversibly exchanging large number of Li ions. The reduction of Li plating effects
(and associated safety improvement) gave way to widespread introduction of Li-ion batteries
into consumer markets'’. Figure 1 presents a schematic diagram of a secondary Li-ion

battery. It consists of following elements, from left to right in the image:

a) Cathode. The cathode is the positive electrode of the battery, which means it is the
source of positive ions (Li*) and accepts negative ions (e). In currently used batteries,
cathodes are most commonly made of (but not limited to) layered, or spinel lithiated metal

oxides.

Charge (energy storage) —» e-

e- —afl— Discharge (power to the device)

Anpdes

(a e
Gl Electrolyte

Q |

G1ar§e ;

-

" Discharge

-y

Al current collector
Cu current collector

Separator

Figure 1. Structure and principle of operation of a Li ion battery.

In layered cathodes, the composition is denoted by LiIMO,, where M corresponds to
Co ™8 Ni', Mn ™ orV ™Y LiCoO,is currently the most popular option, despite the high

cost of cobalt, as it is relatively easy to prepare a high quality electrode with a layered
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structure of extremely high quality. This material and associated battery construct has also
benefited from decades of research, development and real-world applications. Nickel
manganese '® and vanadium *° are being extensively investigated in order to improve their
structural stability, reversibility and cost-effectiveness for some applications. Spinel cathodes
(e.g. LiMn,0,) offer the advantage of a robust cubic oxygen array with 3-dimensional Li ion

diffusion, allowing fast insertion/removal of Li ions during discharge/charge processes®.

b) Electrolyte. At high operating potentials (up to 4.5-5 V vs Li/Li* for some advanced
cathode materials) associated with operation of Li-ion batteries, aqueous solutions would
electrolyze easily if used as an electrolyte for a Li cell. Thus, aprotic, non-aqueous solvents
are used . Commonly used electrolytes LIBs include propylene carbonate, dimethyl-
carbonate, ethylene carbonate, vinylene carbonate and mixtures of these solvents®. As
liquid electrolytes do not fully prevent formation of dendrites on the surface of the anode,
often solid state polymer electrolytes are used. The electrolyte needs to satisfy certain

conditions:

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

e High Li ion conductivity, very low electronic conductivity

e Wide temperature range of operation

e The energy gap between the electrolyte’s lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) needs to be higher
than the difference between energy levels of cathode and anode; it needs to
be thermodynamically stable at the operating voltages.

e It should ideally be environmentally friendly.

In the electrolyte Li salts such as LiClO,, LiBF,, and LiPF; are dissolved to act as a source of Li*

ions. The use of vinylene carbonate additives in some carbonate electrolytes, among others,
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promotes Solid Electrolyte Interphase (SEI) formation at the anode through radical
polymerization, which is beneficial for stabilizing the interface during repetitive insertion (or

alloying) and removal of lithium ions .

c¢)  Separator. The separator provides a barrier which prevents short circuiting of the
cathode and anode. It should be sufficiently porous to allow the electrolyte to freely connect
the two electrodes. Most commonly, separators are made of polytetrafluoroethylene (PTFE)
and other inert polymer membranes with defined porosity and ionic conductivity.

d) Anode. The anode is the negative electrode of the Li ion battery. In currently used
commercial packages, the anode consists of layered graphitic carbon. The storage
mechanism is based on the intercalation of Li* ions into van der Walls spacings found
between the graphitic monolayers. The theoretical specific capacity of graphitic carbon is

372 mAhg™, based on following reaction:
LiCg —e~ & 6C + Lit

Graphitic carbon electrodes allow for good cycle lifetime, but suffer from low rate capability,
and irreversible capacity losses caused by electrolyte decomposition at low potentials, and
formation of a solid electrolyte interphase (SEI). SEI is a common name given to a passivating
layer formed on the surface of the electrode due to reductive decomposition of the
electrolyte **. It forms at low potentials (typically, 0.7 V vs Li/Li*). In the initial cycle, the
formation of a SEI layer contributes to the loss of reversible capacity. However, in
subsequent cycles, the SEI layer prevents additional decomposition of the electrolyte,
improving reversible capacity and ensuring better cycling of the battery. To optimize
electrode performance, the SEI layer should be insoluble in the electrolyte, be a good

electronic insulator and ionic conductor. Importantly, the SEI layer should be able to remove
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a thin solvation layer around the Li* ion, to prevent the exfoliation or delamination of layered

active material that could result from by co-intercalation of the solvent *°*%%,

Battery research is driven by the economical need to satisfy consumer demand for
higher power and higher energy batteries. Every smartphone user would like to see their
phone operate for a prolonged period of time under high demand usage. Global climate
change makes the prospect of all-electrical cars a welcome alternative to petrol, gas or
diesel-fuelled transport. The “always on, always connected society” with strong demands on
wireless sensor networks will require more advanced power solutions than those currently
available, in smaller volumes with long term stability for operation in remote locations. So
far, many possible replacement materials have been identified for both anode and cathode,
and require even more development for any non-lithium based electrochemical power
sources. Moreover, the advent of nanotechnology has facilitated battery architectures which
are no longer entirely reliant on traditional bulk/thin film approaches, but with structurally

engineered porous, 1, 2 or 3 dimensional designs offering improvements in performance ° *

30

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

. This review will describe some of the most recent findings in both the structural design

and the materials chemistry of next generation battery electrodes.

2. Choosing materials for Li-ion batteries
As mentioned above, novel materials for Li-ion batteries have been extensively investigated
over a number of years. Several materials have been identified as potential replacements of
cathode and anode in next generation battery anodes (summarised in Figure 1), and have
been in some cases commercialized, demonstrating great potential for currently researched

materials. However, before wide-scale adaptation of new materials, a deeper and better
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understanding of all the factors affecting battery performance (its chemistry, upscaling,
packaging and drivetrain) needs to be developed. Many excellent reviews provide details of
material performance, and their performance and fundamental response as lithium-battery
electrode materials and the reader is referred to other reviews for selected ranges of

materials > 783132,
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Figure 2. Diagram illustrating the Li ion capacity and electrochemical reduction potentials
with respect to Li metal for a range of cathode and anode materials ™.

A pioneering method for materials choice and for future development is being
developed by Ceder et al. at MIT, using what they term the Materials Genome Project *. The
Materials Genome Project has a goal of applying knowledge gained from large-scale
property computation on all known inorganic compounds for materials research and
discovery. While applicable to many functional applications involving materials whose
properties would ideally like to be predicted, it has immediate useful application to Li-ion

and emerging alternative battery chemistries. Many tens of thousands of materials have
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been screened in terms of Li* intercalation voltage or chemical potential, theoretical charge
capacity, electrode voltage and other parameters. Figure 3 shows the voltage calculated
using density functional theory as a function of the theoretical capacity for thousands of
oxides, phosphates, borates, silicates, and sulfates. The continuing work is also focused on
the safety of high voltage materials is various electrolytes and structural effects that are
related to cycling behaviour and performance* It forms a new and extremely useful

approach to Li-ion battery materials design.

Capacity (mAh/g)
0 50 100 150 200 250 300 350 400
| 1 I i | |

Voltage (V)

® oxides O phosphates @ borates @ silicates @ sulfates

Figure 3. Calculated lithium insertion voltage versus theoretical capacity for several thousand
compounds. Reproduced from ** with permission form the Materials Research Society.

In general, next-generation Li-ion battery materials can be divided into sub-
categories based on their Li* ion storage mechanism: intercalation electrodes, conversion

electrodes and alloying electrodes.
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3. Intercalation Electrodes
Intercalation electrodes involve materials with crystalline structure enabling diffusion of Li

ions into the interstitial sites of the crystalline lattice. The most common crystalline

37, 38 | 39

structures include layered *¢, olivine and spinel * (Figure 4). Their main appeal lies in
their excellent structural stability and long cycle lifetime. Currently used cathodes consist of
layered LiCoO,, LiCoiyNiyO, and LiMn,O,. These cathode materials have some practical
limitations however. LiCoO, can only intercalate in the LiCoO, - LigsCoO, range, limiting
available capacity to about 130 mAhg™. Cheaper and more environmentally friendly LiCo;.
yNi,O, suffers from strong Li-Ni cation mixing, which affects the structure formation and
subsequent ionic transport. LiMn,0O, in turn has a limited stability and may undergo phase
transition at room temperature “°. Further computational investigations showed however,
that the addition of some nickel, to form Li(MngsNips)O,, yields an almost ideal cathode
material in theory, due to the stability of the closed-packed framework of Mn** coordinated
to oxygen *.  However, the rate capability for this material was very poor and the mobility of

Li ions within the framework was found to be strongly linked to the distance between the

oxygen layers.

For battery safety, particularly at high deintercalation rates or under typical
discharge/charge at elevated temperatures, self-catalysed exothermic reactions of the active
material with the electrolyte may occur *, leading to thermal instabilities, thermal runaway
and ultimately a failure (and sometimes explosion) of the battery. Recent reports of fires
caused by exploding LIBs are an example of a result of instabilities arising from the
interaction of the highly charged cathode with the electrolyte, often aided and sometimes

43

facilitated by electrical shorting from Li dendrite formation Cathode materials with

inherently active or unstable oxidation states can potentially be reduced by liberating

10
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oxygen, which overcomes its kinetic limitations at elevated temperatures cause by heat from
surrounding environment or possibly by self-discharge and cell heating. The oxygen can
vigorously react and burn the electrolyte. However, there are many materials (cathode
materials) that have a large negative chemical potential (difficult to reduce in their charged
state) and thus are inherently safe in this regard, LiFePO, being cited as possibly the ideal
example. Interestingly, and widely known, is that the most prevalent battery chemistry
employing LiCoOQ; is inherently one of the least safe in its charged state, but does offer good
cycling capability. Advances in the engineering of battery packs has largely removed these
issues, but several high profile accidents have reignited the issue of battery safety and raise

the question of safer chemistries by choosing safer electrolytes or electrode materials **.

Layered and spinel materials however suffer from low Li ion diffusivity, and therefore

can only satisfy limited power demands. In recent years, research has been mainly focused

45-47

on improving the electrode kinetics Nanostructuring active material offers significant

benefits, such as: shortened diffusion lengths, improving electrical and ionic

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

performance/rate by placing conductive additives as a surface coating on active materials, as

48, 49

opposed to a random mixture of powder additives . Some of the various nanostructures

50 51 52

formed include, but are not limited to, nanosheets *°, nanoparticles >*, nanowires > and

nanotubes 3.

