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Olivine-structured LiFePO, has been the focus of research in developing low cost, high performance
cathode materials for lithium ion batteries. Various processes have been developed to synthesize
LiFePO,4 or C/LiFePQy, (carbon coating on LiFePO,), and some of them are being used to mass
produce C/LiFePQO, at the commercial or pilot scale. Due to the low intrinsic electronic and ionic
conductivities of LiFePQy, the decrease of particle size and the nano-layer of carbon coating on
LiFePO, particle surfaces are necessary to achieve a high electrochemical performance. Significant
progress has been made in understanding and controlling phase purity, particle size and carbon coating
of the C/LiFePO,4 composite material in the past. However, there are still many challenges in achieving
a high quality product with high consistency. In this review, we summarize some of the recent progress
and advances based on selected reports from peer-reviewed journal publications. Several typical
synthesis methods and the effect of carbon coating quality on the properties of C/LiFePO,4 composite
are reviewed. An insight into the future research and further development of C/LiFePO, composite is
also discussed.

1. Introduction commercialization activities of lithium ion batteries for large
scale energy storage and for on-board energy storage in electric

Lithium-ion rechargeable batteries are the most promising power vehicles (EV) and plug-in hybrid electric vehicles (PHEV)."?
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system that can offer a higher operative voltage and energy
density compared to other rechargeable battery systems such as
the widely used nickel metal hydride (NiMH) batteries being

Challenges remain in making low cost, high-performance and
high-safety lithium ion batteries for vehicle applications.>*
Among the components in lithium-ion batteries, the cathode

used in commercial hybrid electric vehicles (HEV). In recent

o . material has attracted much attention because it has a significant
years, there has been a dramatic increase in research and

impact on battery capacity, cycle life, safety and cost structure.?
Due to its high capacity LiCoO, has been widely used in small
batteries for portable electronics since its introduction to the
market by Sony Inc. in 1991. However, its use in large size
batteries has been vetoed by safety concerns. In addition to the
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Broader context

The threats arising from limited oil storage and global warming have forced us to look for alternative energy storage and conversion
systems. In addition, the rapid pace and progress of the portable electronics and electric vehicles technique demand a powerful
energy storage system with high energy density and high safety as well as low cost. Following two decades of development,
rechargeable lithium-ion batteries (LIB) are considered as the most promising energy storage technology. Nowadays, consumer
demand is motivating tremendous efforts for high capacity, high power density, fast recharging rate, and great cycling performance.
However, these demands bring many challenges to material stability, especially when they are used in electric vehicles (EV).
Compared with other cathode materials, olivine-type LiFePO, draws extensive attention because of its high theoretical capacity,
environmental acceptability, and low cost, especially superior thermal stability and safety. The major drawback for LiFePQy is the
intrinsically poor conductivity, which is currently being overcome by coating them with conductive carbon. Carbon coating is
a critical component in C/LiFePO,4 composites. A deep and comprehensive understanding of carbon coating and its effects as well as
the synthesis process to control carbon coating on LiFePO, will contribute to the LIB industry and accelerate the commercialization
of EV.

This journal is © The Royal Society of Chemistry 2011 Energy Environ. Sci.
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safety risks, the high cost, toxicity, and environmental concerns
prohibit the large scale applications of LiCoO, material in HEV,
PHEYV or EV. Other materials including lithium nickel manga-
nese cobalt (NMC), lithium nickel cobalt aluminium (NCA),
lithium manganese spinel and olivine lithium iron phosphate are
being investigated and commercialized for various applications.
Each one has advantages and disadvantages.*® LiFePQOy is of
particular interest for use in large size batteries, due to its
intrinsic structural and chemical stability that leads to safe and
long cycle life batteries. Besides, olivine LiFePO, is composed of
low cost and environmentally benign Fe and PO4 moieties, which
is an important merit for large scale applications. One of the
main obstacles for practical applications of LiFePOy is its poor
rate capability, which can be attributed to slow kinetics of
lithium-ion diffusion coefficient (10~'* to 107! cm? s') and the
poor electronic conductivity (<10° s cm™1).1:1

Since the pioneering work of John Goodenough and
coworkers,'**5 numerous works have been done to investigate
the synthesis, structure, defects and physical, chemical and
electrochemical properties of LiFePO,4. Some review articles or
book/chapters were published concerning the synthesis and
properties of lithium iron phosphate.’**® In the present work,
focus is given to the C/LiFePO, and the impact of carbon
precursors on the synthesis and electrochemical performance of
C/LiFePO,. An insight into the future research and development
of C/LiFePO,4 composites is also discussed.

2. The structure and physical/chemical properties of
pristine LiFePO,

The olivine structure of LiFePO, crystal consists of a poly-
oxyanionic framework containing LiOg octahedra, FeOjg

octahedra and PO, tetrahedra. Strong P-O covalent bonds in
(PO4)*~ polyanion stabilize the oxygen when fully charged and
avoid O, release at high states of charge making LiFePO,4 an
excellent, stable and safe cathode material (Fig. 1).'°

The cation arrangement in LiFePO, differs from that in
layered LiCoO, or spinel LiMn,O4. The divalent Fe** ions
occupy the corner-shared octahedra. The P°* is located in
tetrahedral sites, and Li* resides in chains of edge-shared octa-
hedra. The skeleton of POy polyanions is very stable thermally,
but the corner-shared FeOg octahedra of LiFePO, are separated
by the oxygen atoms of the PO, tetrahedra and cannot form
a continuous FeOg network, which results in the poor electronic
conductivity of LiFePO,4.2° At room temperature, the electronic
conductivity of pristine LiFePOy is only 10~° to 107" S cm™',**
which is much lower than those of LiCoO; (~1073 S cm™") and
LiMn,O4 (2 x 10°to 5 x 107 S cm™1).2%2

Atomistic modeling and first-principle calculations indicate
that the lowest Li migration energy is found for the pathway
along the [010] channel, with a nonlinear, curved trajectory
between adjacent Li sites (Fig. 2).2**® Although the theoretical
calculation showed that the intrinsic ionic diffusion coefficient
is as high as 1078 (LiFePOy) to 1077 (FePOy4) cm? s~!, the one-
dimensional channels are easily blocked by defects and impu-
rities because blockages in one-dimensional paths are different
from those in two-dimensional and three-dimensional paths
where Li ions can move around the blocked sites.?® The ionic
diffusion coefficients in LiFePO, are therefore lower than the
theoretical value. For example, the diffusion coefficients were
reported by Takeda ef al in a wide range of 107" to 1072 cm?
s~! with the potentiostatic intermittent titration technique, 10~'3
to 1072 cm? s~ with electrochemical impedance spectroscopy,
and 107" cm? s~! with cyclic voltammetry, respectively.?” A
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Fig. 1 The olivine structure is stable during Li-ions insertion and extraction.

Fig. 2 Structure of LiFePO, depicting the curved trajectory of Li ion
transport along the b-axis, shown with red arrows. The iron octahedra
are shown in blue, the phosphate tetrahedral in yellow, and the lithium
ions in green. Reproduced with permission from ref. 24. Copyright 2010
American Chemical Society.

lower diffusion coefficient (107" to 107> cm? s7') was also
found in another report using the similar techniques.”® Never-
theless, it should be mentioned that it is very difficult to
accurately measure the diffusion coefficient of Li-ion in
LiFePO,4 by these methods due to a very flat charge—discharge
potential induced by the phase transformation between
LIFCPO4 and FGPO4.29

Apparently, the low electronic and low ionic conductivities
dictate the slow kinetics of charge and discharge. Various
models are proposed to explain the mechanism and kinetics of
charge and discharge, like the shrinking core model, domino-
cascade model and the recent spinodal decomposition
model 332 Debates are still going on concerning the rate
limiting step in the charge and discharge processes. Irrespective
of those debates, various approaches towards mitigating the
slow ionic and electronic conductivities are proposed and
explored.

