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New and improved materials for energy storage are urgently required to make more efficient use of our
finite supply of fossil fuels, and to enable the effective use of renewable energy sources. Lithium ion
batteries (LIB) are a key resource for mobile energy, and one of the most promising solutions for
environment-friendly transportation such as plug-in hybrid electric vehicles (PHEVs). Among the three
key components (cathode, anode and electrolyte) of LIB, cathode material is usually the most expensive
one with highest weight in the battery, which justifies the intense research focus on this electrode. In this
review, we present an overview of the breakthroughs in the past decade in developing high energy high
power cathode materials for lithium ion batteries. Materials from six structural groups (layered oxides,
spinel oxides, olivine compounds, silicate compounds, tavorite compounds, and borate compounds) are
covered. We focus on their electrochemical performances and the related fundamental crystal
structures, solid-state physics and chemistry are covered. The effect of modifications on both chemistry

and morphology are discussed as well.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

With the worldwide energy shortage being one of the mounting
problems in 21st century, efforts have been made to replace the
non-renewable fossil fuels by other green energy sources, such as
solar, wind, and hydroelectric power. Different from the conven-
tional fossil fuels, most of these green energy sources suffer from
their uncontrollable and intermittent nature, therefore the
difficulty in energy storage and regulation results in larger cost.
This brings in enormous amount of research interests in material
developments for energy storage. The LIB system is regarded as one
of the near-term solutions because of its high energy density and
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relatively simple reaction mechanism. Current LIB technology is
well developed for the portable electronic devices and has been
widely used in the past twenty years. However, to be implemented
in the large-scale high-power system such as the plug-in hybrid
electric vehicle (PHEV) or plug-in electric vehicle (PEV), perfor-
mance requirements are raised especially from the aspects of
energy/power density, cycling life and safety issues, therefore
further LIB material and system developments are necessary.
The basic working principles of LIB are shown in Fig. 1. Alithium
ion battery can work as the energy storage device by converting
electric energy into electrochemical energy. There are three key
components in a LIB system: cathode, anode and electrolyte. For
today’s commercialized LIB system, both cathode and anode
materials are intercalation materials. The transition metal oxides
in cathode (graphite in anode) consist of a largely unchangeable
host with specific sites for Li ions to be intercalated in. All Li ions
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Fig. 1. Working principles of LIB (charging).

are in the cathode sides initially and the battery system is
assembled in “discharged” status. While charging, Li ions are
extracted from the cathode host, solvate into and move through
the non-aqueous electrolyte, and intercalate into the anode host.
Meanwhile, electrons also move from cathode to anode through
the outside current collectors forming an electric circuit. The
chemical potential of Li is much higher in the anode than in the
cathode, thus the electric energy is stored in the form of
(electro)chemical energy. Such process is reversed when the
battery is discharging where the electrochemical energy is
released in the form of electric energy. The cathode region and
anode region are separated by the separator, a micro-porous
membrane that allows the electrolyte to penetrate and prevent
shorting between the two electrodes. The electrolyte should be
ionically conducting and electronically insulating in principle,
however the actual properties of the electrolyte is much more
complicated. During the first cycle, a so-called solid-electrolyte-
interphase (SEI) layer will be formed on the surface of electrodes
due to the decomposition of organic electrolyte at extreme voltage
range (typically <1.2 'V or >4.6 V). In current LIB technology, the
cell voltage and capacities are mainly determined by the cathode
material that is also the limiting factor for Li transportation rate.
The developments of cathode materials therefore become ex-
tremely crucial and receive much attention in recent decade.
Since 1980 when the LiCoO, was demonstrated firstly as a
possible cathode material for rechargeable lithium battery [1], the
transition metal intercalation oxides have caught the major
research interests as the LIB cathodes [2-8]. Categorized by
structure, the conventional cathode materials include layered
compounds LiMO, (M = Co, Ni, Mn, etc.), spinel compounds LiM,0,
(M = Mn, etc.), and olivine compounds LiMPO4 (M = Fe, Mn, Ni, Co,
etc.). Most of the researches are performed on these materials and
their derivatives. New structure intercalation materials such as
silicates, borates and tavorites are also gaining increasing
attentions in recent years. During the materials optimization
and development, following designing criterions are often
considered: (1) energy density; (2) rate capability; (3) cycling
performance; (4) safety; (5) cost. The energy density is determined
by the material’s reversible capacity and operating voltage, which
are mostly determined by the material intrinsic chemistry such as
the effective redox couples and maximum lithium concentration in
active materials. For rate capability and cycling performances,
electronic and ionic mobilities are key determining factors, though
particle morphologies are also important factors due to the
anisotropic nature of the structures and are even playing a crucial
role in some cases. Therefore materials optimizations are usually
made from two important aspects, to change the intrinsic
chemistry and to modify the morphology (surface property,
particle size, etc.) of the materials. Fig. 2 compares the gravimetric
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Fig. 2. Theoretical and practical gravimetric energy densities of different cathode
materials.

energy densities of different cathode materials that are currently
under investigations. While some materials such as LiFeBO3 and
LiFeSO4F are already approaching their theoretical energy densi-
ties, for other materials including conventional layered and spinel
compounds, significant gaps are still present between their
theoretical and practical energy densities. The materials with
promising theoretical properties have high potentials as the
candidates of future generation LIB cathode, therefore are under
intensive studies. For certain materials such as the LiFePO, olivine,
significant property improvements have been achieved during the
past decade with assistance of newly developed technologies. To
review and summarize those researches could provide inspiring
perspectives for further material optimizations. In this review, we
will discuss the recent research progress in the past decade of
different cathode materials following the structural category, and
modifications on both chemistry and morphology will be
discussed.