11
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Figure 4. (a) A range of different oxide, sulfide and phosphate crystal structures capable of Li
intercalation to various regions of their crystal structure Reproduced from ** with permission
from Intech Open. (b) Common intercalation compounds as a function of decreasing
calculated chemical potential of oxygen in their charged state. A lower oxygen chemical

potential is deemed safer. Reproduced from * with permission from the Materials Research
Society.

4. Conversion materials
A different type of Li storage mechanism is a reversible electrochemical reaction of Li with
transition metal oxides >>*°. The mechanism of the energy storage is conventionally referred

to as conversion reaction, described as follows:
MgX, + (b-n)Li & aM + bLi, X

where M = transition metal, X = anion and n is the formal oxidation state of X. Conversion
reactions have been reported for some oxides, sulfides and fluorides, with different degrees
of reversibility. The main focus of researchers working with conversion based electrodes is

the improvement of electrode kinetics and reversibility, in particular, formation of

12
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nanoparticles of reduced metals that would be very active towards the Li,X matrix in which
they are interspersed. At the moment, however, conversion type electrodes are still in
development, and much investigation is required into fundamental characteristics of

conversion materials and electrode design.

5. Alloying materials
Reversible electrochemical alloying of metals and semi-metals with Li has been known since
1970s °’. Metals reversibly alloying with Li offer tremendous improvement in specific Li
storage capacity. Silicon has a highest known theoretical Li storage capacity, higher even

than that of Li (3700 mAhg™) equal to 4400 mAhg™°. Other examples of alloying materials

58 60

include tin and tin oxides %, antimony *°, germanium ®, and others like phosphorus,
magnesium and silver /, each offering excellent theoretical Li storage capacity. However,
these materials suffer greatly from large volumetric expansion and contraction caused by

insertion and removal of a large amount of Li* ions, as well as fast charging/discharging

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

rates. Severe mechanical stresses and strains resulting from repeated cycles of volume
changes lead to irreversible structural changes, formation of cracks in active material causing
loss of structural and electrical integrity of the electrode, pulverization and irreversible
capacity fading. The most common strategies directed at the improvement of electrode
performance are focused on the accommodation of volumetric expansion through providing

61-64 3imed at

free space around the active material > and creating various composites
protection of the active material against structural degredation or ensuring consistent and

stable electrical contact between the active material and external current collector.

13
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The scope of this section is to summarise recent advances in the field of alloying

materials research, with improved characteristics for next generation Li-Ion battery anodes.

5.1 Silicon
Silicon has for a long time been investigated as a possible replacement for graphitic carbon
in next generation anode materials. In terms of specific capacity, Li-Si alloy phase can store
>4000 mAhg™, compared to 372 mAhg™ for graphitic carbon. Silicon is also the second
most abundant material in the earth’s crust, making it economically viable for mass

_ The abundance of the element, combined with the benefits of well-

production of LIBs
developed industrial infrastructure and exceptionally high theoretical specific capacity, has
made Si one of the most promising materials for next generation battery anodes. However,
the large number of Li ions that can be inserted into Si cause extremely large volumetric
changes: ~V; = 3V, where f and i denote final and initial volume of the material. Mechanical

failure often follows, leading to irreversible capacity loss and decrease in cycle lifetime,

effectively preventing successful application of Si in next generation battery anodes.

Li* L+ d Initial substrate Ater oycling

a

Charge Discharge Charge Many cycles
—_ —

Nanowires

. Facile slrain
b ey Efficient 1D relaxation
clectron transport

B Mechanical clamping layer

Li*

—.' s
i O o
- ‘ o

Ml Lithiated silicon

-o?(
‘' XOR )

-0

Good contact with current collector

Figure 5. (a-c) Schematics of SEI layer formation and stable cycling of double-walled SiO,@Si
nanotubes. Reproduced from ®® with permission from Nature Publishing Group. Schematic
changes occurring in (d) Si thin film. (e) Si nanoparticles. (f) Si nanowires. Adapted from 67
with permission from Nature Publishing Group.

14
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Si nanostructures such as nanowires and nanoparticles have been designed and

6, 68

fabricated through numerous routes Additionally, some nanostructures have been

specifically engineered in order to accommodate the volume changes occurring in Si, such as

66 69

core shell nanotubes and yolk-shell type nanoparticles Figure 5 demonstrates

improvements in structural stability of nanostructured Si electrode materials.

Widespread research into formation of Si NWs and their application in
electrochemical energy storage, allowed better insight in the processes occurring during
lithiation, and in particular structural changes caused by formation of reversible alloying of Li
with Si. In-situ TEM observations indicated preferential anisotropic swelling of <112> Si
nanowires in <110> direction ’°. The Li* diffusion study revealed deformation followed by a
build-up of tensile stress in the nanowires, resulting in fracture *. Numerical modelling
indicated that Li* ions prefer to diffuse along <110> direction, where surface energy of the

planes is preferable for Li* interactions. The electrochemical lithiation of crystalline silicon

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

leads to formation of a core-shell structure, with Li-rich amorphous Li,Si alloy forming the
shell, and crystalline silicon forming the core. The formation of the interface between the
amorphous and crystalline phases is related to the stress induced Li* diffusion retardation,

and may lead to the local loss of mechanical integrity due to large stress build-up at the

interface > 3.

One-dimensional (1D) nanostructures were first described for use in Li-ion anodes in

|67

a seminal paper published in 2008 by Chan et al. ’, and similar studies published around the

d 74, 75

same time perio where Si NWs were applied as anodes. Chan et al. prepared Si NWs

directly on a stainless steel current collector, by gold-seeded chemical vapour deposition

15
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(CVD). The nature of the synthesis resulted in excellent adhesion of the active material to the
substrate and in significant porosity of the electrode. Constraining the volumetric expansion
through the design of the electrode morphology (Figure 5) resulted in significant
improvements in electrochemical performance of the Si based electrodes. The Si nanowire
arrays displayed a capacity of > 2100 mAhg™ at a C/20 rate, without large decrease in

reversible capacity and change in the morphology of the nanowires.

Despite the promise of these CVD grown Si NWs for LIB applications, typically used
gold catalysts have recently been shown to be detrimental to the electrochemical
performance (in terms of initial capacity, capacity retention and rate capability) of NW based
electrodes. Furthermore, Au is costly, shows poor lithium activity and is much denser than Si
which strongly impacts the gravimetric capacity for a given total anode ’®. To circumvent
these issues presented by the Au catalyst, recent approaches have been developed to
prepare NWs through different routes, such as high boiling point solvent syntheses using

77, 78

electrochemically active catalyst materials such as Sn or shifting the grown method

entirely to a metal assisted chemical etching regime.”

Composite Si nanostructures have also been proposed in order to improve the
electrochemical performance. By incorporating the nanoscale Si inside an elastically
deformable conductive host the stress changes the cause mechanical breakdown associated
with electrochemical lithiation can be better accommodated, while also providing robust

electronic conduction pathways.

A different approach to improving the electrochemical performance of the Si based
LIBs is preparing Si-C composites. Two strategies for preparing Si-C composites have been

widely employed. Carbon structures such as nanotubes, nanosheets of graphene or carbon

16
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fiores have been used as supports for nanoscale active material **®. By providing
continuous electrical pathway from the active material to the current collector, the influence
of the electrochemically induced agglomeration of the nanoparticles on the electrochemical
performance is greatly reduced. Moreover, using carbon support offers excellent porosity
allowing for better penetration of electrolyte throughout the electrode, shortening diffusion

lengths, allowing for higher rates of charge/discharge, summarised in Figure 6.
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Figure 6. Constant current line-sweeps and cyclic performance for a) carbon coated.
Reproduced from # with permission from the American Chemical Society. b) Carbon
supported Si nanostructures. Reproduced from # with permission from the American
Chemical Society.

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

In contrast to the supported electrodes, carbon coatings are a different strategy for

preparing carbon composites with Si %%

. By applying a thin (few to few tens to at most few
tens of nanometres) coatings of carbon on the surface material, a mechanically stable layer
that can provide support to the nanostructures, and thus preserve their mechanical integrity

during repeated charge-discharge cycles, can be formed. Additionally, the continuous layer

present on the surface of the active alloying material acts as a stable conductor from the
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electrode to the current collector. An extension of this strategy is the preparation of
composites in which nanostructures of alloying materials are embedded in a carbonaceous
matrix. Carbon forms a stable SEI layer with the species present in the electrolyte, and has
been shown to provides a degree of mechanical support against rapid expansion and
contraction during electrochemical cycling in randomly mixed slurries, but also in 3D ordered
porous materials with electrochemically active materials embedded within the carbon matrix
90

. The problems arising from this approach are mostly related to low ionic conductivity of

carbonaceous matrix and resulting low rate capability of such prepared nanostructures.

Within a vast multitude of structures prepared for Si based anodes, nanotubes seem
to offer the best electrochemical performance, due to the mechanisms of Si lithiation, and
free space provided for volumetric expansion of the nanostructures. To alleviate the
repeated re-formation of SEI layer, electrochemically-inactive SiO, layer was used in order to
ensure SEI layer stability. The mechanical robustness of SiO, provides buffering against
stress induced cracking within the nanotubes, while ensuring formation of a stable SEI layer.
To date, SiO,@Si nanotubes show one the best electrochemical performance for Si based
anodes % (see Figure 5). The need to commercialize Si based batteries will undoubtedly

result in further improvements in the Si based LIB performance.

Table 1 presents comparison between some of recently prepared Si based materials for LIB

anodes.
Composition Morphology Initial Capacity ~ Final Capacity  Reference
(C-rate) (# cycles)

Si NWs 4277 (C/20) 3500 (20) o7
Si@Sio,/C NPs 1600 1100 (60) o

Si@C Mesoporous CS 3163C/5 2751 (80) 84

NWs
Si 3D Porous 2820 (C/5) 2780 (100) %2
C-Si Core-shell NWs 700 (C/15) 1600 (47) 3
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Si-C Carbon coated NWs 3344 1326(40) o
Si Nanotubes 3648 (C/5) 2800 (200) 9
Si-Graphene Composite 2158 (Q) 1168 (30) %
Si-CNT Composite 2300 (C/10) 1400 (50) 8
Si NWs 4000 (C/10) 1600 (50) 97
Si/C Nanocomposite 2000(C/20) 1700 (100) %8
Si Nanotubes 3200 (C/20) 2800 (50) 99
Cu-Si Nanocables 1500 (C/3) 1400 (100) 100
B-doped Si NWs 3354 (C/10) 1500 (250) 1ot
SiO,@Si Nanotubes 1780(C/5) 1600 (2000) 66

Table 1. Summary of the relative performance of different Si based electrodes.