3. Various approaches to improve the performance of
LiFePOy,

3.1 Size reduction

Size reduction to nanoscale dimension has been pointed out by
John Goodenough et al. as one of the effective methods to solve
the kinetic problems of LiFePO,4.!'* Nanosize pristine LiFePO,
has been synthesized by hydrothermal reaction under mild
conditions, which indeed shows desirable electrochemical prop-
erties when the nanoparticles are well connected with the current
collectors by using a large amount of carbon particle addi-
tives.**3* The carbon particles play the role of forming
a conductive network in the cathode coating to improve the
electron transport.

Many other studies have been conducted to mitigate lithium
diffusion limitations in LiFePO,4 by reducing particle size to
shorten the diffusion length. Recent studies also show that ionic
diffusion constant depends on particle size with diffusion in
nanosized particles being much faster than in micrometre-sized

Fast 1D Diffusion

Fig. 3 (a) Crystal structure of LiFePO, illustrating 1D Li* diffusion
channels oriented along the [010] direction. (b) Schematic illustration of
Li* diffusion impeded by immobile point defects in 1D channels.
Reproduced with permission from ref. 35. Copyright 2010 American
Chemical Society.
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particles or bulk (Fig. 3).** However, the higher surface area
arising from the smaller nanoparticle size also results in other
undesirable effects such as low material packing density in the
cathode and potential electrode/electrolyte reactions.’”3® An
alternative effective method to improve the lithium-ion diffusion
is using a higher operating temperature. However, not only the
lithium-ion diffusion rate increases at high temperature, but also
many undesirable reactions occur at the same time.** Besides the
benefit of short diffusion length in the nano-sized particles, it was
reported that coexisting crystalline phases have greater mutual
solubility for lithium (reduced miscibility gap) in nanoscale
LiFePO,.*° At higher temperatures of 100-200 °C, a solid solu-
tion is formed. In this case, a fast diffusion is expected during
charge and discharge since no phase boundaries are involved.*!

Although the size reduction strategy has been employed to
improve the performance of LiFePO, in many studies, recent
reports indicate that the specific capacity of LiFePO,4 has no clear
dependence on the particle size in the range of 50-400 nm.***?
For example, with the introduction of highly conductive carbon,
some LiFePO,4 materials with a larger particle size (150-300 nm)
exhibited better performance than the materials of smaller size
(30-100 nm). This is because Li-ion transport in these LiFePO,
particles is not diffusion-controlled, and the contribution of size
reduction to the capacity of LiFePQy is therefore limited.*

It has to be pointed out that the nano-sized particles do not
necessarily always give excellent electrochemical performance.
For instance, it was found that in the hydrothermal synthesis
anti-site defects may form, which block lithium ion trans-
portation, causing slow Kkinetics.** Therefore, an optimum
particle size is crucial to high-performance of LiFePO,, consid-
ering these adverse effects of nanosize LiFePO, in the practical
applications. A particle size range of 200-400 nm was suggested
in some reports for the high quality powder-based applications.*

3.2 Conductive surface coating

Coating of the LiFePO, surface with Cu, Ag, carbon, or con-
ducting polymers is very effective in improving the electronic
conductivity of the powders.*> Although metal additives may
effectively improve the conductivity of LiFePOy, it is difficult to
achieve a uniform metal dispersion on the surface of LiFePO,4.**
Metal oxidation to form insulating films or soluble ions that
might interfere with the negative electrode cyclability is also to be
taken into account while carbon is well known for its stability
and compatibility and use in practical composite cathode.
Furthermore, use of a high-cost metal additive is not suitable for
large-scale applications of the LiFePO,4 products. The conduc-
tive polymers such as polypyrrole generally have poor
mechanical properties and instability.*® Although recently poly-
(3,4-ethylenedioxythiophene) (PEDOT) chemically grown on
partially delitiated LiFePO,4 seems to lead to good cyclability,*’
by comparison, carbon coating has been particularly attractive
with respect to its high conductivity using carbon concentrations
as low as 0.5-2 wt%,3*>* its low cost, and simplicity of intro-
duction during or after the LiFePO, synthesis and most impor-
tantly its proven use as a conductivity additive in composite
electrodes and its chemical stability in the battery. A combina-
tion of carbon coating and fine particle size can improve the rate
performance and material utilization for LiFePO,**¢ and has

been commercialized.'®**® To make high capacity, low cost
LiFePO, batteries with a suitable size, it is desirable to reduce the
amount of carbon and improve the carbon coating quality.
Although numerous reports in the literature have focused on C/
LiFePO,4 composite materials and great progress has been ach-
ieved in this field in the recent years (Fig. 4),5”® the state-of-art
understanding of the role of carbon in the C/LiFePO, composite
material is still scarce.

3.3 Lattice engineering

Doping with supervalent cations in LiFePO,4 was first mentioned
by Goodenough—-Armand and reported by Chiang’s group as an
efficient method to improve the bulk conductivity and an
increase of eight orders of magnitude in electronic conductivity
was shown.'>** Later on, Ravet et al. showed that the electronic
conductivity increase may come from the residual carbon from
the organic precursors being used.®* Nazar’s group reported that
a nano-network of metal-rich phosphides might also contribute
to the enhanced conductivity.®® Islam et al investigated the
doping behavior with atomistic simulation techniques and indi-
cated that supervalent doping (e.g., Ga**, Ti**, Nb°*) on either Li
or M sites is energetically unfavorable and does not result in
a large increase in electronic (small polaron) species.®® Clearly,
the effectiveness of doping supervalent elements has been under
debate since the beginning, and it is still not proven to this day.

In addition to the supervalent cation doping, it has been
reported that anion doping (e.g. F~, CI7) was also effective in
enhancing the electrochemical performance of C/LiFePOy. For
example, F-substitution (LiFe(POy4)g9Fo3/C) may improve the
electric conductivity of LiFePO4 and alleviate the polarization
under high current densities.®” Also the high ionicity of F~ may
contribute to the diffusion of lithium ion in the F-doped
LiFePO,.®® However, the detailed mechanism and role of such
anions in the LiFePOy, crystal structure are still not clear.

Similar to the controversy of supervalent cation doping, there
are still many debates about whether these anions are actually
doped into the LiFePO, crystal lattice, whether the increased
performance of LiFePO, is due to the presence of carbon, and
whether the anion-substitution in LiFePO, will affect the
stability of PO, polyanions. For the time being, there is still no
convincing evidence or answers for these questions.

Recent work by Chiang’s group showed that doping can
reduce the lithium miscibility gap as stated by Armand-Good-
enough in 1997 for modified olivine,' ease phase transformation
and expand Li diffusion channels.®® However, given that Li site
doping contributes much more to the increase of electronic
conductivity than Fe site doping,”®”" Li site doping may affect
the activation energy of Li ion transportation and block the one-
dimensional Li ion migration path,”>”® which restrict the wide
use of this technique in LiFePO,4. Up to now, to alleviate the
poor electronic conductivity problem, the carbon coating
technique is therefore still generally introduced to prepare
C/LiFePO,4 composites.

3.4 Surface engineering of chemical composition

Another interesting report was published recently in Nature by
G. Ceder’s group concerning surface modifications by using
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non-stoichiometric composition generating lithium phosphate
species containing iron.” They achieved a rate capability
equivalent to full battery discharge in 10-20 s under ambient
temperature. The phenomenon was explained by a fast ion-
conducting polyphosphate surface phase which increases lithium
ion diffusion across the surface towards the (010) facet of
LiFePO, and thus enhances the rate capability. However, the
hypothesis was commented by J. B. Goodenough e al.,” and the
debate still continues,”® since it is difficult to discriminate
between the impact of nano-sized particles in the presence of
carbon coating on powder and the exact contribution of an
additional lithium phosphate phase.