2. Layered compounds LiMO,

The ideal structure of layered compound LiMO, is demonstrat-
ed in Fig. 3. The oxygen anions (omitted for clarity in the figures)
form a close-packed fcc lattice with cations located in the 6-
coordinated octahedral crystal site. The MO, slabs and Li layers are
stacked alternatively. Although the conventional layered oxide
LiCoO, has been commercialized as the LIB cathode for twenty
years, it can only deliver about 140 mAh/g capacity which is half of
its theoretical capacity. Such limitation can be attributed to the
intrinsic structural instability of the material when more than half
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Fig. 3. Crystal structure of layered LiMO, (blue: transition metal ions; red: Li ions).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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Fig. 4. Performance of layered LiNigsMngs0,: (a) compositional phase diagram, (b) cycling performance [10], (c) rate performance of LiNipsMng 50, synthesized by ion-
exchange method [11], and (d) rate performance of LiNiypsMngs0, synthesized by solid state method [11].

of the Li ions are extracted. On the other hand, the presence of toxic
and expensive Co ions in LiCoO, has introduced the environmental
problem as well as raised the cost of the LIB. The research focusing
on layered compounds, therefore have moved from LiCoO, to its
derivatives in which Co ions are partially/fully substituted by more
abundant and environmental friendly transition metal ions, such
as Ni and Mn. The approaches include mixing the LiNiO, and
LiMnO, with 1:1 ratio, forming layered LiNigsMngs0,, and the
formation of Li-Co-Ni-Mn-0 layered compound (so-called NMC
type materials).

Good electrochemical data of LiNigsMngs0, was firstly
reported in 2001 by Ohzuku et al. [9]. Fig. 4 shows the typical
electrochemical performance of LiNigsMngs0, [10,11]. The
charge/discharge voltages of this material are around 3.6-4.3V
where Ni%*/Ni** act as the redox couple as confirmed from in situ
X-ray absorption spectroscopy (XAS) study [12]. Various methods
including X-ray and neutron diffraction, nuclear magnetic reso-
nance (NMR) spectroscopy, transmission electron microscope
(TEM) and first-principles calculations [13-18] have been per-
formed to investigate the structural change and local cation
distribution of this material. The results showed that different from
classic layered material composed of pure Li layer and pure MO,
slab, 8-10% Ni ions are usually found in the Li layer of
LiNigsMngs0O, synthesized by solid state or sol-gel synthesis
methods. It was suggested that such Li-Ni interlayer mixing might
be partially reduced under high voltage (>4.6 V) [19,20]. For the
transition metal layer, a flower-like in-plane cation ordering that Li
in transition metal layer is surrounded sequentially by Mn rings
and Ni rings was suggested by first-principles calculations [16] and
confirmed by experiments [14,15]. With MO, slabs pined together
by the Niin Li layer, larger reversible capacity (~200 mAh/g) can be
obtained in LiNig5Mngs0, at low rate (C/20) with little capacity
fading even after 100 cycles, therefore the energy density can be
significantly improved. The material structure is thermally stable
until ~300 °C, above which oxygen release and material decom-

position would occur [21]. Structural change including migration
of transition metal ions to Li layer at high temperature was also
reported both experimentally and computationally [21,22].
However, with large amount of un-removable Ni in the Li layers
blocking Li diffusion pathways, the Li mobility of the materials is
negatively affected. The Li diffusion coefficient in LiNig sMng 505 is
reported to be lower than that in LiCoO, by one magnitude of order
[23], resulting in the low rate capability of LiNigsMngs0-. It was
also reported by Kang et al. [11] that the Li-Ni exchange is reduced
to ~4% in LiNigsMngs0, synthesized by ion-exchange method,
therefore the rate capability can be significantly improved (shown
in Fig. 4(c) and (d)).

Considering the Li-Ni disorder being major factor affecting the
material rate capability, attempts to create new compounds of
LiCo,NiyMn;_,_,0, are motivated. While good electrochemical
performance of LiCoq;3Ni;;3Mny;302 was already reported in 2001
by Ohzuku et al. [24], the importance of the series of Li-Co-Ni-
Mn-0 material is more recognized as the presence of Co ions can
help to reduce the amount of defect Ni in Li layer. The LiCo/3Niy,
3Mny;30, layer compound can be regarded as the solid solution of
LiCoO,, LiNiO, and LiMnO,. LiCoq;3Ni;;3sMny;30, deliver similar
reversible capacity with LiNigsMngs0,. Their voltage profile are
also similar in shape, but the operation voltage window of LiCoy,
3Niq;3Mny;30; can be extended to 3.6-4.7 V. The material’s typical
electrochemical performance is shown in Fig. 5 [25,26]. With
additional Co ions existing in the structure, the Li-Ni interlayer
mixing can be much reduced to 1-6% [27-32]. Though certain
superlattice in the transition metal layer could be obtained from
computations [33,34], diffraction [28] and NMR study [35], it is
suggested that only short-range ordering can be found and Li in
transition metal layer is surrounded primarily by Mn ions. The
changes of transition metal valence state following cycling were
investigated experimentally and computationally [29,30,32,34-
36]. In general, it is believed that, the transition metal ions are
oxidized in sequence of Ni** to Ni**, Ni>* to Ni**, Co®>* to Co*"
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Fig. 5. Performance of layered LiCoq5Ni;;3Mn;;30,: (a) compositional phase diagram, (b) cycling performance at elevated temperatures [25], (c) cycling performance at room

temperature [26], and (d) rate performance at room temperature [26].

during charging. Mn** ions keep unchanged. However, due to the
overlap of oxygen 2p band M3*/#* band, at the end of charging, part
of the electrons were also removed from the oxygen ions, causing
possible oxygen release at high charging voltages (>4.5V). As
shown in Fig. 5(c) and (d), with certain morphology modifications,
~90% of the capacity can be retained after 200 cycles at room
temperature and 84% of the capacity can be retained when at a
discharge rate as high as 20C [26]. The LiCo;3Nii;sMny;30;
compound also shows relatively good performance at elevated
temperatures. It was reported [25] that more than 80% capacity can
be retained at 55 °C and half of the capacity can still be achieved
when the operation temperature is raised to 95 °C. We also want to
point out that the reduced amount Co can be used to achieve the
same benefits. It has been shown by Li et al. that as little as 20% Co
(LiCog2Nig4Mng4) can lead to excellent electrochemical perfor-
mance [37].