5.2 Germanium
Germanium can also store Li through similar alloying reactions to those associated with Si.
Fully lithiated Li;4Ge has a high theoretical capacity of 1600 mAhg™ ®°. Similarly, large
amounts of Li atoms stored in Ge, cause it to expand and contract upon cycling, with volume
changes reaching 370% ®°. One very exciting property of Ge based anodes is the fact that Li
diffusivity in Ge is 400 times greater than in Si, indicating that Ge may be an attractive

material for high-power rate anodes %% '%

. Additionally, the electrical conductivity of Ge is
about 4 orders of magnitude higher than Si. Initial investigation into thin films of Ge showed
that crystalline Ge suffers from large irreversible capacity loss during initial cycles. In
contrast, amorphous and nanocrystalline films of Ge show greater capacity retention, with
capacities as high as 1700 mAhg™ reported after over 60 cycles (see Figure 7 a). Shortened
diffusion lengths also allowed for much improved kinetics of the Li insertion and removal,

102
(

permitting charge/discharge rates as high as 1000 C with little capacity loss™ (Figure 7).
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Figure 7. (a) Cycle life of Ge nanocrystals. (b) Cycle life of thin film Ge at 1000 C charge and
1 C discharge. Reproduced from ' with permission from The Electrochemical Society.

A variety of nanostructures have been prepared in order to further improve the

60, 104107 = For instance, Au-seeded Ge nanowires

performance of Ge based electrodes
prepared by CVD showed high capacities of over 850 mAhg™ at C/20 rates, and were able to
deliver more than 600 mAhg™ at 2C rates. Effects arising from incorporation of Au into the

nanowire (given the aforementioned issues stated in the last section) during growth however

remain a problem ’°.

In another example, Park et al ', used the Kirkendall effect to prepare Ge nanotubes
from core-shell Ge-Sb nanowires. Coating with antimony (Sb) acetate and polyvinyl
pyrrolidone was followed by high temperature annealing. As outward diffusion of Ge atoms
is much faster than inward diffusion of antimony, void formation begins in places where Ge
atoms us to reside. Prolonged thermal treatment allows for the formation of amorphous
nanotubular structures of Ge, with very low concentration of Sb. The unique structure of the

nanotubes permitted facile accommodation of mechanical stresses and improved cycle

20
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performance, with capacities as high as 900 mAhg™ after 50 cycles at C/5, and 600 mAhg*

after 25 cycles at 20C.

In composite electrode materials, the use of carbon with Ge results in more stable
electrodes, which has been evidenced by an improvement in electrochemical properties. The
Ge-C composite can also reduce the degree of mechanical failure arising from multiple
cycling. One effective strategy is the dispersion of nanosized material into a carbon matrix,
where carbon acts as both structural buffer and electro-active material during Li
incorporation/extraction. Cui et al. '* prepared Ge nanoparticles encapsulated with carbon,
through solid state pyrolysis of PTA-Ge, thermally polymerized from tetraallylgermane (TA-
Ge). Initial discharge and charge capacities of 1190 and 923 mAhg™, and low capacity fading
confirmed the effectiveness of the carbon matrix in improving the electrochemical
performance of the Ge nanostructures. Carbon coating is another effective strategy to
improve performance. For example, Yoon et al. prepared carbon coated Ge composites by

high energy ball-milling of commercial Ge powders and poly(vinyl alcohol) (PVA)'®,

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

producing carbon coated composites with good high initial capacities of up to 1600 mAhg™
and good capacity retention for up to 50 cycles. A variety of other reports was also

produced detailing preparation and characteristics of Ge-C composites, including formation

109 11

of core shell Ge@C nanoparticles ', self-assembled Ge/C nanostructures '*°, graphene-

supported Ge !, or carbon coated Ge nanowires ',

Multiple element composites are also being researched for alternative anode
materials based on Ge. Ge/CusGe/C composites '** were prepared by pyrolysis and high
energy mechanical milling, showing improved performance compared to Ge on its own, or

Ge/C composite. The improvement in electrochemical performance was attributed to the
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presence of inactive Cu as well as the carbon matrix. Cu was used also in core-shell nanowire
arrays '*. Hierarchical structures of these types of anodes have great advantages for
electrochemical performance of the battery, allowing for up to 80% Coulombic efficiencies in
the initial discharge as well as over 1400 mAg™ after 40 cycles. The excellent properties of

such anodes are attributed to unperturbed electrical contact of the current collector with the

electrochemically active material, as well as large porosity of the Ge/Cu anodes.

Significant efforts dedicated to improvement of Ge based anodes show that Ge is a
promising candidate for next generation LIBs. Further work is however required to fully
utilize its potential, in particular to improve mechanical stability of the electrode. Moreover,
ensuring formation of stable SEI layer should contribute to the overall cycling performance

of Ge-based anodes in appropriate electrolytes.

5.3 Tin and tin oxide
Tin and its oxides have also attracted significant research attention due to their ability to
alloy with Li. Their low cost combined with high theoretical capacities, equal to 980 mAhg™
for tin, 864 mAhg’l for tin (II) oxide, and 780 mAhg’l for tin (IV) oxide, make these materials a
very attractive prospects for future generation Li ion batteries.  However, their
implementation has been hindered by the comparable volumetric expansion and contraction
experienced by Sn and other alloying materials. As was the case for Si and Ge, many efforts
have been undertaken in order to improve the electrochemical performance of Sn and tin

oxides based batteries.

Research on tin and tin oxides for application in battery anodes dates back to two

1

papers published in 1997 by Dahn et al. ' and Idota et al. **® detailing structural changes

22


http://dx.doi.org/10.1039/c4ta00534a

Page 23 of 71 Journal of Materials Chemistry A
View Article Online
DOI: 10.1039/C4TAO00534A

and electrochemical properties of tin oxide based anodes. Since then, most of the research
has focused on determining fundamental properties of the lithiation of tin oxide, with some
interesting results, and improvement of cycle life and rate capacity. Investigations into the
origin of large irreversible capacity in tin oxide anodes, causes of agglomeration of tin
nanostructures upon repeated cycling as well as formation and stability of SEI layer allowed
better insight into the fundamental processes in Sn-based anodes. Relatively few studies
focus on the performance of metallic Sn, rather looking at SnO,. The half-cell insertion
reaction, corresponding to lithiation of SnO, depends on electrochemical reduction of SnO;

to metallic Sn. The overall reaction can be written as follows:

Sn0, + 4Lit + 4e~ - Sn+ 2Li,0
Sn+ xLit +xe” & Li,Sn (0 < x < 4.4)

The reduction of SnO; to metallic tin is generally considered irreversible, and leads to

large capacity loss in the first cycle, when the associated charge for that process is factored

5

into the coulometric response of an alloying system '*>. Moreover, the electrode undergoes

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

an electrochemically driven solid state amorphization process. Examination of individual
nanowire-type structures, reproduced in Figure 8, has shown that during lithiation, SnO;
nanowires elongate by about 60% axially and widen by 35% radially to accommodate the

volume changes .

These changes are associated with a wire with a certain crystal
orientation, and are likely linked to the rate of insertion/alloying at different facets, or
possibly from preferential and confined axial electronic transport in tandem with preferential

ionic transport to the NW walls ™%,
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Figure 8. In situ TEM observation of the lithiation process of SnO, NW. Reproduced from '/

with permission from Royal Society of Chemistry.

These types of informative single-structure measurements serve to demonstrate that

low- or confined-dimensional structures undergo anisotropic volume increases, but it has yet
to be determined whether these effects are from the isotropy in the measurement and from
the innate anisotropy of the structure and its crystallography with respect to Li diffusion and

associated alloying processes.

Li insertion into crystalline SnO, leads to dense dislocation zones forming at the

interface, separating crystalline oxide and amorphous Li-Sn phases. The nanowire
morphology allows for accommodation of large degrees of strain and stress, but repeated

cycling of the nanostructures may lead to pulverization and loss of mechanical integrity.
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In order to improve the electrochemical performance of Sn anodes, similar strategies
to those applied in Si and Ge were employed. Both nanostructuring and preparing material

% 1 Tin oxide nanostructures such as

composites yielded some interesting results
nanoparticles’®, nanowires, nanotubes all have benefits contributing to better performance
of the battery electrode. In one study '*!, heterostructures of indium oxide and tin oxide
were prepared by thermal evaporation. Tin oxide nanowires grew with indium oxide
adsorbed onto the surface of the nanowire, forming a surrounding shell. This unique concept
allowed for better conductivity of SnO, NWs and high specific capacity, compared to SnO;
and In,O; NWs on their own. Even though nanostructuring of the electrodes has its benefits,
the problem of reduced capacity due to cracking, pulverization and agglomeration of
nanostructures remains. In order to further reduce the influence of physical changes on the
overall performance of the battery, nanostructured composites are extensively investigated
with some very exciting results. For example, core shell tin oxide-multi wall carbon

nanotubes (MWCNTs) composites were prepared by hydrolysis of SnCl, in presence of HCI

122 The excellent electrochemical performance was attributed to nanostructuring resulting in

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

shortening diffusion lengths for Li ions, as well as the presence of MWCNT, which greatly
improved conductivity of the electrode, capacity retention and Coulombic efficiency, through

increased mechanical stability and persistent conduction pathways.

Tin oxide composites with other materials are also of great interest.’?"*® The benefit

of using materials that are not electrochemically active, or do not undergo drastic changes

130, 133 [ 137

has been shown in numerous studies. Materials such as copper nickel **’, sulphur **,

cobalt oxide ®

, or titania were confirmed to benefit the performance of the battery.
Copper and nickel are mainly used as support for electrochemically active tin oxide.