Other non-carbon second phase (e.g. metal oxides, polymers)
coatings were also reported to modify the LiFePO, surface.
Metal oxide has been used to improve the performance of
LiFePOy,. V,0; possesses a very high electronic conductivity of
over 10° S cm™! at room temperature, thus it was used as the
second phase to modify C/LiFePO, to enhance its conductivity.””
It was also found that some other metal oxides (CeO,, ZrO,,
TiO;) can not only enhance the discharge capacity but also
improve the thermal stability and cycle performance.”®” The
improved cycling performance is due to the metal oxide layer
working as a protecting layer against HF attack from the elec-
trolyte.** However, similar to metal additives, the uniform
coating and high cost of metal oxides are still big challenges for
its real application. By using the atomic layer deposition (ALD)
technique, ultra-thin and uniform metal oxide films have been
achieved in our recent work.®"# Dramatic electrochemical
performance improvement has been demonstrated with only 2
atomic layers of Al,O3 on LiCoO, by other researchers.®*%* ALD
is therefore believed to be an important technique for surface
coatings on LiFePQ,4.*°

Various approaches that have been attempted to improve the
electrochemical performance of LiFePO, are illustrated in
Table 1.

4. Understanding of carbon coating on LiFePO,
4.1 Synthesis of LiFePO,

Various synthetic methods have been explored to produce
LiFePO, powder and have been reviewed in many review arti-
cles.'7#285 It is not the subject of this work to revisit all the
synthetic methods, but we will instead discuss the synthetic
methods in connection with carbon coating.

Generally speaking, all solid state or wet processes that have
been reported so far for inorganic synthesis were used to make
LiFePQy,, such as solid state reaction starting from all kinds of
solid or liquid precursors®® or wet chemistry processes
including hydrothermal,® solvothermal,”® ion-thermal,®® sol-
gel,” coprecipitation,®® or spray pyrolysis.®*

In the solid state reaction, carbon or carbon precursors are
normally mixed with iron, phosphorus (or phosphate) and
lithium sources. After reaction at an elevated temperature,
LiFePO, is formed with carbon deposition on the particle
surface. Mechanochemical activation has been reported to
increase the reaction kinetics and lead to fine particles.®®

Compared with the solid-state-based methods, the solution-
based methods allow the precursors at the molecular level in

solution to be homogeneously mixed. The carbon precursor
may be incorporated into the precursors depending on the
needs. For instance, in the sol-gel process, carbon precursors
are usually added or be part of the chelating agent.®> In this
case, only LiFePO, precursor is formed at low temperatures
during sol-gel process, and a further annealing process at
higher temperatures (above 600 °C) is still required to make
LiFePO,4. Under these high temperatures conditions, carbon
deposition on LiFePO, surface can effectively suppress particle
growth.>®> On the other hand, in the hydrothermal or sol-
vothermal process, LiFePO,4 nanoparticles can be formed under
pressure in an autoclave at low temperature (<200 °C). The
particle size and morphology can be tailored by the pH,
temperature and surfactant. In this case, normally carbon
precursors are not necessarily be added. However, a post-
treatment of the LiFePO,4 nanoparticles with organic precur-
sors and calcination at elevated temperature are usually per-
formed to increase the conduction. Details of carbon coating
associated with each process will be discussed in Section 4.5.

4.2 Carbon addition to enhance the conductivity of LiFePO,

To sustain fast charge and discharge in the battery, it is essential
to have fast transport of electrons and lithium ions. In the
commercial process of battery manufacturing, highly conductive
carbon additives like carbon black, graphite or carbon fibers are
often added to active materials with a binder to enhance the
conductivity of the composite cathode or anode coating. When
the particle size of LiFePO,4 becomes small (down to the nano or
submicron size), a large proportion of carbon additive is required
to connect all active materials, which causes low loading of active
materials. Effective dispersion of carbon additives with active
LiFePOy is also a challenge. Mechanofusion technology has been
used to dry coating carbon nanoparticles on the LiFePO,
surface. Surfactant addition to the coating slurry was also
commonly used to help disperse carbon particles.

Carbon can also be added to the active materials during the
synthesis process to improve the conductivity of the active
materials. Various trials to add carbon particles to the reaction
precursors have been made in the solid state and wet processes.
The advantage is that one can add highly conductive carbon like
graphite in combination with high surface area conductive
carbon black. The challenge is to disperse the carbon well with
the precursors. Usually a significant percentage of carbon (5—
20 wt%) is required to reach the percolation point of high
conductivity especially with submicron LiFePO, particles.*?

The most effective way to increase the conductivity with
a minimal dead weight penalty is to apply a carbon coating on
the LiFePO, particle surface by pyrolysing solid-, liquid- or gas-
phase organic precursors or a thin layer of polymers on the
LiFePO, surface, as reported by Ravet er al**3"-5%%¢ In such
a process a Pyrolytic Carbon Deposit (PCD) can be formed
simultaneously during LiFePO, synthesis or after the synthesis in
a second step. For instance, the pristine LiFePO, or its precursor
can be coated with organic or polymeric materials in solution and
then be heated to an elevated temperature to carbonize the
organic layer forming a thin layer of carbon.

The poor conductivity can be improved by creating such
a conductive carbon coating layer, sometimes at the nano-scale,

This journal is © The Royal Society of Chemistry 2011
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Table 1 Various approaches to improve the electrochemical performance of LiFePOy,.

Methods Catalogue Advantages Disadvantages Performance References
Size reduction Micro High tap density Low rate performance C/LFP exhibits a 59
(10 um) specific capacity
of 71 mA h-g!
at1 C
Sub-micro Medium tap density Medium performance C/LFP exhibits a 59
(0.5-1.0 um) specific capacity
of 129 mA h-g™!
at1 C
Sub-micro Medium tap density Medium performance C-free LFP has 60
(0.5um) a poor specific
capacity of 72 mA h-g™!
at1 C
Nano-size High rate Low tap density C-free LFP exhibits 61
(100-200 nm) performance a capacity of
147mA h-g'at5C
Nano-size (20 nm) High rate Low tap density C-free LFP exhibits 62
performance a specific capacity

Conductive surface coating Metal (Cu/Ag) High conductivity

Polymer High conductivity
(PPy/PANI)"
Carbon High conductivity

Lattice engineering Supervalent cation =~ —

doping

Anion doping —

Surface engineering Ton-conducting —

polyphosphate

Metal oxide coating Improving cycle

performance

“ PPy: polypyrrole, PANI: polyaniline.

of 163 mA h-g'at1C

Cu or Ag (1 wt%)-LiFePO, 45
exhibits a capacity of

(140 mA h-g!

at 0.2 C rate)

C/LFP/16 wt% PPy 48
and C/LFP/7 wt%

PANI exhibit a

specific capacity of ~145 and
~140 mA h-g!

at 1 C respectively

Phostech C/LFP 49

High cost non-uniform

Poor mechanical properties

No improving intrinsic

conductivity (0.5-1.0 um) has a
capacity of
150 mA h-g!
No convincing evidences Li;_yM, FePO, 63

(M = Zr, Nb, Mg)
increases its conductivity
by a factor of ~10® and
has a capacity of

~150 mA h-g~'at 0.1 C
LiFe (POy4),_xCl34/C

(x = 0.02) delivered

138 mA h-g' at 1 C LiFe
(PO4)0_9F0_3/C shows

110 mA h-g'at 10 C
LiFe0‘9P0A95O4,5 shows 74
a super high capacity

of 170 (20 C) and

130 mA h-g=' (50 C)

ZrO,/LFP exhibits 77
146 mA h-g'at0.1 C

V,05/LFP exhibits 143.5 mA 78
h-g'at0.2C

TiO, and CeO, improve the 79
stability of LFP

Possible structure change 67,68

Mechanism debates

High cost, non-uniform

on the LiFePO, particles with a minimal amount of adherent
carbon (usually less that 2 wt%).5%-5:5556 The electrons can be
spread to the entire surface of the particles through this carbon
layer during charge/discharge and therefore improves the
kinetics and reversibility of the lithium insertion/de-insertion
cycles. This method of carbon coating can also suppress
particle growth during or after synthesis and improve product
purity by eliminating any Fe*" species using the reducing gases
generated from the pyrolysis.’*> These will be further dis-
cussed in the following sections.