While the introduction of Co ions into LiNigs5Mngs0, could
improve the material stability, the introduction of extra Li ions, on
the other hand, could improve the material capacity. A series of Li-
rich layered oxides Li[Liij3_2x3NixMny3_x3]02 therefore are
created by making a compound between Li;MnOs; and
LiNigsMng 50, to achieve higher capacity beyond the limitation
of one Li ion per MO, formula. With excess Li ions introduced, the
theoretical capacity of this series of materials can be increased to
more than 300 mAh/g. The compound Li[Li;/9Nii;3Mns;0]0, is
firstly reported by Lu et al. in 2001 [17]. Different compositions
(x=1/6, 1/5, 1/4, 1/3, 5/12, etc.) of this series of materials were
studied by the same group later and similar electrochemical
performances were shown [38]. For this series of materials, the
pristine samples are solid solutions phase following the layered
structure in general, although it was reported that some of the
spinel feature might be observed when x > 1/3 being heated to
600 °C [38]. The Li-Ni interlayer mixing is usually much smaller
than that in LiNig sMng 50,. With x increasing, the Li-Ni interlayer
mixing also increases while the c/a ratio decreases. The structure

details and cation ordering were investigated by diffraction, TEM,
NMR spectroscopy and first-principles calculations [39-44]. The
results show that the excess Li ions were located in the transition
metal layer, surrounded mostly by 5 or 6 Mn** ions. The Ni/Mn
zigzag ordering is regarded as another competent driving force for
the in-plane cation ordering, and actual material may reflect a
combination of these two orderings [39]. A typical voltage profile
of Li[Lij/gNij;sMnsj9]O, for the first cycle charging is shown in
Fig. 6(c) [45]. It is composed of a slopy region from the open circuit
voltage to ~4.5 V followed by a plateau region between 4.5V and
4.6 V. Such plateau, however, does not appear in following cycles
causing a large first cycle irreversible capacity. While it is generally
agreed that the slopy region originates from the oxidization of Ni?*
to Ni#*, the mechanism of the anomalous high voltage capacity is
still under debate. Several studies [46-48] proposed the mecha-
nism of oxygen loss accompanied by Li removal, while other
studies proposed the mechanisms involving surface reaction with
electrode/electrolyte reduction [49] and/or hydrogen exchange
[50]. This series of materials deliver the highest reversible capacity
(>250 mAh/g) for current intercalation cathode materials, but only
with low rate (C/50). It was reported that the excess Li ions in
transition metal layer are electrochemically active and will
migrate to Li layer becoming stable tetrahedral ions during cycling
[44,51]. Recent study [44] also suggested a possible layer to
defective-spinel phase transformation happening near the material
surface with significant migration of transition metal ions to
lithium layer. These un-removable ions in lithium layer will block
the lithium diffusion pathways, therefore may be one of the
reasons that cause the low Li chemical diffusion coefficient in the
plateau region [43] and the intrinsic poor rate capability of this
series of materials. A recent study also suggested that the material
rate and temperature performances may also be affected by the
particle size as shown in Fig. 6 [45].

For the Li-rich layered compounds, the surface characteristics
can significantly affect the material electrochemical performance
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Fig. 6. Performance of layered Li[Li;/3_2x/3NixMny3_x/3]02: (a) compositional phase diagram, (b) cycling performance (x = 1/3)[45], and (c) rate and temperature performance

(x=1/3) [45].

especially for the first-cycle irreversible capacity and rate
capability. Different surface modifications, therefore, have been
applied to this series of materials as further optimizations.
Common coating materials applied include different types of
metal oxides (Al,03, Nb,Os, Ta;0s, ZrO,, and ZnO) [52-54], metal
fluorides AlFs [55,56] and other polyanion compounds such as
MPO4 (M = Al, Co) [57,58]. A systematic research on the metal
oxides coating was performed by Myung et al. in 2007 [54]. The
area-specific impedance (ASI) results showed that during the first
cycle, the ASI of un-coated samples dramatically increased, while
the ASI of all the coated samples hardly changed. The cycling
performance and rate capabilities of the materials were improved
especially when coated with Al,0Os. It was claimed that during the
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initial cycling, the oxide coating reacted with the electrolyte
forming a solid stable fluoride layer which protected the active
materials from further HF scavenger. Similar effect was also
reported for AlF; coating [56]. In addition, the coating can suppress
the oxygen loss occurred in the active materials, therefore can also
improve the material thermal stability [55,59]. The coating
morphology is also under optimization. Double layer coating
combing two or more coating materials has been developed as well
[58]. Another approach involves the construction of composition
gradient from surface to bulk and forming core-shell structured
particles. The structure is shown in Fig. 7 [60]. By introducing
composition gradient, the performance of “core” active materials
can be maintained, while the less active “shell” materials can act as

Surface
Li(Nig 46 Cog.23 Mng 3003

(high thermal stability)

Fig. 7. Demonstration of core-shell structured particles [60].
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a buffer layer and help improve the material performance in
surface. Although there are general hypotheses of why the coating
materials can improve the active materials’ performance, the
detailed mechanism is still unknown and under intensive
investigations.

In summary, the layered oxides LiMO, can deliver high
capacities after activation at high voltages, therefore leading to
promising energy densities. However, their practical reversible
capacities are usually limited by the intrinsic structural instability
at low lithium concentrations and high voltages, causing reduced
efficiency of the active material utilization. Besides, for the cobalt-
free lithium nickel manganese oxides, the intrinsic low rate
capability has become the bottleneck problem impeding the
commercialization of these materials.

3. Spinel compounds LiM,0,4

The structure of LiM,0,4 spinel is shown in Fig. 8. The oxygen
framework of LiM;O4 is the same as that of LiMO, layered
structure. M cations still occupy the octahedral site but 1/4 of them
are located in the Li layer, leaving 1/4 of the sites in transition metal
layer vacant. Li ions occupy the tetrahedral sites in Li layer that
share faces with the empty octahedral sites in the transition metal
layer. The structure is based on a three-dimensional MO, host and
the vacancies in transition metal layer ensure the three-
dimensional Li diffusion pathways. The spinel LiMn,O4 was
proposed as the cathode of the lithium ion battery by Thackeray
et al. in 1983 [61-63], but the material was found to encounter
sever capacity fading problem. Two reasons have been considered
as the main sources for the capacity fading: (1) dissolution of Mn?*
into the electrolyte generated by the disproportional reaction 2
Mn3* — Mn** + Mn?* [64,65] and (2) generation of new phases
during cycling and the related micro-strains [64,66]. Substituting
Mn with other metal ions has been used as an important approach
to improve cycling performance of spinel materials. Multiple
dopants including inactive ions such as Mg, Al, and Zn [67-69], first
row transition metal ions such as Ti, Cr, Fe, Co, Ni, and Cu [70-74]
and rare earth metal ions such as Nd and La [75-77] have been
investigated and LiNipsMn; 504 shows the best overall electro-
chemical performances among the above.