Generally, the benefits of the electrochemically inactive electrode support allows for large
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improvements in capacity retention, due to conserved electrical continuity between the
active material and the current collector. However, addition of this “dead weight” material
(which does not add to capacity but adds weight to the anode) may reduce the gravimetric
capacity of the electrode below the capacities achieved in pristine films, so care needs to be
taken to ensure that the gravimetric energy density is not lower than the electrodes
composed of solely active materials. The overall capacity of composite batteries will be
however limited by the combined performance of both positive (cathodes) and negative

(anode) electrodes.

At the moment, cathode chemistry can limit the maximum capacity obtainable by a
battery and thus, using negative electrode materials with capacities lower than the
theoretical limits may be beneficial, in particular in situations where rate capability and cycle
life are important. Active/inactive composites may benefit in those situations, as the active
coating thickness is usually quite low, similar to the diffusion length of Li ions and so
insertion and removal of ions may be extremely fast. Material such as CoO **® form polymer
like structures preventing agglomeration of tin oxide nanoparticles and improving diffusion

kinetics of Li ions, improving capacity retention and rate performance (Figure 9).
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Figure 9. (a-d) SEM images of CoO-Sn; (e) Cycle performance of CO-Sn composite. (f) Rate
performance of CoO composite. Reproduced from * with permission the Royal Society of
Chemistry.

In an alternative approach, active-active composites improve the performance of the
batteries, without the gravimetric density reduction penalty associated with active-inactive
composite. Previously mentioned carbon-tin/tin oxide composites are included in this class
of battery architectures. Other materials used in conjunction with tin are titanium oxide and

cobalt. Dahn et al ¥

prepared a library of Sn-Co-C composites, indicating that only a narrow
composition range favours amorphous phase formation, beneficial for extended
electrochemical cycling. Kim et al. **° developed a method to prepare a nanocomposite of
Sn and Ge, with improved capacity retention compared to pristine Sn and Ge. The
improvements in capacity retention were attributed to the separation of Ge nanoparticles
during lithiation/delithiation cycles and resulting formation of conduction pathways. The

nature of the nanocomposite results however in a substantial degree of surface reactions,

such as electrolyte decomposition and Li carbonate formation, resulting in unwanted

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

contributions to irreversible capacity and internal resistance, among other effects. In cases
where large surface area nanostructures are used, it is particularly important to understand
the reactions taking place at the SEL It has also been suggested that tin, formed by the
reduction of tin oxide during electrochemical reactions, may contribute to large capacity
fading, not due to agglomeration of nanoparticles, but due to Sn-catalyzed electrolyte

decomposition **,

In particular, this phenomenon is favoured at high current densities,
where enough thermal energy is provided to accelerate diffusion of Sn, driven by desire to
reduce interfacial energy. Figure 10 shows a schematic diagram of the self-catalyzed

agglomeration of Sn nanoparticles.
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Figure 10. Schematic diagram detailing formation and aggregation of Sn nanoparticles.
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(2) Agglomeration of Sn

Reproduced from ®° with permission from American Chemical Society.
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Composition Morphology Initial Capacity Final Capacity Ref
Sn0O,-In,0; NWs 2000 (C/5) 780 (10) 121
SnO,- SWCNT Composite 1399 1000 (100) 142
SnO,-MWCNT Composite 1500 (C/10) 404 (20) 13
Sn-Co-C Composite 451 (C/8) 486 (40) 126
Sn-C Composite 600 (C/8) 311 (200) 144
Sn-Co Composite 1200 (C/2) 845 (50) 138
SnO, —C GNS-NP 1800 (C/15) 570 (30) 145
Composite
Sn-C Composite 806 (C/10) 737 (200) 146
Sn-Au Composite 1200 (C/10) 600 (150) w
Sn0,-C CNT composite  1466(C/5) 402 (100) 122
Sn0O, Nanocrystal 2156 (C/10) 550 (20) 148
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Sn-Sn0O, NWs 2400 (C/8) 845 (100**°) 149

SnO, —C NPs 1200 (C/2) 492 (100) 130

SnO, Mesoporous 960 (C/6) 600 (100) Bt

Sn-C Nano Sn-Hard 580 300 (30) 152
Carbo

SnO, Mesoporous - 1400 (C/5) 675 (50) 153
NW

SnO, Nanosheets 1860 (C/10) 593 (20) 154

Sn-C 3D porous 1425 (C/20) 638 (315) 1>

Sn-C RGO-Sn 1572 (C/8) 710 (50) 156

Sn0,-C Graphene 1100 (C/8) 872 (200) 62
Composite

Table 2. Summary of the performances of different Sn and SnO, based elecrodes. The C rate
and the cycle numbers are indicated in brackets.

Recently, Sony has commercialised its Nexelion >’ range of Li-ion cells containing
anodes consisting of Sn-Co-C. Such alloys have shown excellent cycling abilities attributed

to active-inactive relationship between Sn and Co '** '

Other alloys including active-
inactive system are Sn-Ni-C and Sn-Cu. The Nexelion device demonstrates improved
capacity and cycling performance compared to traditional carbon based batteries. In a study

carried out by the Army Research Laboratory '

, Nexelion batteries showed good
performance at elevated temperatures, and stability at high discharge rates. Although, as
the study notes, cycle-to-cycle capacity retention of the Nexelion is slightly worse than
standard 14430 cell, its increased initial capacity allows it to retain higher reversible capacity

after 220 cycles. The commercial utilisation of Sn has demonstrated its purposeful character

as battery anode material in cost effective and efficient manner. Table 2 details the
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electrochemical performance of a variety of recently prepared SnO, nanostructures which
further highlights the promise of Sn and Sn composite based materials as low cost, high

performance anode materials.

6. Role of electrode structure on electrochemical performance
The previous section of this review dealt mainly with material chemistry considerations for
next generation battery electrodes, their response to lithiation and relation to performance.
One additional factor that needs to be considered while designing new electrodes is the
architecture or arrangement of the active material. The majority of currently available
commercial Li ion battery electrodes are formed as thin films on the order of hundreds of
microns thick. These films often consist of an active-material powder, polymer-based
binders and additives aimed at increasing electric conductivity of the electrode. These
additives have a negative effect on the gravimetric energy density, and as such are
undesirable, although necessary in current cells. The geometric considerations of the
electrode design are important in the light of inherent limitations of the charge transport
characteristics of the electrode, and both concentration and activation polarizations. For

instance, in LiFePO, and graphite, the Li ion conductivities are of an order of 10™° cm?s™,

2L159 1 jons, from the surface of the

compared to 10°® cm?s™ in commonly used electrolytes
active material diffuse inwards, filling the vacancies in active materials microstructure, and
creating bottlenecks that impede additional ion transport. The structure of the electrodes,

their thickness and the length of diffusion pathways, obstruct ionic mobility and limit the

batteries to slower rates than could otherwise be possible.
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For these reasons, 3-dimensional, porous electrode architectures have attracted a lot
of attention, particularly because battery size and mass are expected to be reduced in next
generation power systems, without a reduction in energy density in principle. One primary
driver for power source improvement and also miniaturization is Moore's Law, which
empirically links the increase in the density of transistor elements on a microchip (or the
reduction in the feature size for these transistors) with computational power or operations
per second, which has incessantly increased since its inception. The performance of portable
electronics, batteries, unfortunately has an annual improvement ‘curve’ characterized by just

a 10% increase in energy density.

One analogy between electronic computation speed and improved energy storage
and supply materials in battery power sources is the mobility of the charge carriers: electrons
and holes for electronics; electrons and ion for batteries. The classical diffusion relation L? o
Dt shows that a reduction in length scale (L) is beneficial when considering diffusion lengths

of Li (or other cations) and the associated diffusion constant (D) into (at least) the pristine

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

active material during discharge (rate dependent). However, battery chemistries during
discharge are complex, even for very well understood bulk analog of useful or promising
materials; performance improvements can be significant, however, when many factors are
taken into account. Inherent transport kinetics unique to certain crystal structures are often
predefined and affected by the crystal structure, orientation and chemical potential; size
reduction does not automatically improve performance or rate capability. Shorter transport
distances (faster times to cation insertion) and higher surface-to-volume ratios that improve
redox accessibility and time for ion and electron transport can be achieved when the
discharge chemistry and phase formation are well understood. By providing pathways for

lithium insertion, phase formation, shorter diffusion lengths in 3D can alleviate rate
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limitations or improve cyclability for ‘gentler’ depths of discharge in many systems. Once at
the interface of an active particle, Li ions enter from the outside inward, filling the atomic-
scale vacancies in the active material's exterior microstructure and therefore creating
diffusion bottlenecks that impede additional ion transport. Acting in concert, the dense
nature of electrode composites, electrode thicknesses of ~100s mm, and micrometer-scale
diffusion path lengths in active electrode particles obstruct ion mobility and limit lithium-ion
batteries to slower discharging and recharging rates than are otherwise possible. These
elements also add significant ‘dead weight' to all current commercial batteries and would
make it extremely difficult to assemble as an ordered smooth layered battery. This design, as
will be discussed further on, also allows faster charging and discharging rates, and the
possibility of strongly asymmetric charge/discharge cycles optimizing power delivery and
shortening charging times. Such changes may first take place in the use of small devices,
where the total amount of energy stored is small. Only 360 W is required to charge a 1Wh
cell phone battery in 10 s (at a 360 C charging rate, where the C-rate is the inverse of time in
hours required to fully charge or discharge an electrode or battery). Even at the highest
charge rate tested thus far for these materials (50 C), corresponding to a time of 72 s (as
opposed to 3.5 hrs based on the mass of active material in bulk form) to fully discharge the

capacity, the material achieves about 80% of its theoretical capacity.
Porous electrodes offer numerous important benefits that are listed below **:

e Pores provide good access for the low surface-tension electrolyte to the electrode
surface ordinarily taken up with polymer binders and carbon additives that are no

longer required.
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e Llarge surface area of the porous electrode facilitates charge transfer across the
electrode/electrolyte interface, reducing the impact of the activation polarization.

e Ionic diffusion path-lengths are reduced due to lower wall thickness less than the
limiting solid state diffusion length of lithium for discharging and lower overpotential
charging.

e The active material is used more efficiently due to better electrolyte penetration and
reduced wall thickness.

e Continuous electron pathways are provided from the active material to the external
load.

e The volumetric energy density is comparable with packed particle electrodes

e In some cases no binders or conductive additives are required, reducing dead weight
(better gravimetric energy density).

e Void spaces separating particles can accommodate volumetric changes of active
material.

e Porous composites can incorporate a secondary conductive phase to improve high

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

rate performance of active phases with low intrinsic conductivity.