4.3 Effect of carbon on the tap density of C/LiFePO,

While carbon coating improves the conductivity of LiFePQy,
a monotonic decrease of tap density with carbon content is
observed. This is understandable since carbon has much lower
specific density than LiFePO, without taking into account
possible carbon deposit porosity.®” Chang et al. investigated the
effect of carbon content on the tap density of LiFePO, synthe-
sized using self-produced high-density FePO, as a precursor,”®
and glucose as a carbon source, and found that the tap density
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decreases from 2.15 to 1.66 g cm—* when the carbon content
increases from 3 wt% to 9 wt%. An optimum carbon content of 7
wt% was suggested, which gives a tap density of 1.80 gcm ™, and
a superior electrochemical performance than other compositions.
Clearly, the 7% of carbon is dead mass, leading to 7% capacity
loss, which is not efficient for developing high-performance
commercial materials.

Tap density of C/LiFePOy is not only determined by the carbon
content, but also determined by the particle size, particle
morphology and particle size distribution. A spherical C/LiFePO,4
material synthesized by using the precipitation method gave a tap
density of 1.75 g cm—3,* which is remarkably higher than the non-
spherical LiFePO, powders (tap-density 1.0-1.3 gcm?) of similar
size. Another method being reported recently to improve C/
LiFePO, tap density is to prepare agglomerate particles. For

example, a tap density of 1.1 g cm—* was achieved by preparing
agglomerate C/LiFePO, composite via the spark-plasma-sinter-
ing (SPS) technique.'® More recently, further improvement has
been reported by using a two-step drying method to increase the
tap densities from 1.37 to 1.80 g cm~2.*”7 This improvement could
be attributable to the net structure formed by adding a second
drying step in the process, resulting in agglomerations of the
colloid particles. Because of the denser structure, the grains of the
particles are more prone to grow and crystallize in the drying
process. Another report shows that composite synthesized with
two kinds of Fe** precursors (consisting of nanometre-sized and
micrometre-sized particles) exhibited less vacancy than that
prepared with single Fe** precursor (composed mainly of micro-
metre-sized particles) and led to high tap density which increases
from 1.19 to 1.40 g cm~* (Fig. 5).'*

Fig. 4 (a) TEM image and (b) high-resolution TEM image of single-crystalline C/LiFePO,4 nanowires (reproduced with the permission from ref. 57,
Copyright 2011 Wiley), (¢) TEM image and (d) high-resolution TEM image of C/LiFePO,4 nanoplate (reproduced from ref. 58 with permission;

Copyright Springer 2010).

Nanometre
-sized

particles

Micrometre
-sized

particles

Micrometre
-sized
particles

Fig. 5 The possible packing models of the samples (a) LFP1 and (b) LFP2. Reprinted from ref. 101 with permission. Copyright 2010 Elsevier.
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In addition, tap density of the C/LiFePQO, is well related to the
experimental conditions and methods. The calcination temper-
ature in the coprecipitation method is an important influencing
factor for tap density of C/LiFePOQy, as it affects the morphology
and crystal structure of the powders.’*> Sun et al. reported that
C/LiFePO, prepared at 800 °C exhibited high crystallinity as well
as a higher tap density of 1.09 g cm~* compared with the one
prepared with other temperatures (650, 700, 750, and 850 °C). In
further work, the tap density of C/LiFePO, (~3 wt% carbon
amount) was increased to 1.5 g cm™ by using self-prepared
FePO, as precursor and a pitch as carbon source.'®® This highly
dense C/LiFePO,4 material consisting of nanoscale particles (200—
300 nm) and pores (100-200 nm) shows a 2.5 times greater
volumetric energy density with similar rate capability compared
with nano LiFePO,4. More recently, to improve the uniformity of
carbon coating combining with high tap density,'** they reported
a double carbon coating on microscale nanoporous LiFePOy,.
Carbon coated FePO, was first prepared via coprecipitation
using sucrose as the first carbon source, and the resulting
C/FePO, was further mixed with Li,CO; (lithium source) and
pitch (the second carbon source) and calcined at high tempera-
ture (Fig. 6). This material still has a high tap density of 1.5 g
cm~? with about 0.5 wt% carbon amount and a superior specific
capacity, rate capacity, and volumetric energy density. Mean-
while, in another work, to make better dispersion of carbon on
LiFePO, through the coating of its precursor, poly-
vinylpyrrolidone (PVP) was also employed as the carbon source
to reduce the polarity of water and a smooth and homogeneous
carbon precursor coating was achieved on micro-scale
LiFePO,4.'° The 6 um C/LiFePO, microsphere with a higher tap

density (1.6 g cm~®) exhibits an excellent rate capability and

delivers a volumetric capacity of 225 mA h cm—3.

4.4 Effect of carbon on the properties of C/LiFePO,4 composite

Carbon coatings greatly enhance the specific capacity, rate
capacity and cycling performance of LiFePO,. Cyclic voltam-
metry (CV) was used to evaluate the kinetics of lithium interca-
lation and de-intercalation.’®5>1% Each of the CV curves consists
of an oxidation peak and a reduction peak, corresponding to the
charge-discharge reaction of the Fe**/Fe** redox couple. The
midpoint between the oxidation and reduction peaks, which
corresponds to the redox potential of the LiFePO, electrode, is
about 3.45 vs. Li/Li*. In pure LiFePO,4 materials without carbon
coating, a larger separation between redox peaks appears, indi-
cating a reduced reversible behavior which is mainly related to
the sluggish diffusion step. Coating olivine particles with
a carbon layer can greatly improve reversible performance for
the insertion and extraction of Li ions and their kinetics. This is
because the pyrolytic carbon in the product suppresses sintering
and particle growth during or after synthesis, leading to fine
particles which shorten the distance of the transport passages in
the solid-phase, and improves the insertion and extraction of Li
ions. The separation potential between redox peaks was also
reduced further with the increasing content of carbon.’®!% The
peak current of C/LiFePO4 nanocomposite materials increases
with carbon content also, which means better electrode reaction
kinetics and better rate performance of the LiFePO, cathode
material.

Fig.6 SEM images obtained from a focused ion beam cut of LiFePO, at low (a) and high (b) magnification. Cross-sectional TEM image of LiFePO, (c)
and the corresponding EELS image (d) (where red: C, blue: Fe, and green: P). Reprinted from ref. 104 with permission. Copyright 2010 Wiley.
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Fig. 7 The typical charge and discharge curves of (a) LiFePO, (pure)
and (b) LiFePO4/C cells. Reprinted from ref. 107 with permission.
Copyright 2008 Elsevier.