LiNigsMn4 504 follows the spinel structure of LiMn,0,4 where Ni
ions are located in the sites of Mn ions originally. With different
synthesis conditions [78,79], LiNigsMn;s504 could possess two
different structural symmetries, the ordered structure with space
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Fig. 8. Crystal structure of spinel LiM,04 (blue: transition metal ions; red: Li ions).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

group P4332 and the disordered structure with space group Fd3m.
In ordered LiNigsMny 504, Ni ions occupy 4b sites and Mn ions
occupy 12d sites forming an ordered pattern, while in disordered
LiNigsMn; 504, Ni and Mn ions are randomly distributed in 16d
sites. In stoichiometric LiNig sMn; 504, the valence of Ni ions is 2+
pushing all Mn ions to Mn*". Comparing to LiMn,0, spinel, the
redox couple of LiNig sMn; 504 is switched from Mn3*/Mn**to Ni?*/
Ni** and the voltage is lifted from 4.1V to 4.7 V. Such high
discharge voltage not only enlarges the energy density but also
makes the material capable to be coupled with anode materials
which have better safety but relatively higher voltage (LisTisO3,
etc.). However, phase-pure LiNig sMn; 50, is difficult to synthesize
because impurities such as nickel oxides and/or lithium nickel
oxides usually exist [78,80,81]. As an alternative approach, the off-
stoichiometric material LiNigsMn; 504_, which adopts the disor-
dered structure is synthesized and the performances of these two
materials are compared in Fig. 9 [71]. InLiNig sMn; 504_,, there are
small amount of Mn>" ions exist as the charge compensation of
oxygen loss. The small voltage plateau ~4 V for LiNigsMn;504_x
therefore is attributed to the Mn**/Mn** couple. Different from
other doped spinel materials the voltage profile of which is usually
composed of two distinct plateaus, there is only one flat plateau at
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Fig. 9. Performance of high voltage spinel LiNigsMn; 504 [71].
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~4.7V for LiNigsMn; 504, although in LiNigsMn;504_4, a small
voltage step appears at half lithium concentration. The theoretical
capacity of LiNigsMn; 504 is calculated as 147 mAh/g, and more
than 140 mAh/g reversible capacity can be obtained experimen-
tally. With most of the Mn ions keeping Mn** unchanged during
cycling, both ordered and disordered LiNigsMn; 504 exhibit good
cycling performance for lower rate capability that there is little
capacity fading after 50 cycles in room temperature (Fig. 9(a) and
(c)) and elevated temperature (Fig. 9(e)). However, their rate
capabilities still need to be improved. The disordered
LiNigsMn; 504, shows better rate capability than ordered
LiNig sMn; 504 for the material electronic conductivity is enhanced
with the small amount of Mn3* ions. The ionic conductivity is
regarded as another rate-limiting factor. The Li diffusion coefficient
of LiNigsMn; 504 was reported to in a wide range between
10'% cm?/s and 10~!® cm?/s depending on different compositions
and material morphologies [82-84].

As a further optimization approach, doping small amount of
metal ions into LiNig sMn; 50,4 forming “bi-doped” spinel has been
widely used, and certain properties of LiNig sMn; 504 can be further
improved. A recent review paper by Yi et al. [85] has summarized
the effect of different doping ions including both cation substitu-
tion and anion substitution. By doping other transition metal ions
such as Fe, Cr, and Ti into ordered LiNipsMn; 504, the impurity
phases may be limited and the cation disorder could be enhanced
[86-90]. It was also reported that dopant such as Co and Cu may
enhance the material electronic conductivity and/or lithium
diffusion coefficient [91,92]. These enhancements therefore could
further improve the material cycling performance and rate
capability (Fig. 10 [92]). The doped bivalence metal ions such as
Cumay also shift the 4.7 V plateau to even higher voltage therefore
could further improve the energy density. However, for most of the
dopants, the high voltage capacity is shortened and the overall
reversible capacity is reduced. It was reported [86,92,93] that some
doped ions such as Fe, Cu, Al, and Mg tend to occupy the tetrahedral
sites and become inactive ions, not only reducing the capacity but
also blocking the lithium diffusion pathways, therefore may
impose a negative effect to the material performances.

Apart from chemistry modification, size minimization is also
reported as an effective approach to improve the material rate
capability. Highly crystalline LiNigsMn; 504 nano-sized particles
can be successfully synthesized through different methods
[79,94,95]. It was shown that the bulk properties of nano-sized
particles are generally the same compared to micro-sized particles,
although their surface areas increase causing increasing surface
reactions. However, the small size shortened the Li diffusion length
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Fig. 10. Rate performance of rate capability of LiNi,Cu,Mn;_, ,04 [92].

inside the active materials thus largely enhanced the material ionic
conductivity. The rate capability of the nano-sized LiNigsMn; 504
therefore is highly improved as an overall effect [95,96]. It is
important to point out the volumetric energy density (Wh/L)
suffers from the size minimization greatly as most of the nano-
sized materials do not have the optimized packing scheme yet.

In summary, the high voltage spinel material is promising due
to its high energy density, perfect structural stability and good
cycling performance under certain material modifications. The
high voltage, however, is out of the voltage window of the current
electrolyte, therefore causes the electrolyte decomposition and the
formation of unstable SEI on composite cathode side during
cycling. It is important to point out that the reversible capacity of
this material is currently limited to 0.5 Li per MO, formula, which
although is similar to the practical capacity of LiCoO,, still is
significantly lower comparing to the lithium nickel manganese
layered compounds.