Depending on the electrode preparation method, porous electrodes can be divided
into those that are hard-templated or soft-templated. The size of the pores allows
categorization of the porous electrodes as follows: microporous (pore size <2 nm),

mesoporous (pore size 2-50 nm) and macroporous (pore size >50 nm).

Soft templating usually involves surfactants as structure directing agents. The pore
architecture can be controlled by the choice of surfactants, solvents and synthesis conditions.

Evaporation induced self-assembly (EISA) is particularly useful for formation of thin films with
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precisely controlled porosity ***

. It can be however difficult to obtain high crystallinity of the
walls of the solid, if the temperature of the crystallization of the inorganic phase is higher
than the temperature at which the surfactant block copolymer is removed. In this situation,
hard templating approaches are much more successful. Templates such as aluminium

anodic oxide (AAO) membranes, preformed porous solids, and assemblies of colloidal

particles are used.

6.1 AAO templated nanomaterials
Figure 11 presents a schematic of formation of porous material using AAO template, with
isolated pores. In this case, solid products form inside the template, replicating the shape of
the void space. Usually, structures such as 1D nanotubes and nanowires are formed. AAO
templates are commonly used, due to ease of the preparation of the template, as well as
uniform pore size *2. AAO membranes can also be used in conjunction with soft templating

3

materials to prepare solid structures with hierarchical porosity '*. A variety of inorganic

electrode materials can be prepared using this method, including metals, metal oxides and

various composites.

Impregnation Scaffold

&Reaction Removal
Hard template with Species filling, nucleation Nanoparticles/rods,
isolated pores (e.g. AAO) and product growing or nanowires/tubes

164

Figure 11 AAO templating mechanism. Reproduced from =" the American Chemical Society.
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6.2 Nanocasting of nanoscale battery materials
Nanocasting is a name given to the transformation of a porous solid into hollow replicas. In
the nanocasting process, porous solids are infiltrated with the precursor of target electrode
material (see Figure 122). After thermal treatment, the template is removed. The product is
an inverted replica structure of the original hard template. The molds with bicontinuous
pore structures produce mesoporous replicas, whereas templates with cylindrical mesopores
in hexagonal arrangement produce nanowire arrays, which are interconnected only if the

template contains secondary pores between the main cylindrical pores.

A KiT-6
Infiltration of Template
precursor removal
Template Composite
C
Infiltration of Template
precursor removal
® 0
N eee N
e
SBA-15
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Figure 12. Nanocasting of mesoporous electrode materials. (a) Nanocasting process in
mesoporous silica. (b) TEM image of mesoporous TiO,_ Reproduced from '*> with permission
from the German Chemical Society. (c) Nanocasting process in mesoporous silica SBA-15
Reproduced from # with permission from the the American Chemical Society. (d) TEM
image of mesoporous Si-C nanowire formed from SBA-15 template.

The most commonly used hard templates are mesoporous silica materials. To
remove these template materials, simple wet etches can be carried out, either through
extraction with HF, hot NaOH or KOH solutions. Mesoporous electrodes with numerous
compositions have been synthesized by hard templating, including MnO, *** **’, Cr,0; '®

Cos0; ', SnO, Y° NiO ' In particular, SnO, nanocasting allows the formation of
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mesoporous solids with a higher degree of crystallinity, and more order compared to soft
templating, due to protection from excessive grain growth by sintering present in soft-

templated materials *®°.

6.3 Colloidal crystal templating
Colloidal crystal templating allows for the formation of porous electrodes with an excellent
degree of control over the pore size and the template solid structure. Facile templating
methods are compatible with a variety of precursors and allow the formation of inverted
opals (I0) of many materials. The general procedure for IO preparation is demonstrated in
Figure 13, where a hard template is infiltrated by an appropriate precursor, and then

removed either chemically or thermally.

Infiltration

Template removal

Figure 13. Schematic diagram detailing preparation of inverted opal electrode. Reproduced
from "2 with permission from the Royal Society of Chemistry. Through various mechanisms,
the arrangement of spheres dictates the periodic porosity of the resulting inverted opal
structure.
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The template preparation mechanism generally involves self-assembly of template

173

spheres (usually a hard polymer like polystyrene or poly(methyl methacrylate), =~ or silica on

the surface of the substrate. This makes it possible to form inverted opal structures of a

160, 172, 174, 175 6

variety of metals and metal oxides and metal fluorides ’®. Typically, inverted
opals have wall thicknesses in the range of 10s to 100s of nanometres, and have been
prepared and characterized in multiple compositions, for Li ion anodes, cathodes and solid

state electrolyte materials.

IOs generally exhibit higher power densities than bulk materials, due to excellent
electrolyte penetration. Although they may not the best choice for electrodes composed of
materials which undergo large volumetric expansion upon lithiation (e.g. alloying materials),
using a bicontinuous approach allows for formation of 10 electrodes from alloying materials
as well. Excellent control over the morphology of the IOs and an extensive range of
compositions make IO structures very exciting in other areas of research, ranging from

catalysis'’’, gas sensing, to optics and filtration.

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

The following section will detail the various implementations of IO structures as

active materials for LIB anode and cathodes.

7. Inverted Opal structures for Lithium ion battery applications

7.1 Inverted opal cathode
Vanadium oxide was the first material to be electrochemically characterized as a cathode

178

material in an inverted opal arrangement In this study, colloidal crystals consisting of

polystyrene spheres was deposited on an ITO glass current collector and infiltrated with a
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diluted vanadyl alkoxide precursor. Subsequently, the precursor was transformed into solid

V,0s gel network. (see Figure 14).
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Figure 14. (a-d) Schematic diagram detailing formation of V,0s IO cathodes. (e) Rate
performance of the V,0s IO cathodes. Reproduced from '’® with permission from the Royal
Society of Chemistry.

Chemical removal of PS sphere template results in the formation of inverted opal
structures of V,0s amibgel. At low discharge rates, the ambigel electrodes exhibit reversible
behaviour without significant loss of capacity. This study also demonstrated excellent rate
performance of IO based electrodes, indicating that the hierarchical structure might reduce
polarization via improved mass transport. Electrochromic properties of an IO prepared from
V,0s have been also demonstrated '’° demonstrating improvements such as faster switching

speed and better coloration contrast, when compared to bulk films.

In a different study, LiCoO, was formed in an IO structure through a nanocasting
route. Mixed precursors of Li and Co salts precipitate as oxalates within colloidal crystal

template voids '®.

At precursor ration of 1.1, it is possible to form LiCoO,, however, it is
difficult to preserve the IO structure due to the high temperatures required for the formation

of the LiCoO, phase. None of the LiCoO, powders formed, even with addition of PEG as
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chelating agent, preserve the IO structure. However, the high interconnectivity and large
porosity of the sample allows sustaining high rate cycling. At 700 mAg™, the mesoporous
structure of LiCoQ, is able to sustain a capacity of 40 mAg™, while the corresponding bulk

film fails to charge due to high polarization.

Another binary oxide formed as an IO structure (LiNiO,) was prepared through a salt

precipitate procedure .

Stoichiometric LiNiO, has a layered structure in which Li* ions
occupy octahedral sites in alternate layers of cubic close packed (ccp) oxide ions. At high
temperatures, LiNiO, readily decomposes to Li;4Ni;.xO, due to vapour pressure differences

between Li salts and formation of Ni’*. Adding excess Li salt and introducing higher oxygen

gas partial pressure to suppress reduction of Ni atoms, allows formation of IO structures.

LiMn,04 spinels were fabricated using precursors that solidify before destruction of
colloidal crystal template during annealing '*2.  Gradually increasing the temperature,
however, during template removal, allowed for transformation of amorphous Li-rich sites
within the electrode to spinel phase with Li ions in tetrahedral and octahedral sites. LiMn,O4
showed remarkable capacity retention, with no more than 7% capacity loss after 10000 full
cycles at 9 C (full discharge in ~7 minutes) (see Figure 15) , compared to more than 80%

reduction in the charge capacity for bulk LiMn,0Oy,.
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Figure 15. Cycling behaviour of solid and porous LiMn,0, electrodes. Reproduced from '#
with permission from the Royal Society Chemistry.

The excellent electrochemical performance of 10 electrodes can be ascribed to high
crystallinity, ensuring stability during cycling; high degree of porosity, shortening diffusion

lengths and a reduction of polarization.

Lithium iron () phosphate is an alternative cathode material that has been
extensively researched since the original paper on the material application in battery

electrodes in 1997 &

. Iron represented a cheaper alternative to expensive cobalt and nickel
materials. However it suffers from low ionic and electronic conductivity, making high power
applications difficult to realize. The IO structure should improve the ionic conductivity by
providing nanoscopic walls with shortened diffusion lengths and opened pore networks that

184 prepared LiFePO, IOs by mixing Li, P and Fe

facilitate electrolyte penetration. Lu et al.
precursors in stoichiometric ratio. Subsequent calcination under nitrogen resulted in the

formation of 10s with residual carbon interspersed in the LiFePO,. The carbon content
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contributed to the conductivity of the IO and allowed for high charge rates, resulting in an

initial capacity of 100 mAhg™ at 5.9 C.

Recently, Doherty et al. described the preparation of LiFePO, IOs based on PMMA

colloidal templates, with sphere sizes varying from 100-270 nm *#.

The templates were not
filled completely, which improved the electrolyte penetration and ionic and electronic charge
transfer. Sintering at 800 °C improved charge transfer resistance in the electrodes and
allowed for charge rates of 10 C with capacity retention close to 100 mAhg™ after 50 cycles.
Template sphere size was also shown to have an influence on the electrochemical
performance of the IO electrodes, as larger spheres created a continuous macropore
network, ensuring facile flow of the electrolyte to all of the parts of the electrode. Residual
amorphous carbon present after calcination in N, also enhanced electronic conductivity of

the olivine material, although a balance is necessary, as high weight percentage of C may

create a Li diffusion barrier and hinder high rate performance.