Great improvement of specific capacity can be achieved on
LiFePO, after carbon coating, which is due to the better
reversible performance for Li ion insertion and extraction and
the electrode kinetics (Fig. 7).17'% A high conductivity as
a result of the carbon coating can also lead to a reduction of the
cell impedance (Fig. 8).! A further decrease of the charge
transfer resistance can be obtained with the increase of carbon
content. Thus the rate capacity of LiFePO, can be greatly
enhanced by carbon coating.'0-!1°

Besides the better specific capacity and rate performance,
better cycling performance of LiFePO, can be obtained by
carbon coatings. A good cycle performance of less than 5%
discharge capacity loss over 1100 cycles at a low discharge rate
(0.6 C rate) was reported in a C/LiFePO, nanocomposite with
a core-shell structure."! The cycling stability of C/LiFePO, at
a high discharge rate is very critical for practical applications. A
recent report reveals that the C/LiFePO4 composite also shows
a greatly enhanced cyclic stability at 4 C, which is retained as
high as 92% after 1000 cycles."*? In another report,''* LiFePO,/
carbon composite was synthesized by a simple high-energy ball
milling combined with the spray-drying method, the C/LiFePO,4
composite obtained shows a greatly enhanced rate performance
and an excellent cyclic stability at room temperature with 92%
retention of its original discharge capacity beyond 2400 cycles
(10 C rate). In addition, the cycling performance was affected by
the synthesis conditions,™ although the material synthesized at
a lower sintering temperature had higher discharge capacity due
to a lower degree of crystallization and plenty of nano-sized
microstructure. The lower sintering temperature also leads to the
instability of the crystal structure and the solution of active
materials, which results in the degradation of discharge capacity
over long-time cycling. Therefore, synthesizing the material with
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Fig. 8 Electrochemical impedance spectra of cathodes: (a) Non-modified LiFePOy; (b) non-modified LiFePOy; (c) CNTs-modified LiFePO,; and (d)
CNTs-modified LiFePO,4. Reprinted from ref. 109 with permission. Copyright 2010 Elsevier.
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high crystallization and moderate particle size in the presence of
the carbon source is an effective way to improve the cycling
performance of C/LiFePO, cathode materials.

In this section, the details of carbon coating including carbon
sources, carbon content, carbon thickness, carbon structure,
carbon distribution and morphology, and carbon surface area
and porosity are reviewed.

4.4.1 Carbon content and carbon coating thickness. Carbon
coating on LiFePO, improves utilization of the active material,
which results from the reduction of the grain size'**''¢ and the
improvement of electrical conductivity.*® However, carbon has
an adverse effect on the tap density.’*® A large amount of carbon
will decrease the volumetric energy density of C/LiFePO,4
composites more severely than the gravimetric energy density.
Therefore, it is important to find the optimum content of
conductive additive which affects the utilization of active mate-
rial and the energy density of the electrode.

However, it is difficult to define the optimum carbon content
without discussing the carbon structure, the carbon distribution,
morphology as well as the LiFePO, effective surface developed,
especially with nano-scale particles. If the carbon is not homo-
geneously distributed on the LiFePO, particle surfaces, as in
most cases, it is even harder to define the optimum amount of
carbon content (wt%) and carbon film thickness. The carbon film
thickness is generally related to the carbon content, and high
carbon content can generally contribute to high conductivity but
also means thick carbon coating (for instance larger than 3-5
nm) which might restrict the easy penetration of lithium ions.
Less carbon means thin carbon coating, low negative impact on
tap density, but it is normally linked with non-uniform coatings
or not enough surface conductivity.

Zaghib et al. investigated the electrochemical properties of
LiFePO, cathodes containing different carbon contents from
0 to 12% of conductive additive (carbon black or a mixture of
carbon black and graphite) and found that the specific capacity
increases with increasing carbon content and does not show
a maximum value until 12% of carbon content,''” but it does
show decreased volumetric capacity of electrode. Another study
reported an optimum range of carbon content from 3.5 to 10.3%,
and the performance rapidly decreased with further increase in
the carbon content.'® The rapid decrease of performance can be
attributed to the following possible reasons: (1) amorphous
carbon phase dilutes the density of the crystalline LiFePO,
phase, (2) excess carbon suppresses formation of the crystalline
LiFePOy, phase, and (3) high carbon content combined with high
temperature (800 °C) reduces Fe and P to form inactive Fe,P.
Compared with the range of carbon amount, an exact optimum 5
wt% was reported which shows a best performance of C/LiFePO,
in a battery.'™ A similar optimum carbon content (4.6%) was
also reported using a different preparation method.'** However,
the optimum carbon content is different in various studies. Lu
et al. added high surface area carbon to LiFePO4 and indicated
that C/LiFePO,4 with 8.0 wt% carbon exhibited the best perfor-
mance.'?! Chang et al. suggested that 7 wt% carbon may be an
optimum value for the C/LiFePO,4 material with regard to the tap
density because the greater carbon content will result in the lower
tap density,'* but the discharge capacity increases little if the
carbon content is over 7 wt%.

The optimum value reported for carbon content varies in the
literature. This is because the synthesis process including
precursors, experimental conditions and methods strongly
influences the physical characteristics of the formed carbon
material, resulting in the different electrochemical behavior of C/
LiFePO,4 materials. For example, 90% of the theoretical capacity
at the 0.5 C rate in C/LiFePO,4 composites at room temperature
has been achieved by using 15 wt% carbon gels as a carbon
source.*® The same capacity value was obtained by reducing the
carbon content to nearly 3 wt% in other reports using a different
carbon incorporation method.® Thus the optimum carbon
content can be just considered as a reference value in these
studies since in fact total carbon in the electrode has to be taken
into account which contains the carbon coating, other particu-
late carbon introduced during LiFePO, synthesis, and any other
carbon added to the binder during the composite electrode
formulation. Considering the impact of carbon on tap density
and volumetric capacity, a lower carbon content is critical for
real applications. A small amount of in situ carbon (~1.5 wt%)
derived from ethylene glycol was reported to decrease the particle
size of LiFePO,4 and to improve significantly the rate capability
of LiFePQ,.1?*'>* The obtained C/LiFePO, material shows
a high-rate capacity with 150 mA h g=' at C/25 rate and around
100 mA h g ' at 5 C rate. Although the capacity is not the highest
one among the reported studies, the lowest carbon content
reported in the literature makes it more promising in industrial
production and application.

During the carbon coating process, the carbon is usually
derived from organic precursors that are added to the reaction
mixture before firing. During firing, the organic material is
decomposed and carbonized in an inert or reducing atmosphere.
Therefore, carbon thickness also can be controlled by the addi-
tion of the amount of carbon precursors. It is easily understood
that the carbon coating thickness increases with the amount of
carbon precursor. For example, a carbon coating thickness of
about 1-2 nm was obtained by Dominko et al. from 3.2 wt%
citrate anion as a carbon source, while it increased to about 10
nm when 12.3 wt% citrate anion was used (Fig. 9).1*° In addition,
although there are no reports showing direct evidence for the
relationship between carbon thickness and carbon precursor, it is
not difficult to understand this correlation because different
carbon precursors have various optimum decomposed temper-
atures and contribute to different amounts of carbon which
generally lead to different carbon thickness. Moreover, carbon
thickness is also related to the LiFePO, particle size and surface
area. Smaller-sized LiFePOy particles with higher surface areas
generally get thinner carbon layers when carbon amount and
physical properties are fixed because more surface area is coated
due to the high surface area of small-sized LiFePO,.

With regard to the effect of carbon thickness on the C/
LiFePO, performance, Cho et al. indicated that the thickness of
carbon and conductivity increases with the carbon content.'?* By
controlling the thickness of carbon (from a few nanometres to
a few tens of nanometres where the carbon content was
controlled between 1.25 and 2.54 wt%), the sample with the
carbon thickness of 4-8 nm exhibited the best discharge capacity
due to the easy diffusion of lithium ion and uniform coatings. It
is evident that an optimum carbon coating thickness is desirable
to balance the conductivity and easy lithium ion penetration, but
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Fig. 9 HRTEM images of tiny edges of LiFePO,/C composite particles.
(A) Crystal planes in the [200] direction are ending in about 1 nm thick
carbon layer (the source of carbon was solely the citrate anion), (B)
crystal planes in the [101] direction are ending in about 2-3 nm thick
carbon layer (the source of carbon was citrate anion and 1.7 wt% of
HEC) and (C) crystal planes in the [211] direction are ending in about 10
nm thick carbon layer (the sources of carbon were citrate anion and
20.4 wt% of HEC). Reprinted from ref. 125 with permission. Copyright
2005 The Electrochemical Society.

similar to the optimum carbon amount, it is also difficult to find
an identical value among different studies. For example, core—
shell C/LiFePO, composites synthesized via a chemical vapor
deposition assisted solid-state reaction show 3 nm carbon
coating, which exhibits a high specific capacity of 114.6 mA h g~!
at 5 C rate.'”’