4. Olivine compounds LiMPO,4

Despite the early works back in 1980s [97,98], intensive studies
on polyanion materials have not been conducted until recent
fifteen years. These materials are receiving growing attentions
because of the inherent stability of the polyanion group, which can
delay or minimize the oxygen loss happening in traditional layer
and spinel oxides.

Among all polyanion materials, olivine LiFePO4 attracts the
most interests due to its excellent electrochemical properties, as
well as its low cost, non-toxicity, excellent thermal stability and
environment friendliness. It was first found by Goodenough and
coworkers in 1997 [99,100]. The structure of LiFePO,4 is shown in
Fig. 11. It contains slightly distorted hcp anion oxygen arrays with
half of the octahedral sites occupied by Fe and one eighth by Li. The
LiOg octahedra are edge-shared while the FeOg octahedra are
corner-shared. Both of the LiOg and FeOg run parallel to the c axis
and they alternate in the b direction. The a-c planes containing the
Li atoms are bridged by PO, tetrahedral. Three different paths of Li
diffusion were proposed [101,102] and computational studies
suggested that the one along b axis is much more favored than
other paths across the channels [101,102]. In addition, in 2008
Yamada et al. further confirmed from experiments that the Li ion
diffusion path along the (01 0) is a curved one dimension chain

Fig. 11. Crystal structure of olivine LiMPO, (blue: transition metal ions; yellow: P
ions; red Li ions). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig. 12. Performance of olivine LiFePOy4: (a) after coating [ 118], (b) left: anti-site defect visualization under STEM [122], and right: atomic view of b axis (c) size dependence [123].

from high temperature powder neutron diffraction and the
maximum entropy method [103]. Although the material shows
excellent cycling performance, the main drawbacks of this material
lie on its low energy density limited by the voltage, and its poor
rate capability which is limited by the 1D ionic and poor intrinsic
electronic conductivity. Different experimental approaches have
been proposed to solve the problems: low voltage of the Fe3*/Fe?*
redox couple can be overcome by applying other transition metal
(TM) redox, such as Co, Mn, and Ni; three main different
approaches have been proposed to improve the conductivity
successfully, including: (1) surface modifications, i.e. coating the
particles with a conductive film; (2) size modifications; (3) doping
either Li or Fe sites with other metal ions.

Olivine structure can also be formed with transition metal ions
other than Fe, such as Mn, Co and Ni. According to different active
redox couples, the voltage is 4.1 V for LiMnPO,4 [99,104], 4.8 V for
LiCoPO4 [105] and 5.1 V for LiNiPO4 [106]. Because of the limited
voltage window of the current electrolyte, intensive research work
have been done on LiMnPO,4 and doping LiFePO,4 with Mn, Co or Ni
in Fe site (so-called divalent doping)[101,102,104,105,107-114] to
get an optimal voltage as well as an enhancement in the
performance. It has also been reported that substitution percent-
age canreach from 0% to 100% for Mn, Co, Ni and Mg dopants, while
for Zn and Ca only partial substitution can be achieved [115].

Surface modifications with good electron conductor are
believed to improve the electronic conductivity of the material,
thus increase the rate capability. Conductive carbon is one of the
popular coating materials that were proved to be effective. It was
firstly shown by Armand et al. that by coating LiFePO4 with a
conductive carbon layer, more than 90% of theoretical capacity can
be achieved at 80 °Cin a polymer electrolyte cell [116]. Later, Nazar
et al. found that by making LiFePO4/C composite electrode, 90% of
the theoretical capacity can be achieved at C/2 rate at room
temperate, with good rate capability and stability [117]. In
addition, surface modifications with other materials can also
enhance the Li ion conductivity of the material. In 2009, Kang et al.
proposed that Li ion conductivity at the surface between active

material and electrolyte is the rate limiting step compared to the
bulk with nanoscale particle size because of the anisotropic
properties of the material. They modified the surface with glass
lithium phosphate phase, which has high ionic conductivity.
Excellent rate capability was achieved after the modification, as
shown in Fig. 12(a) [118]. Capacity as high as 130 mAh/g at 50C is
achieved and there is no fading even at 60C after 50 cycles.
Another approach is to minimize the particle size so as to
shorten the Li ion diffusion length in the solid state as well as
decrease the anti-site defect to increase the Li ion conductivity.
Because of the one dimensional Li diffusion pathway in LiFePOg4, a
single immobile defect would block the long way diffusion along
the b axis. In the ideal ordered olivine structure, all Li reside in M1
site while all Fe are in M2 site. However, disorder, which is also
called anti-site defect, is very common in LFP. Amin et al. [119]
observed ~2.5 to 3% anti site defects, and in hydrothermally
synthesized samples, up to ~7 to 8% anti site defects was observed
[120]. The anti-site defect can be visualized under STEM [121,122],
as shown in Fig. 12(b) [122]. Much effort has been taken to reduce
the anti-site defect in the past few years. Chung et al. [121]
reported that by a small amount of doping, the iron in the Li site can
be controlled to aggregate together instead of randomly distribu-
tion, blocking fewer lithium channels. Later, it was shown by Lee
et al. [122] that the segregation of Fe in Li site can be optimized by
growth and/or annealing temperature. Gaberscek et al. reviewed
nine papers by different research groups with different synthesis
methods resulting in different particle sizes [123]. They concluded
the capacity decreases linearly with the increase of particle size,
shown in Fig. 12(c). Later work by Malik et al. reported that
reducing particle size can help diminish the blocked capacity and
nano-sized LFP is more tolerant to anti-site defects [124]. There are
also studies on the air exposure effects on LFP/C nanocomposite
[125,126], that the side reactions introduced by reducing size
could be minimized by avoiding contact with oxidative moisture.
Doping both M1 site and M2 site has been studied over the past
ten years. Besides divalent doping, aliovalent doping have been
under debate [102,127-132] over the past ten years; recently the
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in lattice doping with AI3*, Zr** and Nb>* were clearly demonstrat-
ed by Meethong et al. [133]. As high as 12% (in atomic percentage)
Zr was obtained. It is believed that the aliovalent doping can reduce
the lithium miscibility gap as well as increase the phase
transformation kinetics.