8. Inverted opal anodes

8.1 Carbonaceous inverted opal anodes
Graphitic carbon is currently used in commercial LIB as an anode electrode. It offers
excellent stability, and relatively long cycle life (1000s of cycles). However, its performance at
high discharge rates is hindered by low Li ionic conductivity in carbon. IO structure offers a
possibility to improve the performance of carbon based electrodes, through facilitating
easier electrolyte penetration and shortening Li ion diffusion lengths in active material
matrix. The first C-based IOs were prepared in 1998 by Zakhidow et al *®*, via a vapour

deposition technique, forming diamond, glassy carbon and graphite inverted opals were
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published. Solution based processes for carbon IO formation were then reported, using

186

sucrose '® and phenyllic resin ¥’

as carbon precursors. In 2005, two separate articles
investigating the electrochemical performance of carbon based inverted opal electrodes. In
one approach ¥ PMMA templates were infiltrated with resorcinol-formaldehyde (RF) sol gel
precursor. This allowed the formation of IO monoliths with mesoporous walls and a surface
area of 326 m°’g™. Large surface area is associated with randomly distributed micropores

between the graphene nanosheets in hard carbon solid walls.
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Figure 16. SEM image of carbon inverted opals. Carbon inverted opals experience much less
polarization than bulk carbon of same composition. Adapted from ¥ with permission from
Wiley-VCH.

The monoliths were found to be electronically and ionically conductive. Good
conductivity, excellent electrolyte penetration related to the porosity of the 10 and shortened
diffusion path lengths allowed carbon IOs to experience much less polarization at current

rates as high as C/2. (Figure 16).

In another study, carbon IOs were prepared by CVD of benzene using silica IOs as

9

templates '®. The resultant 10-20 nm coating of graphite on silica was electronically and

ionically conductive and was suited as an anode active material. This material exhibited
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specific capacities as high as 260 mAhg™ at current rates of 1000 mAg™ (~2.7C), with good

cycling stability (90 % capacity retention over 60 cycles).

More recently, particulate inverse opal structures with mesoporous walls were
prepare via solution casting of PS spheres with phloroglucinol and formaldehyde mixture

containing F127 block copolymer ™.

Incorporating soft templating methods into the IO
formation procedure resulted in increased surface area (from 109 m’g™ to 466 m°’g™). A
large irreversible capacity was attributed to formation of SEI layer on the electrode, and

inherent properties of hard carbon. The mesoporous carbon was however capable of

sustaining charge rates as high as 300 mAg™ with reversible capacity of over 300 mAhg™.

An interesting means of increases the capacity of carbon based IOs is to introduce a
secondary active material, usually in a form of nanoparticles embedded in the conductive
matrix of carbon IO. Materials such as SnO, ** '*°, Si **! or TiO, '** have been incorporated in
the carbon based inverted opals, with significant influence on the electrochemical

performance'®. One of the most recent studies demonstrated an IO electrode concept with

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

SnO, NPs entrapped in macroporous carbon IO prepared by infiltration of PMMA colloids by
tannic acid Sn** complexes . Optimization of infiltration and calcination parameters
resulted in nanometre scale walls and improvement in the rate performance of the
electrodes. They were able to sustain current rates in the range of 1-10 Ag™ (~3-30 Q)
without any significant capacity loss. High porosity (including hierarchical length scale of
multiple porosities) in the electrode resulted in low volumetric energy density of prepared
electrodes, confirming the need for further improvements in the electrode design. With
respect to inverse opals, three-dimensionally interconnected macropores facilitate the rapid

flux of liquid electrolyte solutions, such that 100 m? g’ of electrode interfaces are
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simultaneously accessible to Lithium or other mobile cationic charges. This degree of
macropore interconnectivity is intentionally tailored into PhCs from self-assembled close-
packed templates. For example, the ionic conductivity of a 1 M LiPFs liquid electrolyte
solution is only impeded by a factor of two when ion transport occurs through the
interconnected macropores of monolithic carbon inverse opals (electrode thicknesses: 300

um-3 mm).

8.2 Three-Dimensionally structured alloying anodes
The first reports of alloying electrodes in 10 form appeared in 2004 **. PMMA colloidal
crystal templates were infiltrated with SnCl, dissolved in DI water and 30 wt% H,0,. 1Os of
SnO, were formed after thermal removal of PMMA template. The morphology of the walls
of I0s was influenced by the calcination temperature, becoming more granular and
interrupted by grain boundaries with the increase in the calcination temperature®”.
Galvanostatic cycling of the IOs resulted in significant morphological changes in the
electrodes. The wall thickness increased significantly on the alloying of SnO, with Li, with

nodules appearing on the previously smooth structure (see Figure 17).
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Figure 17. SEM images showing morphologies of SnO, IOs at different stages of charging.
Reproduced from *** with permission from the Royal Society of Chemistry.

Repeated cycling caused increase of the wall thickness, and finally loss of the 10
morphology. The authors concluded that the large volumetric expansion of the IO SnO,
electrodes made them impractical for applications in LIBs. Additionally, the granular
structure of the SnO, walls caused very high polarization, caused by high resistance of the
granular walls of the IO. Different approaches were used to alleviate the drawbacks caused
by the properties of SnO,. Using a carbon-SnO, composite was one of the strategies
employed ' °  Stable capacity of 300 mAhg™ could be delivered by carbon SnO,
composite at 100 mAg™. The improved cyclability was attributed to the confinement effect
provided by the mesoporous carbon framework, which served as a structural buffer for
volume variation of Sn nanoparticles during repeated cycling. Stability of the SEI layer also

contributed to the good cyclability of the IOs.
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In another approach, Ni support was used to improve the stability of the SnO, 10

based electrode 9.

In this study, a colloidal crystal template was infiltrated using
electroplating. A mixture of SnCl, and NiCl, was deposited from an aqueous solution
through electroplating, and tested electrochemically. Repeated cycling caused delamination
of the IO electrode from the current collector, possibly due to epitaxial mismatch of the Ni-
Sn alloy and the Cu current collector. During cycling, the electrode underwent rapid

morphological changes and as a result, capacity retention was poor. After 100 cycles, the

reversible capacity sustained by the electrode was only about 95 mAhg™.
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Figure 18. (a) CV for hollow FTO. (b) CV for porous FTO. (c) Initial charge and discharge
curves for porous FTO. (d) Cyclic performance for porous FTO. Reproduced from '’ with
permission from the Royal Society of Chemistry.

Recently, '/, fluorinated tin oxide (FTO) and antimonated tin oxide (ATO) IOs showed

significant improvements in electrochemical performance compared to pure SnO, IOs, in
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both capacity and cycling stability (see Figure 18). The improved performance of the FTO
and ATO electrodes was attributed to improved integrity of the nanoporous structure,
allowing for better tolerance of large volume changes caused by repeated cycling of the
electrode. Good electrochemical performance of highly conductive transparent oxides may

enable their applications in solar cells, electrochromic devices or sensor applications.

Si is another material that has been investigated electrochemically and structurally in

IO architecture. Esmanski et al. %

prepared a variety of Si based IO films: amorphous
hydrogenated Si 10s (prepared through CVD), nanocrystalline Si-IOs, carbon coated
nanocrystalline Si-IOs and carbon IOs with amorphous Si coating. Amorphous hydrogenated
Si I0s demonstrated good initial discharge capacity (2500 mAhg™). The cycling stability of
the 10 electrodes was also satisfactory, with over 70% of discharge capacity retained after
145 cycles. Sphere size was also shown to have an influence on the performance of the IOs,
as the electrodes prepared from templates with lower diameter spheres performed poorly,
due to blockage of the pore openings by swelling electrode material. The rate performance
of the IO was limited by the amorphous structure of the IO walls. In order to increase
conductivity, amorphous IOs were annealed at 800 °C in an inert atmosphere resulting in the
formation of nanocrystalline Si-I0. The crystalline structure of the IO walls resulted in
improved Li mobility in the electrode material, and better rate performance. Capacity

retention however was extremely poor, reaching negligible values by the 15" cycle at best.

Similar electrochemical behaviour was observed for carbon coated nanocrystalline Si IOs.

In the same study, a different approach was also presented. Carbon IOs were coated
with thin layer of amorphous Si via CVD. The initial capacity of the IOs was around 2000

mAhg™, with the first cycle coulombic efficiency reaching around 80%, increasing to 98-99%
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after 5™ cycle. The rate performance of the IO was poor, compared to amorphous Si
samples, with the capacities reaching negligible levels at 10C rates. The carbon support
allowed for better mechanical and structural stability of the IOs, resulting in good capacity
retentions of over 80% after 145 cycles. Esmanski's findings agreed well with results

|92

published by Kim et al *, who prepared 3D porous Si particles through deposition of sol-gel
mixtures of Si and silica particles and subsequent HF etching. The 3D particles demonstrated

excellent capacity retention and rate capability, delivering 2668 mAhg™ after 100 cycles at 1C

rate.

In a more recent study, nanoscale Ni metal scaffold supported bicontinuous 3D IO
based batteries were prepared by Paul Braun's group™®. The formation mechanism for these

electrodes is shown in Figure 19.
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Figure 19. (a) Loss of electrical contact during cycling. (b) Good electrical contact between Si
film and Ni substrate. (c) Bicontinuous bulk anode consisting of silicon thin film on 3D
porous Ni scaffold. (d) Fabrication procedure for the bicontinuous electrode Reproduced
from ?°° with permission from Nature Publishing Group.

48


http://dx.doi.org/10.1039/c4ta00534a

Page 49 of 71 Journal of Materials Chemistry A
View Article Online
DOI: 10.1039/C4TAO00534A

Initially, nickel was electrodeposited in a PS template. Following thermal template
removal, the Ni IO was electropolished and a thin film of Si was deposited on the surface of
Ni support through CVD. The self-supported Si anodes showed excellent electrochemical
performance, delivering stable capacity of 2660 mAhg™ while conserving over 48% of its

slow rate capacity when charged at 9.5 C.