Because the synthesis method and precursors used vary in
different reports in the literature, it is meaningless to compare
these optimum carbon content values and thicknesses directly.
However, from the aforementioned studies, it is obvious that
a thin carbon film with low carbon content is important for
LiFePO, in order to have easy diffusion of lithium ion and high
tap density. However, it is still a challenge to make thin and
uniform carbon coatings on LiFePOy,.

4.4.2 Carbon structure. The structure of the carbon coated on
the surface of the LiFePO, particles significantly affects the
electrochemical performance of C/LiFePO,4.'*® The extent of
graphitized carbon and its ratio to the disordered carbon is
usually characterized by the Ip/lg (disordered/graphite) ratio in
the Raman microprobe spectrum.’?*:13° The lower D/G ratio is an

indication of the higher amount of graphitized carbon. It is
reported that C/LiFePO, with low Ip/lg ratios outperformed
those with a higher amount of carbon having a more disordered
structure.’ It is clear that the high amount of graphitized
carbon is more desirable in view of its contribution to the elec-
tronic conductivity of the cathode material (the electrical
conductivity of graphite and acetylene black are 6.4 x 1072 and
5.7 x 107* S cm™!, respectively*?). Therefore, how to effectively
control the carbon structure during the synthesis process is very
critical for high performance C/LiFePOQ,.

The structure of the carbon deposit can be tuned by using
additives during C/LiFePO, synthesis. The choice of an appro-
priate carbon source can directly affect the carbon structure. A
high amount of graphite carbon is observed for the C/LiFePO,4
composite prepared with sucrose as an additional source of
carbon.’®® The incorporation of naphthalenetetracarboxylic
dianhydride during synthesis also results in a more graphitic
carbon coating and improves utilization of LiFePO, in lithium
cells.’ Besides, the addition of a small amount of functionalized
aromatic or ring-forming compounds before the final heating
process also enriches graphitized carbon in the residual
carbon. 128129134135 Recently, a polyaromatic compound, e.g.
polystyrene, with a lower sp*/sp® peak ratio contributes to more
highly graphite-like carbon formation for LiFePO, during
polymer pyrolysis and the resultant C/LiFePO, exhibited
a superior capacity.'3®

Although optimizing the carbon structure can be achieved by
choosing an appropriate carbon precursor, it is still difficult to
produce highly graphitic coatings by the pyrolysis at relatively
low temperatures (600-800 °C) used for synthesis of LiFePO,4
because carbon is difficult to graphitize at these low temperatures
without catalysts. It is well known that some iron compounds
can catalyze the formation of graphite at relatively low temper-
atures. Raman studies indicate that such an effect can occur at
a pyrolysis temperature of 700 °C, which is much lower than the
pyrolysis process without catalysts.”*%

Furthermore, carbon nanotubes, which consist of curled gra-
phene sheets, can be made at temperatures as low as 600-700 °C
using organic or polymeric carbon sources and iron compounds
as catalysts. Thus, addition of graphitization catalysts during the
preparation process may result in carbon with lower D/G ratios
or more graphite carbon material. Doeff et al realized it by
adding small amounts of ferrocene (graphitization catalysts) into
pyromellitic acid (carbon sources),"*' and the C/LiFePO, mate-
rial obtained shows dramatically improved rate performance
even with an overall carbon content of below 2 wt%.

Apart from carbon sources, the preparation method has an
important impact on the formation of carbon structure. Similar
to carbon nanotube growth, a novel chemical vapor deposition
(CVD) assisted solid-state route was reported that a graphite
shell with the thickness of 3—5 nm was formed on LiFePO, using
polyvinyl alcohol (PVA) and benzene vapor as the reducing
agent and carbon source (Fig. 10)."*” The discharge capacity of
C/LiFePO, with a graphite shell is much higher than that of the
LiFePO, composite without a graphite shell. Such a chemical
vapor deposition-assisted synthesis method may be more
promising for synthesis of C/LiFePO, composite material.

Another way to increase the graphite carbon content is by
direct addition of highly graphitic carbon material to LiFePO,.

This journal is © The Royal Society of Chemistry 2011
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Fig. 10 TEM micrographs of C/LiFePO,4 composites (A and B) without
CVD and (C and D) with CVD. Reprinted from ref. 127 with permission.
Copyright 2009 Elsevier.

Carbon nanotube is a promising material due to the highly
graphite content and superior conductivity."*”'*® Liu er al.
investigated the effect of carbon nanotubes on the electro-
chemical performance of LiFePO, batteries.’® Compared with
the LiFePO, batteries with carbon black additive, those with
carbon nanotube additive show better electrochemical perfor-
mance with a capacity retention ratio of 99.2% after 50 cycles at
1/3 C rate. This is because the carbon nanotubes functioned as
a link to connect the LiFePO, particles and enabled active
materials to transport lithium ions and electrons at fast rates,
resulting in the disappearance of Li-ion migration resistance
through the SEI film and the decrease of charge transfer resis-
tance (Fig. 11).197:140-143 Begides carbon nanotubes, Carbon
Nano-Fibers (CNFs) have been used in replacement of amor-
phous carbon.'** The addition of functionalized Carbon Nano-

Nano Carbon Network

Porosity

o 4

h-

Carbon fiber

Fig. 11 The schematic representation of LiFePO,/C powders with
a continuous nanocarbon network. Reprinted from ref. 107 with
permission. Copyright 2008 Elsevier.

Fiber to LiFePO, also shows better electrochemical performance
compared to the addition of acetylene black to LiFePO,, even
though the coating is not homogeneous. The improved perfor-
mance is probably due to the high electronic conductivity of the
cathode material due to the CNF addition and the efficient
contact between electrochemical active particles and the elec-
tronic conducting CNFs.

Recently, as a novel carbon material, graphene has shown its
great potential in LiFePO, applications due to its unique struc-
ture, superior electronic conductivity, and high surface area. Su
et al. directly mixed graphene with a commercial LiFePOy,
material to form the graphene-based conductive network. The
conducting network was constructed flexibly through a “plane-
to-point” mode due to the soft two-dimensional structure of
graphene, compared to the “point to point” conducting mode in
the conventional carbon-based conductive additive."*® The
obtained LiFePOy,/graphene composite exhibits an excellent
electrochemical performance. In addition to direct mixture, more
studies were performed by introducing graphene during the
LiFePO, synthesis process. Ding et al. prepared LiFePOy/gra-
phene composites by a coprecipitation method and achieved
considerable improvement in capacity delivery and cycle
performance of LiFePO,.'* However, the rate performance was
not significantly improved because LiFePO,4 nanoparticles were
only loosely loaded on graphene sheets and limit the enhance-
ment in electronic conductivity. Zhou et al. recently wrapped
LiFePO,4 nanoparticles with a 3D graphene network and formed
spherical graphene-modified LiFePO4 by spray-drying and
annealing processes.'” The conductive network can facilitate
electron transport effectively, while the presence of abundant
voids between the LiFePO, nanoparticles and graphene sheets
was beneficial for Li* diffusion. The composite cathode material
thus delivers a superior rate performance of 70 mA h g~' at 60 C
discharge rate. The effective three-dimensional conducting
network with bridging graphene nanosheets was also created by
a hydrothermal route in another report.™® Consequently, gra-
phene may offer great potential for applications in future high-
performance LiFePO,.

4.4.3 Carbon morphology and distribution. In view of the one-
dimensional Li ion mobility in the framework, full carbon
coverage ensures LiFePO, particles transfer electrons along all
directions during charge and discharge. It was postulated that an
ideal structure for high-performance LiFePO, should contain
nano-sized particles completely coated with conductive carbon.
The ultimate goal in many studies is to find a simple and efficient
method for synthesis of LiFePO4 with uniform carbon coatings.