Besides property optimization, fundamental studies on olivine
materials are also intensive due to its size dependent phase
stabilities observed. For bulk LiFePQ,, its voltage profile is a plateau
around 3.45V vs. Li+/Li, which indicates a two-phase lithiation/
delithiation process according to Gibbs phase rule. Yamada et al.
[134] observed a room temperature miscibility gap between
LigosFePO4 and LiggoFePO,4. Furthermore, Delacourt et al. [135]
showed the experimental evidence of a temperature driven
LiyFePO4 (0 < x < 1) solid solution at 450 °C, and two metastable
phases Lig 75sFePO,4 and Lig sFePO,4 at room temperature in contrast
to the well-believed two phase nature of the system. In addition,
there is lots of debate in the community regarding whether this
two phase process occurring is advantageous in terms of kinetics,
conductivity as well as structural stability. Several studies on the
two-phase mechanism have been carried out. It was first brought
out by Padhi et al. [99] that the it follows the shrinking core model,
shown in Fig. 13(a). They believed that with Li insertion, the
interface area will shrink and the reaction will be diffusion limiting
after reaching a critical surface area. It is vice versa for the
delithiation process. However, Chen et al. [136] carried out TEM
studies in 2006, which identified in single crystallites, there are
intermediate zones between lithiated and delithiated phases. The
shrinking core model cannot describe individual crystallites. Later
the same year, Laffont et al. [137] conducted EELS study and
confirmed that the classical shrinking core model cannot describe
the mechanism due to the anisotropic lithium diffusion. They
showed that there is no solid solution at the interface and the
delithiation part is shown in Fig. 13(b). In 2008, Delmas et al. [138]

proposed another delithiation mechanism using their domino-
cascade model, as depicted in Fig. 13(c). The intercalation and
deintercalation processes are explained to be a wave moving
through the whole crystal along a axis due to minimizing the
elastic energy caused by structural strains happening at the
interface. This interface zone between the two phases provide good
Li ion and electron conductivity. This domino-cascade model was
further confirmed by Brunetti et al. [139] using precession electron
diffraction technique. However, controversy still exists on the
domino-cascade model [139].

In summary, olivine LiFePO4 has a lower voltage and similar
gravimetric energy density compared to LiCoO,. However, its low
cost, long life and environmental friendliness provide this material
with high potentials to be the next generation of commercialized
cathode materials. By (partially) substituting Fe with other
transition metal ions such as Mn, Co or Ni, the voltage can be
significantly improved. However, the intrinsic low conductivity of
this series of materials is still the key problem because the size
reduction and carbon coating increases the synthesis cost
drastically.

5. Silicate compounds Li,MSiO,4

Silicate material is relatively new to intercalation material. The
potential for the extraction of two Li ions per unit formula in
silicate materials first attracted a pioneer researcher Anton Nytén.
In 2005, he investigated LiFeSiO4 as the first material in the
silicate family [140]. The structure of Li,MSiO4 is demonstrated in
Fig. 14. The transition metal and silicate tetrahedra with corner
sharing form a layered structure in which a 2-D zigzagging
diffusion pathway is available for Li ion to intercalate and diffuse.
Silicate materials can deliver a theoretical capacity up to 166 mAh/
g for the extraction of one Li ion and 333 mAh/g when two Li ions
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Fig. 14. Crystal structure of lithium intercalated silicates Li,MSiO4 (blue: transition metal ions; yellow: Siions; red: Liions). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)

are extracted. Currently, the Fe, Mn, and the solid solution (e.g.
Li;Mng sFeq 5Si04) versions of Li,MSiO4 have been synthesized via
various synthesis routes such as hydrothermal, microwave-
solvothermal, modified sol-gel, and solution [140-143]; however,
the successful synthesis of the Ni version has eluded experimen-
talists so far.

LioFeSiO4 was the first of the silicate family to be synthesized
and was characterized by Nytén et al. in 2005 [140]. It was
hypothesized that with carbon coating and nano particle size, the
intrinsic low conductivity of silicate materials could be overcome.
LioFeSiO4 was synthesized using Li,SiO3 and FeC,04-2H,0 mixed
with carbon gel by the polymerization of the resorcinol-
formaldehyde system [144,145]. Although the theoretical capacity
of Li;FeSiOy4 is two Li ions per formula unit (~333 mAh/g), it only
delivered an initial charge capacity of 165 mAh/g and eventually
stabilized around 140 mAh/g, indicating that less than one Li* ion
per formula unit was extracted effectively. The synthesized
material contained a mostly pure phase of Li;FeSiO, with a space
group of Pmn2; and parameters of a = 6.2661(5) A, b = 5.3295(5) A,
and c = 5.0148(4) A. SEM demonstrated an average particle size of
about 150 nm, and this particle size can be partially attributed to
extended grinding. The electrochemical performance testing
was conducted at elevated temperature of 60 °C with a (/16
current density rate. Cyclic voltammogram showed an oxidation
peak shift from 3.1 to 2.8V vs. Li/Li*, suggesting a possible
phase transformation within the Li,FeSiO4 structure. This phase
transformation did not significantly affect lithium diffusion as the
reversible capacity was stable at 140 mAh/g. Subsequently, this
structure stability was also observed in the microwave-solvother-
mal synthesis of Li;FeSiO, by Muraliganth et al. in 2010 [143].
Microwave-solvothermal synthesis method created a similar
structure with same characteristics such as oxidation peak shift,
while the particle sizes are different. Using this method,
Muraliganthet al. were able to produce carbon-coated nanopar-
ticles of approximately 20 nm. The decrease in particle size also
inherently decreased the lithium ion diffusion path length. The
reversible capacity greatly benefited from the improved morphol-
ogy and was able to achieve 150 mAh/g at 25 °C and 200 mAh/g at

55 °C (Fig. 15) [143]. While only achieving the extraction of one
lithium ion per unit formula, Li;FeSiO4 has been shown to possess
exceptional structural stability.