The same bicontinuous approach was also successfully employed in an operational
battery ?°, where MnO, cathodes were prepared by electrodeposition of MnSO, on
electropolished Ni metal current collector. Superior rate performance of the bicontinuous
films was attributed mainly to excellent electrolyte penetration, reduced polarization by
providing a low resistivity current collector throughout the electrode and shortened diffusion
lengths. Such prepared electrodes were able to deliver capacities of over 75 mAhg™ at an
exceptionally high rate of 1114 C, which corresponds to full discharge in less than 4 seconds

(see Figure 20).
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Figure 20. Ultrafast discharge of the lithiated MnO, cathode. Reproduced from **° with
permission from Nature Publishing Group.
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The most recent report 2

concerning 3D battery architectures, describes a high
power microbattery capable of delivering power densities as high as 7.4 mW cm™ pm™ (see
Figure 21). In this study, polystyrene spheres were deposited over gold electrodes etched on
glass substrate. Subsequently, a nickel metal support was electrodeposited over the gold
electrodes to form a stable current collector. A Ni-Sn alloy and MnOOH were then
electrodeposited on the current collector, before submersion of the microbattery in LINO;
and LiOH, to form a lithiated cathode. Such microbattery design allowed the authors to
achieve over 2000x the power and twice the energy density observed in the best
microbattery designs presented thus far. The energy densities demonstrated of up to 15
UWh cm™ um™, and the power densities of up to 7.4 mW cm™ um™ are comparable with the
best supercapacitors. The improvements in power and energy density were attributed to
shortened ionic diffusion lengths, and reduced resistivity of the electrode. Successful
demonstration of a high power microbattery allows compact integration of a full battery

package for microelectronics applications. The versatility of this approach also permits

development of different types of electrode chemistry for specific applications.
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Figure 21. (a) Schematic diagram of microbattery fabrication procedure. (b) Microbattery
design. (c) SEM cross-section of the microbattery. (d) Top-down SEM image of the
microbattery interdigitated electrodes. (e) Constant current line sweeps at different rates. (f)

Rate performance of the microbatteries. Adapted from

Publishing Group.

201

with permission from Nature

Table 3 summarizes some of the developments in IO Li-ion battery electrode research.

Composition Morphology Initial capacity (C-rate) Final Ref
capacity (#
of cycles)

V,05 I0 - - 202
LiNiO, 10 - -
SnO; I0 - - 194
C 10 299 (15.2 mAg™) - 188
Sn/C Sn@C IO 348 (15.2 mAg™) -
C Graphitic CIO 326 (C/10) 320 (60) 189
Sn/C Sn@C 415 (C/10) 375 (60)
TiO,/C TiO,@C 158 (50 pAcm™?) 40 (15) 203
Li,TisO1, I0 152 (6.3uAcm™) 145 (70) 204
LisTisO1, I0 173 (C/10) 120 (100)  *®
FePO, I0 137 (C/10) 110 (50) 206
LiMn,04/Li1sAlosTiis(PO4); IO composite 64 (-) - 207
LiMn,O, I0 - - 208
Sn/C Sn@C 1500 (100 mAg™) 96 (100) 19
Si/C Si@C 3180 (-) - 191
LiFePO, I0 115 (5C) 120 (50) 185
Si a-Si:h IO 2500 (C/10) 1750 (145)

nc-Si I0 3000 (C/10) 0 (15) 198
Si-C nc-Si-C I0 2400 (C/10) 0(12)

a-Si-C IO 2406 (C/10) 2133 (145)
Ni/Sn Ni-Sn 315 (50 mAg™) ~100 (100) **

Composite
LiMn,O, I0 - - 182
MnO, @ Ni Thin film/IO 74 (1114 Q) - 200

Bicontinuous
FeF; 10 540 (50 mAg™) 190 (30) 176
Si @Ni Bicontinuous 3568 (C/20) 2660 (100) **°

I0
Sn0,/C Sn0,@C 1659 (0.5 Ag™) 715 (500)  %°
TiO, 10 442 (25 mAg™) 117 (200)  *®
C I0 359 (-) 315 (20) 190

Table 3. Summary of the performance of various types of IO based electrodes.
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9. Pseudocapacitors that offer good power and energy densities
Capacitive charge storage has some particular advantages compared to non-faradaic
intercalation batteries. Supercapacitors can be charged within seconds, cycled hundreds of
thousands of times, are stable and ideal for delivering high power, which for some uses is
preferably to a higher energy density.’® Several options exists for charge storage at the
electrode-electrolyte interface, which are sensitively dependent on structure and
composition, chemical potential redox potential and many other factors. In secondary or
rechargeable batteries, cations intercalate into interlayer gaps (van der Waals gaps) of

layered or tunnel materials *'*

or form alloys with phases of other materials. The specific type
of materials that permit intercalation however, can offer in some conditions, faradaic and

non-faradaic processes, thereby adding energy and power density benefits of both systems.

Cations that can electrochemically adsorb onto the surface of a material through
charge-transfer processes facilitating non-intercalation based charge storage, similar to
electrochemical double layer capacitors to some extent. This can in some cases remove the
limitation of long diffusion times for ions through the van der Waals gaps, and is
energetically easier. Such pseudocapacitance when this form of insertion is capacitive, i.e. the
electrochemical intercalation processes stem from cations that are faradaically stored and

changes in materials structure do not occur.”*?

While there are many text-books that deal
with the fundamentals of capacitive and intercalation charge storage mechanisms, there are

some salient features that are important for materials that ordinarily store charge through

intercalation, but exhibit surface charge storage when polarised at higher rates.
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Increasing the rate of a cyclic voltammagram for structured or porous energy storage
materials has a large influence on the course of the electrochemical reaction many cations.
One characteristic is that the current peaks associated with many processes such as SEI
formation, reduction, oxidation, alloying or intercalation, are often convoluted within the
total cumulative charge and the curve resembles that of an asymmetric supercapacitor to
some degree. The current response is however much larger than for the slow rate scan,
suggesting that there is additional charge storage mechanism operating at large potentials.
The total stored charge, for any electrochemical energy storage process can be separated
into three components: The faradaic contribution from the Li* ion insertion processes, the
faradaic contribution from the charge transfer process with the surface atoms, referred to as
pseudocapacitance and the non-faradaic contribution from the double layer effect **>. When
the porosity of the electrode increases, both types of capacitive contributions
(pseudocapacitance and double layer charging) can be significant. The capacitive effects can
be characterized by analysing data from cyclic voltammetry experiments carried out at

different scan rates, according to *'*:

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

i =av? (1)

where the measured current i obeys a power law relationship with the sweep rate v. Both a
and b are adjustable parameters, with b value, determined from the slope of log(i) vs. log(v).
There are two well-defined conditions, b =0.5 and b= 1. For b =0.5 the current is

proportional to the square root of the scan rate, according to the equation:

1
1 1 = 1
i = nFAC"D2vz (%0) may (bt) @)
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where C* is the surface concentration of the electrode material, a is the transport coefficient,
D is the chemical diffusion coefficient, n is the number of electrons involved in the electrode
reaction, A is the surface area, R is the molar gas constant, F is the Faraday constant, T is the
temperature, and y(bt) represents the normalized current for a completely irreversible

system, as indicated by cyclic voltammetry.

The other defined condition is when b =1, which is representative of capacitive

response, as the capacitive current is proportional to the scan rate, according to:
i =vCiA 3)

To obtain the b-value for a given material system, current values from cyclic voltammagrams
carried out at different scan rates are recorded at specified potential values. Then, the slope

of the plot of the log(i) vs log(v) is the b-value at that potential.

As a pertinent example of many in the literature, Brezesinski et al. " recently showed
that controlling the morphology of mesoscale porous materials such as films of iso-oriented
a-MoO; can facilitate a change from non-faradic process to a mixture that helps increase the
overall energy density of capacitor-based storage devices, using pseudocapacitive effects
controlled by reaction kinetics. These properties were unique to their mesoporous crystalline
materials and were superior to those of either mesoporous amorphous material or non-
porous crystalline MoO; (See Figure 22). The iso-oriented layered crystalline domains
enabled Li-ions to be inserted into the van der Waals gaps of the a-MoOs and importantly,

occurs on the same timescale as redox pseudocapacitance.

54


http://dx.doi.org/10.1039/c4ta00534a

Page 55 of 71 Journal of Materials Chemistry A

View Article Online

DOI: 10.1039/C4TA00534A

0.2 1

0.1+

0

-0.14

Current density (mA cm~2)

-0.2 4, . ; ; .
1.5 2.0 25 3.0 3.5
Potential (V versus Li/Li*)

6001d ~~ o—0
O

'TOO /O/
O 450 9
P /
20 I °
= ] R
% 30014 /./0
8 .’.
s 15014 )
& ° —o— Crystalline
o —e— Amorphous

0 400 800 1,200 1,600 2,000
Time (s)

Figure 22 (a) Morphology of mesoporous a-MoOs; with highly oriented crystalline walls.
Low-magnification bright-field TEM micrograph. Inset: A higher magnification micrograph.
(b) AFM image of the top surface. Inset: A tilted AFM image with height variations in the 1-5
nm range. (c) Cyclic voltammograms for mesoporous amorphous and crystalline films of
MoQ; systems at a sweep rate of 1 mV s, (c) Kinetic behaviour of the various mesoporous
films. The total amount of charge storage (gravimetrically normalized) as a function of
charging time for each film. Adapted from ?*> with permission from Nature Publishing Group

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

As  electrochemically active materials approach nanoscale dimensions,
pseudocapacitive effects become increasingly important.?*® In a recent report, Dunn et al.
established the dependence of pseudocapacitance on the particle size of anatase TiO,
nanocrystals.”*® The results showed that for particles smaller than 10 nm in diameter, more
than half of the total stored charge is capacitive. As anatase TiO, has no van der Waals gap,
all of its capacitance is believed to be redox pseudocapacitance. Layered crystal structure
materials have also been shown to exhibit such phenomena. TiOy(B), TiS; and H,Ti;O; are

217, 218

able take up LiC through pseudocapacitive processes . In cases where redox
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pseudocapacitance contributes to the overall energy density, its contribution can be
established by cyclic voltammetry. By varying voltage sweep rates, a transition from faradaic

to non-faradaic processes can be assessed in many forms of high surface area materials.