There are mainly two methods for carbon introduction to
LiFePO,. One is direct addition of various particulate carbon
materials by mechanical means, which allows the choice of high
surface area carbon or high-graphitized carbon material, but no
available techniques can lead to uniform coating on the surface
of LiFePQy since carbon is neither soluble nor fusible. The other
method is in situ deposition by using the pyrolysis of a carbon
precursor during the synthesis of LiFePO,, which allows the
achievement of uniform coating of the precursor on LiFePO,.
Kim et al. compared C/LiFePO, composite materials with two
different carbon addition methods.'* One is carbon powder
direct introduction and the other is using sucrose as the carbon
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precursor. The sucrose precursor method leads to the formation
of a thin, porous and more uniform carbon coating around the
particles and results in a slightly higher discharge capacity
compared to the other sample.

In spite of this, these approaches based on the thermal
decomposition of carbon-containing precursors can still only
produce LiFePO, particles with a partial coating of carbon. A
uniform carbon coating is still highly desirable. Recently, an in
situ polymerization method was developed by Wang et al. for the
synthesis of a C/LiFePO, composite formed from a highly
crystalline LiFePO, core with a size of about 20-40 nm and
a uniform semi-graphitic carbon shell with a thickness of about
1-2 nm (Fig. 12)."** Aniline was oxidization polymerized on the
outer surface of FePO, with the presence of Fe** and then Fe’*
ions were reduced to Fe?* during the process. After the subse-
quent heat treatment, the polymer shell was transformed into
a carbon shell that restricts the in situ crystallite growth of
LiFePO,.

Although much work has been done to form a uniform film
of carbon on LiFePQ,, it is still a major challenge to achieve
homogeneously uniform carbon coverage especially on irreg-
ular shaped particles and agglomerates, which are more diffi-
cult to cover completely and would require more carbon than
spherical ones. In view of that, introduction of LiFePO, into
a carbon network and matrix may be a compromised method

and has attracted some interest.'”'5*'5* A continuous, disper-
sive nano-carbon network was reported by Chen and demon-
strated high rate capability (=12 C) and long cycle life (=700
cycles at a 3 C discharge rate).’®” The use of a nanoporous
carbon matrix serves as a mixed conducting 3D nano-network,
enabling both Li ions and electrons to migrate and reach each
active particle, hence realizing the full potential of nanoactive
materials. Wu embedded LiFePO, nanoparticles in a nano-
porous carbon matrix."* In this nanocomposite, the electroni-
cally conducting nanoporous carbon matrix with mesopores
filled by electrolyte can be considered not only as a mixed
conducting 3D network that allows both Li ion and electron to
migrate and reach each LiFePO, nanoparticle, but also as an
electrolyte container for high rate charging/discharging. The
nanocomposite electrode shows a superior high power/energy
capability. Sides et al designed a new type of template-
prepared nanostructured LiFePO, electrode consisting of
monodispersed nanofibers of the LiFePO, electrode material
mixed with an electronically conductive carbon matrix.!s® This
unique nanocomposite morphology allows these electrodes to
have a capacity of 150 mA h g~! at a rate of 5 C and maintains
a substantial fraction of the theoretical capacity even at rates
exceeding 50 C. This new nanocomposite electrode shows such
excellent rate capabilities because the nanofiber morphology
mitigates the problem of slow Li ion transport in the solid
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Fig. 12 (a) Electron-transfer pathway for LiFePO, particles partially coated with carbon. (b) Designed ideal structure for LiFePO, particles with
typical nano-size and a complete carbon coating. (c) Preparation process for the C/LiFePO, composite including an in situ polymerization reaction and
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state, and the conductive carbon matrix overcomes the inher-
ently poor electronic conductivity of LiFePO,.

4.44 Carbon surface area and porosity. It is believed that
a carbon layer with high surface area and porous network
structure plays an important role in improving the electro-
chemical properties of LiFePQy4,'** which can be attributed to the
following reasons: (i) a porous carbon network structure serves
as electrolyte containers to provide multi-dimensional channels
for diffusion of lithium ions and to shorten enormously the
diffusive distance of lithium ions, resulting in a high rate charge/
discharge rate; (ii) the porous network structure of carbon layer
has a large specific surface area, which could provide large active
sites for lithium ions’ intercalation/deintercalation into/from
LiFePO,4 nanoparticles; and (iii) the porous structure of carbon
with high surface area would prohibit the expansion of particles
during heating.

Lu et al. studied LiFePO, cathode material coated with high
surface area carbon (BET surface area, 2099 m? g~') by the
pyrolysis of peanut shells under argon and treatment with
a proprietary porogenic agent,'™* with the goal of altering the
pore structure and increasing the surface area of the pyrolysis
carbon. The high surface area carbon increases the overall
conductivity of C/LiFePO, composite from 107* to 107* S cm™!
and increases the specific area of the composite resulting in
improved electrochemical performance including specific
capacity, cycling properties and rate capability.

The introduction of hydrolyzed sugar gives a porous carbon
structure on LiFePO,4 because the sugar (C;,H,,01,) is hydro-
lyzed to glucose (CsH,04) and fructose (CsH;,Og), which ulti-
mately oxidizes to gluconic acid or a polyhydroxyl acid. The
polyhydroxyl similar to polymer has cross-link property, which
would decompose to porous structure of carbon. The resultant
LiFePO,4/C composite can achieve high specific capacity (143 mA
h g ') after the 100 cycles with 1 C charge/discharge rate at 50
°C.®> Wang et al. reported that the decomposition of poly-
ethylene glycol led to a porous structure of carbon on
LiFePO,."*° The satisfactory initial discharge capacity (139 mA h
g 'at 1 C) and superior rate capacity therefore can be obtained.
Recently, the yeast cells as a template and cementation agent and
glucose as carbon source is adopted to prepare the porous carbon
coated LiFePO, composite.’”” The C/LiFePO,, with the specific
surface area of 98.3 m? g, exhibits an initial discharge capacity
of 147 mA h g~' and superior cycling stability.

Along with carbon sources, preparation methods also affect
the surface area and porosity. The sol-gel method based on citric
acid is a widely used method to prepare porous C/LiFePO,
composite materials.’*®!>® Perfectly interconnected pores are
formed due to vigorous gas evolution (mainly CO and CO,)
during degradation of a citrate precursor. The superposition of
a continuous thin carbon film (electron conductor) on pores (ion
conductor when filled with electrolyte) represents a unique
architecture in which the electrons and ions are simultaneously
supplied to the site of insertion in the particle interior. Superior
electrochemical performance may be obtained while preserving
a high tap density.

4.4.5 Carbon sources. Among various organic precursors for
carbon coating, sucrose and glucose are the most popular ones.

Numerous studies have been conducted on the synthesis of high-
performance C/LiFePO, composite by applying them as the
carbon sources.'®®'%2 An appropriate calcination condition is
critical for the performance of the final product using sucrose as
carbon sources. Insufficient calcination temperature or time
could result in the residual CH, remaining in the electrode and
lead to a decrease of electrode performance.’®® Compared with
sucrose, glucose was found to be a better candidate. Chen et al.
compared the C/LiFePO, being synthesized by using sucrose and
glucose as the carbon sources and found that the C/LiFePO,
composite prepared with glucose as the carbon source exhibited
higher initial discharge capacities.'®! At discharge rates of 0.1 C,
the initial discharge capacities were 133.3 and 155.0 mA h g~! for
LiFePO, with sucrose and glucose as the carbon sources
respectively. Lai also achieved an excellent rate performance and
a good cycling stability for C/LiFePO, using glucose as well as
carbon sol-gel as the carbon sources.'6?