Li,MnSiO4 was first synthesized via a modified Pechini sol-gel
synthesis route by Dominko et al. in 2005. However, they did not
succeed in the synthesis of LiMnSiO4 via the hydrothermal
synthesis route [141]. Lithium acetate dihyrate, manganese (II)
acetate tetrahydrate and SiO, were prepared in two separate
solutions and combined to form sol. The phase of Li,MnSiO4 was
quite pure with little impurities including MnO and Li,SiOs3, and
XRD profiling revealed a Pmn2; space group with parameters of
a=6.3109(9)A, b=5.3800(9)A, and c=4.9662(8)A. Extensive
Rietveld refinements showed that an ordered model did not
match up with the XRD data. Hence, a disorder model was
proposed with Li and Mn site exchanges and partial migration of Li,
Mn, and Si to alternate tetrahedral sites being the two main
disorder effects. This disordering could have worsened the
amorphization of Li;MnSiO4 material during cycling. The sol-gel
synthesis nature of the material did not provide the cathode
material with any carbon nano-coating. This lack of conductivity
manifested itself in terms of poor cycling and capacity retention of
the material. On the first cycle only about 0.6 Li ions per formula
unit were extracted, and this capacity rapidly faded to 0.3
reversibly exchanged lithium to within 5 cycles. A side note of
this low capacity is the low cut off voltage chosen by the author to
reduce effects of electrolyte degradation, which also lowered the
effective lithium extraction.

Later experiments attempted to resolve and characterize the
apparent rapid capacity fade of Li,MnSiO4 and the associated
structural instability. Li et al. in 2007 synthesized carbon coated
Li,MnSiO, material via precipitation in solution route [146].
XRD refinement showed a similar cell parameter profile of
a=6.308(3)A, b=5377(7)A, and c=4.988(9)A. The carbon
coating drastically improved the electrochemical performance of
Li,MnSiO4 to 209 mAh/g reversible capacity on the first charge;
however, structural instability caused the capacity to fade to
140 mAh/g after 10 cycles. In situ characterization of the cathode
material via XRD confirmed the structural instability by showing
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Fig. 15. (a) Cycling, (b) temperature, and (c) rate performance of Li,MSiO4 (M = Fe, Mn) [143].

the gradual amorphization of Li;MnSiO,4 during the removal of Li
ions in charging. The microwave solvothermal method was also
used by Muraliganth et al. to synthesize Li,MnSiO4 [143]. The
electrochemical properties were similar to the data presented by
Li, and Muraliganth believes that the poor cycling retention of
Li,MnSiO, is mainly due to the Jahn-Teller distortion of Mn>* and
the structural instability it causes. Hence, Li,MnSiOy4 still remains
the high potential but troublesome member of the silicate family.

In 2006, Gong et al. also obtained the solid-state solution of
Li,MnyFe;_,SiO4 by a solution route [142]. Out of these materials
created, the electrochemical tests of Li,MnSiO4 and Li,Mn,Fe;_,SiO4
showed more than one Li ion per formula unit have been released
based on the capacity obtained, although the possibilities cannot be
excluded that the apparent capacity may be attributed to other side

reactions. For Li;Mn,Fe; _,SiOy4, the solid-state solution achieved the
highest initial charge capacity of 214 mAh/g when the ratio of Mn to
Fe was 1:1,while the one with pure Fe and with 90% Mn can only
achieve 140-150 mAh/g for first charge. However, the addition of
Fe(Il) into the Li,MnSiO4 structure did not prevent structural
instabilities due to Mn oxidation since the cycling decay remained
significant. The solid solution of different materials could give rise to
a hybrid of material with more stable cycling and better capacity in
the new silicate field.

While the search for new synthesis methods and optimization
continue, silicate materials have shown certain promising
properties in the field of intercalation materials. Li;FeSiO4 is
capable of achieving 150-160 mAh/g at room temperature with
great cycling retention, and performs even better at elevated

Fig. 16. Crystal structure of tavoriteLiMPO4F (blue: transition metal ions; yellow: P ions; red: Li ions). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)



62

5
—

4 e ]
s /
& 3
3 a
g, @ |
>
(6]

1

. .

0 25 50 75 100 125 150

Cathode Specific Capacity [mAh/g]

2 80
<
o
]
g 60
& (b)
£ 40
g
(]
O 20
0
0 100 200 300 400 500
Cycle Number

Cell Voltage [V]

% Capacity Rentention (Relative to C/8)

B. Xu et al./Materials Science and Engineering R 73 (2012) 51-65

4.5

4.0

35 f-y-

(c)

2C

3.0

25

Time [h]

0.5 1.0

C Rate

1.5 20 25

Fig. 17. (a) First cycle voltage profile of LiVPO4F, (b) cycling performance of LiVPO4F, and (c¢) and (d) rate performance of LiVPO4F [147].

temperatures of 55 °C. Li,MnSiOy, on the other hand, suffers from
significant structural instability that causes fast capacity fading,
although its initial capacity around 200 mAh/g is higher than
LiFeSiO4. More research is needed on the characterization of these
materials to understand the nature of phase changes during cycling
so that cycling performance of Li,MnSiO4 can be improved.

6. Tavorite compounds LiMPO4F

Tavorite is a derivative class of the olivine structure and shares
many of the characteristics with the olivine series. The crystal
structure of LiMPO4F is shown in Fig. 16, where lithium ions are
surrounded by transition metal octahedra and phosphate tetrahe-
dra. Tavorites have good thermal stability due to the strength of the
phosphorus and oxygen bonds, but suffer from low energy density.
The introduction of fluorine into the structure opens up the 1D
ionic pathways to multidimensional pathways for Li diffusion
[147].