The performance of most advanced IO based LIBs can be compared to a different
type of device that is able to simultaneously deliver high power and high energy densities
are pseudocapacitors, which store energy electrochemically between two electrode plates. As
the energy storage employs fast and reversible redox reactions between electrodes and the
electroactive species, most pseudocapacitors use metal oxides with high number of valence
states. They are however difficult to mass produce, and suffer from energy density loss at
high scan rates. A recent study by Li et al. ?*° demonstrated Ni(OH), nanospheres with
excellent electrochemical performance (see Figure 23), related to high purity of the surface of

the nanospheres, large surface area and the amorphous phase of the nanospheres.
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Figure 23 (a) CV curves of the amorphous Ni(OH), nanospheres at various scan rates in 111M
KOH. (b) Specific capacitance of the amorphous Ni(OH), nanospheres as a function of the
scan rates based on the CV curves. (c) CV curves of the blank electrode at various scan rates
in 11JM KOH. Reproduced from ?'° with permission from Nature Publishing Group.

In a different study, graphene based supercapacitors were prepared by

microfabricating electrodes and subsequent deposition of reduced graphene oxide, on both

9

flexible and robust substrates ?°. The energy density of such structures is comparable with
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the energy density of LIBs, while their power densities are higher than power densities of
capacitors based on metal oxides. Altering carbon-based electrodes and structuring them
with ordered 3D porosity was also demonstrated recently by Huang et al. ®°. By creating
SnO, nanoparticles inside an inverted opal carbon matrix (Figure 24), they demonstrated
improved anode kinetics in a Li-ion battery cell. The electrodes exhibit simultaneously
enhanced ion and electron transport kinetics as well as geometrically constrained active
nanoparticles delivering up to 94.17% of theoretical capacity over 1000 discharge/charge
cycles at a current density of 2.0 A g, and exhibits good rate capability in the high current
density range of 1.0-10.0 A g. Creating hybrid materials with two or more active materials
offers some potential advantages depending whether energy density and/or cycle life are

important.
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Figure 24 (a) Schematic illustration showing the preparation of SnO,@C inverted opal
electrode. (b) Li-ion battery performances of SnO,@C inverse opal electrodes .

Development of such novel manufacturing techniques, optimization of the device
configurations and improvement of the used materials will further enhance the performance

of the supercapacitors, and we recommend recent reviews on this subject for more detailed
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information. Developments in the area of ordered porous self-supported batteries with
power densities comparable to supercapacitors offer power improvement options for
materials that are fundamentally limited to low intercalative or non-faradaic charge
capacities. Designing bi- or multi-phasic materials with different Li insertion voltage ranges
could potentially allow for a predetermined capacity without fully discharging each active
materials. Constraining one active materials within another with high deformation plasticity,
could also potentially give a structurally stable matrix that better accommodated volumetric
changes that are not buffered in a polymer-materials slurry in standard cell electrode
designs. Recent findings in dual charge storage mechanisms using SnO, nanoparticles on Si
as a hybrid anode ' and their exploitation will help optimize tailored design of many other
sophisticated electrode materials in electrochemistry and energy storage materials

influenced by the end application.

Choosing pseudocapacitance and supercapacitance is also possible using two-
dimensional (2D) nanosheets such as graphene or transition metal dichalcogenides (TMDCs)
2% Charge storage mechanisms here involve the insertion/extraction of protons or ions in
the first few nanometers on the surface of electrode materials for pseudocapacitors and the
adsorption/desorption of ions at the electrode-electrolyte interface for electrochemical
double-layer capacitors #****2. Enhancing performance is again a function of reduced lithium
ion diffusion distance within the materials if the former case and within the electrolyte for
the latter case. With the boost of wearable and flexible consumer electronics that have an
aesthetic appeal and unique functionality, flexibility and shape versatility or adaptability is a
useful property in charge storage materials and their electrochemical cells ?***, The state-
of-the-art flexible supercapacitors generally use carbon networks. Without the carbon

networks pseudocapacitive materials can barely be used to fabricate the flexible electrodes,
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so as to assemble the flexible supercapacitors (Fig. 25). Shi et al. 2°

, as one example, showed
that flexible asymmetric supercapacitors with excellent electrochemical performance and in
the form of quasi-transparent energy storage cells could be fabricated by using two kinds of
ultrathin 2D nanosheet materials (MnO, and graphene). The 2 nm-thick MnO, nanosheets
with a thickness of ~2 nm exhibited a high capacitance of 774 F g* and good rate
performance. Flexible asymmetric supercapacitors using the ultrathin 2D MnO, and
graphene in aqueous Ca(NOs),-SiO, gel electrolyte realized excellent electrochemical

performance with an energy density up to 97.2 Wh kg™ much higher than traditional MnO,

based supercapacitor and no more than 3% capacitance loss even after 10,000 cycles.
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Figure 25 (a) Photographs of the screen-printed asymmetric nanosheets-based
supercapacitor electrodes of various designs (b) Ragone plots of MS/GA and MS/MS
supercapacitor compared with other MnO, based asymmetric supercapacitors in literature
(based on the total mass of active materials).
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10. Summary and outlook for energy storage material design and performance
In this review, a description of some of the recent advances in nanomaterials design,
chemistry, size, shape, structure and assembly on the performance of Li-ion batteries was
given. Particular focus was given to the influence of material parameters on cell performance
and on emerging functional material architectures with engineered porosity as active Li-ion
battery and pseudocapacitor materials. It is becoming clearer from the progress to date, that
the improvements associated with changes of the electrode's chemical composition,
combined with developments in electrode architecture offer excellent opportunities for
commercialization of next generation Li-ion batteries and emerging alternative

chemistries®’

. Various mechanisms for lithium storage combined with simple routes towards
particular morphologies of active material create a multitude of opportunities for electrode
design.

However, it is important to note that to date, only a handful of modern materials and
electrode architectures have been commercialized. The advances in anode material science
and design have not been followed to the same extent by improvements in the cathode
chemistry and performance. A pressing challenge is the dearth of true, cell-level
investigations of known and promising new materials in true Li-ion cells. Most cathode
investigations form lithium batteries with a lithium electrodes; anode studies are half cells.
While the fundamental advancements are motivating, many new materials and systems need
to be thoroughly investigated using pair-matched anodes and cathodes in suitable

electrodes as full Li-ion cells and classified for their optimum performance and loading

conditions dictated by the end application.
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Inverted opal architectures have been demonstrated to improve the performance of
battery electrodes based on a variety of materials. The shortened diffusion lengths and
excellent electrolyte infiltration allow for largely increased charge/discharge rates, while the
void space allows for facile relaxation of strain and stress caused by repeated cycling of the
electrode. Moreover, using a composite approach, where the inverted opal current collector
acts as a support for active materials. This design approach can help minimize unwanted
polarization and resistances, and achievement of outstanding charge/discharge rates. Such
electrodes may achieve power densities more often seen in supercapacitors, while delivering
energy densities characteristic for traditional LIBs. The use of engineered or programmed
porosity is potentially very useful for materials that have inherently lower Li ion diffusivity
within the crystal structure of the active material. Care should be taken to ensure that the
structure of the porous network does not introduce significant increases in electrical
resistance through material contacts or grain boundaries for example, or variable SEI film
structure at anodes. Ideal scenarios would likely involve engineered porosity of a well

crystallized material that itself does not have a high kinetic barrier to Li diffusion within its

Published on 04 March 2014. Downloaded by University of Limerick on 04/03/2014 21:16:33.

structure, made porous in a manner that maximizes ambipolar (ionic and electronic)
conductivity (tuned for power or energy density requirements at a prescribed rate), forms
stable SEI layers at low potentials (anodes), and offers useful volumetric or gravimetric
energy densities, among other attributes. Recent efforts for some materials have shown that
defining the porosity or dispersion of active materials can also give extra degrees of freedom
for volume expansion common for many high capacity materials.

Ultimately, the successful application of materials chemistry and electrode design will
be decided by the industry. Undoubtedly, the drive for better LIBs, motivated by automotive

and consumer electronics market will have a dominating influence on the types of batteries
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used. Templated materials with good ionic conductivities can allow for variants of thin film
batteries, where the charge storage cell is designed around the shape of the electronic
device, rather than the other way round. Although Li-ion battery packs are compact and
volumetrically efficient, the ‘swiss-roll' design strategy limits the batteries to rectangular or
cylindrical shapes, which constrains the form factors of devices. While many factors need to
be considered, not least a high quality, repeatable way of producing such thin film batteries
and battery skins, scope exists to lay down energy storage cells in parallel with energy
conversion or energy harvesting thin film technologies such as solar cells and
thermoelectrics, on a single platform. Recent work on unconventional battery designs 2%
focused on their accommodation into devices without constraining their form factors. Battery

designs such as flexible batteries **°

stretchable paper-type batteries, and even printed
transparent *° batteries, show that such atypical batteries are possible. The use of 10
materials is one way forward, allowing for possibilities of interpenetrating networks with Li-
containing polymer electrolytes and sequentially layering of anode and protective
encapsulating layers. Painting has proven its usefulness in applying functional materials onto
almost any type of substrate for electronic devices and it may be applied to energy storage

such as batteries. Printing (or generally, painting)®**

is already considered a viable technique
for large-area fabrication of electronic devices (circuits, photovoltaics, displays, etc.) on

virtually any type of substrate. Recent work has shown the intriguing possibility of literally

painting the layers of materials required for a Li-ion battery %>,

For charge storage technology capable of high performance, faster charging, and
stable, safe capacity retention during operation can be moulded to the device shape - this
will significantly help advance portable device power technology options such as consumer

devices and wireless sensor nodes for example. Consequently, there is huge interest in
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developing a fully paintable energy storage technology, and a seamless integration of these
energy storage systems into electronic devices is still a significant hurdle. Probing how an
ordered architecture is that can be assembled layer-by-layer on shaped surfaces, and new
non-destructive spectroscopic methods to investigate how a new areal battery shape can be
probed during its operation will be very advantageous for future thin film, moldable battery

designs and material architectures.

Advances in Li-air and Li-S designs and other 'beyond lithium’ systems such as

emerging Mg and Na-ion batteries *** #**

might challenge the supremacy of the Li-ion
system in the future, offering higher energy densities at reduced cost. Some investigations
consider multivalent cations offering more than one electron per redox event. As
summarised earlier, hybrid systems involving the power density benefits of supercapacitors
and the energy density performance of batteries in the form of rate-dependent
pseudocapacitors may also have niche application. However, for now, LIBs are very likely to

remain the main solution for power systems, and thus drive further improvements in both

electrode chemistry and architecture %,
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