LiVPO4F represents the typical tavorite material, with crystal
structure similar to the naturally occurring mineral amblygonite
LiAIPO4F. The structure of LiVPO4F is described as phosphate
tetrahedra corner sharing with vanadium octahedra. Each vanadi-
um atom is bonded with four oxygen atoms and two fluorine
atoms, and lithium exists in two different sites within the
structure. A carbothermal reduction method was used to synthe-
size LiVPO4F with VPO, and LiF as precursors [148,149]. Fig. 17
showed the electrochemical testing results of LiVPO4F [147]. A
discharge capacity around 140 mAh/g is delivered with average
discharge voltage of 4.05 V. After 400 cycles at C/2 rate, 90% of the
initial capacity remained. This excellent cycling performance
suggests great structural stability with no phase transformation.
LiVPO4F also exhibits good rate capability, retaining 90% of the
capacity when charged at 2C rate. Multidimensional diffusion
pathways for Li ion transport in tavorite materials are the
distinguishing characteristics from olivine materials. As expected
from structural stability, LiVPO4F shows superior thermal stability
up to 175 °C. LiVPO4F represents a new class of material that has
great capacity retention, rate capability, and thermal stability.

LiFePO4F is also being studied closely in the tavorite class.
Different from most of other intercalation materials, LiFePO4F
starts in the charged state and is then subsequently discharged to
form Li>FePO4F. Particle size of about 1 pm has been reported for
solid state synthesis with FePO,4 and LiF [150]. Since tavorites have
high ionic conductivity due to robust diffusion pathways,
nanoparticle size is not required for the material to be
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Fig. 18. Cycling and temperature performance of Li;FePO4F [150].
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electrochemically active. During LiFePO4F synthesis, the absence of
hydroxyl groups is crucial for electrochemical reversibility. The
mechanism of hydroxyl group interactions is not well character-
ized and could be due to major phase changes during cycling. The
complete extraction of Li from LiFePO4F is limited by the high
redox potential of Fe(III) to Fe(IV), hence LiFePO4F has been limited
to the effective intercalation of one Li* ion per unit formula.
Electrochemical testing has shown excellent capacity retention of
about 150 mAh/g over 40 cycles even at elevated temperature
(Fig. 18 [150]). The spacious diffusion tunnels provided by the
tavorite structure provide the material with minimal interactions
between the Li* ions and the residing structure.

In summary, tavorites have emerged as a good alternative to the
olivine class of materials due to exceptional ionic conductivity,
thermal stability, and capacity retention. However, its energy
density is still limited by the amount of lithium available for
intercalation and much of the details of phase transformation are
still yet to be fully characterized.

7. Borate compounds LiMBO;

Borates LiMBO3 have received much attention because of its
lightest polyanion group, BOs3;, which ensures higher theoretical
energy density than other polyanion cathode materials. Legagneur
et al. first reported the electrochemical properties of LiMBOs3;
(M = Mn, Fe, Co), which can only (de)intercalate 0.04Li per formula,
i.e. 9 mAh/g, at arate of C/250 (the theoretical capacity is 220 mAh/
g) [151]. The structure of LiFeBO5 is shown in Fig. 19. The three

dimensional FeBO3; framework is built from FeOs bipyramids and
BOs trigonal planar. The FeOs bipyramids share edges along [101]
direction forming single chains, and the BOs are corner shared with
three chains. Within this three dimensional framework, Li occupies
two tetrahedral sites sharing an edge, which forms chains running
along the [0 0 1] direction. It was later found by Dong et al. [152]
that they can obtain 91.8 mAh/g for the initial discharge. They also
applied carbon as a coating material as well as for making the
LiFeBO3/C composite, and higher discharge capacity values
(1583 mAh/g at 5mA/g and 122.9 mAh/g at 50 mA/g) were
obtained [153].

The full potential of this material was not optimized until 2010,
by Yamada et al. [154], approaching a capacity of 200 mAh/g
supported by both experimental and computational results.
According to their opinions, surface poisoning by moisture in air
is the main source of contamination happening in previous studies.
With proper handling of the samples and electrodes, the
theoretical capacity was almost achieved at C/20 rate, and more
than 75% of the theoretical capacity was achieved at 2C rate, as
shown in Fig. 20.

Besides LiFeBO3, Mn based borates have been studied over the
past two years as well [151,155,156]. LIMnBO3 has two polymorphs,
hexagonal [151,155] and monoclinic [156]. The hexagonal phase
was claimed to have an initial discharge capacity of 75.5 mAh/g
with a wide voltage window range, 1.0-4.8 V [155]. While for the
monoclinic phase, electrochemical data was not shown until 2011
[156], a second discharge of 100 mAh/g with good retention over
multiple cycles on carbon coated LiMnBO5; was observed.

Fig. 19. structure of LiFeBO3 (green: transition metal ions; orange: B ions; red: Li ions). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of the article.)
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Borates being one of the newest generations of the Li
intercalation materials, its performance is relatively poor compar-
ing to other cathode materials. The recent studies have shown that
the kinetic polarization and the moisture sensitivity should be the
main limiting factors and much work is still needed to explore the
optimized synthesize and operation conditions.

8. Conclusion

In this review we focus on recent progress made in cathode
materials in lithium ion batteries, toward higher energy density,
higher power density, longer cycle life and better safety
characteristics. In six different materials chemistry families, we
describe the crystal structures, the redox potentials, the ion
mobilities, the possible phase transformation mechanisms and
structural stability changes, and their relevance to the high-energy
high-power low-cost electrochemical systems. Over the past
decade, we have seen ample examples where a combination of
virtual materials design/characterization and knowledge-guided
experimentation have made significant impacts on changing the
traditional trial-and-true way of materials design; many of them
have accelerated the pace of development of new high energy high
power density electrode materials for LIB. We also reviewed two
important aspects of materials engineering modification for
cathode materials in LIB: nano-structure synthesis and surface
modification for each material chemistry. It is important to point
out that the trend toward nano-structure electrode design must be
balanced with careful consideration on the volumetric energy
density. Most of the nano-structured materials have high
porosities and low volumetric energy Wh/L values, the deployment
of which will be limited in the energy storage applications where
space is a prime concern. Surface modification can help improve
electrochemical properties, though fundamental understanding
still lags behind. It is also critical to use cost-effective and scalable
synthesis methods to apply the surface modification. Very
recently, high-throughput computational methods have been
implemented and utilized to screen for new novel electrode
materials [157-159]. In the near future we will see a paradigm shift
on advanced materials discovery and optimization. Computational
tools will be critically important to enable new electrode materials
development and optimization, at the same time minimizing the
traditional experimental trials.
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