Organic carboxylic acids are also a common carbon source.
Citric acid may be the most popular carboxylic acid for carbon
sources and has attracted much interest due to the low pyrolysis
temperature (as low as 450 °C).'®* This feature ensures a low
synthesis temperature of C/LiFePO, composite with a high
surface area and a small particle size. Zhang et al. synthesized C/
LiFePO, by using citric acid as a carbon source and showed high
discharge capacities of ~153 and 92 mA h g~' at 1 C and 20 C
rates respectively.’®* Yan et al. also reported a superior perfor-
mance of C/LiFePO, synthesized by a solid-state reaction using
citric acid as a carbon source.'®® It delivers an initial discharge
capacity of 128 mA h g~! at 4 C, which is retained as high as 92%
after 1000 cycles. In addition, at —20 °C, the composite exhibits
a discharge capacity of 110 mA h g~'at 0.1 C. In addition to citric
acid, Fey attempted to coat LiFePO, by incorporating various
organic carboxylic acids as carbon sources.!6>!% These acids
include: (a) mono-acid containing a ring structure (salicylic acid,
malonic acid), (b) straight-chain diacids (sebacic acid, adipic
acid, ascorbic acid), and (c) tri-acids (citric acid). The use of
carboxylic acid as a carbon source increases the overall
conductivity (~10~* S cm™') of the material. The best cell
performance was delivered by the sample coated with 1.9 wt%
carbon using 60 wt% malonic acid as the carbon source.

In addition to sugar and organic carboxylic acids, various
polymeric precursors were also studied. It was found that highly
graphitized carbons are formed during pyrolysis of functional-
ized aromatic or ring-forming compounds on LiFePO,.'%167 A
polyaromatic compound, e.g. polystyrene, with more function-
alized aromatic groups displayed improved performance because
its decomposition temperature was close to the temperature of
the LiFePO, phase transformation, which resulted in fine particle
size and uniform carbon distribution on the composite surface.'*®

4.4.6 Highly conductive impurity phase formation. During the
synthesis process of LiFePO, material, some conductive metal
phosphides (FeP, and metallic Fe,P) may be produced, which was
first reported by Nazar’s group. They suggested that this metal
phosphide acts as the actual electronic conductor for Zr-doped
LiFePO,4.'® In their further work,'” it was reported that the
conductive iron phosphides were generated on the parent
LiFePO,4 by in situ reaction of LiFePO, with carbon under
reducing gases. FeP and Fe,P are found to be thermodynamically

Energy Environ. Sci.

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1ee01263k

Downloaded by University of Western Ontario on 14 November 2011
Published on 11 November 2011 on http://pubs.rsc.org | doi:10.1039/C1EE01263K

View Online

stable at 600 and 800 °C respectively. Under the mildest reducing
conditions, FeP is formed on the surface along with LizPO,.
Under more aggressive reducing conditions, FeP is still present,
but thermodynamics favor the formation of Fe,P. The trans-
formation from FeP to Fe,P can be achieved by the vaporization
of phosphorus above 600 °C.'"* The metallic Fe,P phase is present
in between the LiFePO, and carbon coating. Nazar et al. also
showed that these LiFePOy4-Fe,P “composites” gave significantly
enhanced electrochemical rate properties as well as outstanding
cyclability.'®®

At room temperature, the conductive Fe,P has an electronic
conductivity of 1.5 S cm~!, whereas the semiconducting amor-
phous carbon formed at the intermediate processing tempera-
tures (typically, 600-750 °C) displays conductivity on the order
of 1072 S cm~"."%!7 [t is believed that iron phosphides play
a more important role in improvement of the bulk conductivity
of LiFePOy. Xu et al. also indicated that the carbon amount,
morphology, and particle size are directly related to the forma-
tion of Fe,P.'”” This Fe,P phase among the C/LiFePO,
composite increases the electronic conductivity and evidently
improves the electrochemical performance of the composite,
whereas too much iron phosphides will lower the discharge
capacity of the electrode since they are inert for the de-insertion/
insertion of lithium ion.'”® Therefore, an optimum amount of
iron phosphides may be important for C/LiFePO, with high
performance. In practical preparation processes, the coating
carbon can also be considered as the reductive additive under
high temperature with Ar gas, and the presence of this reducing
circumstance may promote the formation of these highly
conductive iron phosphides, all of which should be considered in
synthesis of high-performance C/LiFePO, composite.

4.5 Synthesis process to control carbon coating of C-LiFePO4
composites

4.5.1 Ex-situ carbon coating on already synthesized LiFePQ,.
Carbon can be coated or introduced on previously synthesized
LiFePO, as a post-synthesis treatment. One of the advantages of
this method is that one can synthesize highly pure LiFePO4 prior
to carbon coating to enhance the purity of the composite mate-
rial. The other advantage is choosing various formed carbon
materials especially graphitized carbon to improve carbon
quality, but the uniform carbon coating is often a big challenge.

It is well known that an inherent difficulty in the conventional
solid-state process for synthesis of LiFePO, is achieving
a homogeneous mixture of the precursors. Trivalent ions in the
precursors have extremely low diffusion coefficients in the solid
state. Thus, it is hard to avoid parallel reactions and inhomo-
geneities. Some impurity phases therefore appear and by-prod-
ucts remain. To cope with it, melt casting provides us a promising
method to make highly pure LiFePO,. Instead of the conven-
tional solid-state process, synthesis in the molten state is an ideal
liquid-phase reaction, so high purity and high tap density for the
material can be expected. However, one usually can get ingot or
large particles by atomization and further grinding to micron and
nano-size is needed, which can be achieved by various milling
technologies.

In a typical synthesis process, a variety of “low cost” precur-
sors will be melted at 1000 °C followed by cooling leading to

a high purity LiFePO,4 material with excellent crystallinity and
large crystals. The phase purity, crystallinity, and microstruc-
tures of the final product depend on the reducing conditions and
the solidification process of the melt. Particle size reduction of
the resulting LiFePO, ingot was achieved by a continuous wet
milling procedure, which reduces the particle size of the LiFePO,4
crystals to 200 nm. C/LiFePO,4 samples were prepared by pyro-
lyzing a variety of carbon precursors to LiFePO, at 700 °C.
Applying carbon coating of the LiFePO, particles made by melt
casting/grinding shows some similarity to that of hydrothermal
particles and clear differences are high crystallinity and high
purity as well as simplicity of the process. In addition, Zhou et al.
also synthesized well-crystallized LiFePO, by the KCl molten
salt method.'”® Sucrose was used as a conductive precursor and
contributed to 3 wt% carbon in the final product. The obtained
C/LiFePO,4 composite has a high tap density of 1.55 g cm~ and
shows good electrochemical activity.

4.5.2 In situ carbon coating during the LiFePQ, synthesis
process

Solid-state reaction based methods. Solid-state synthesis is
a conventional method for preparing C/LiFePO,4 which includes
several successive steps of intimate grinding and annealing of the
stoichiometric mixture of starting materials. In a typical
synthesis process, the starting materials containing lithium
sources, phosphorus source, and iron(ir) precursors were first
pretreated at low temperature to prepare precursors and then
crystallized at high temperature under an inert or reducing
atmosphere to prevent oxidization of iron(i).

Temperature is an important factor influencing the synthesis
process of C/LiFePQ,. Impurities and an ill-defined crystalline
structure are often found in the final products if the sintering
temperature is low. However, large particle size and broad
particle size distribution of LiFePO4 powder are usually obtained
in a solid-state method due to the high sintering temperature.
Therefore, there is an optimum temperature for solid-state
synthesis of carbon coated LiFePQO, for every different precursor
combination.'”®'"® Zhang et al. reported that the optimized
temperature was 800 °C,'7 and the capacity of the LiFePO, was
decreased as the temperature was higher or lower than 800 °C.
This is because high temperature induces growth and sintering of
LiFePO, particles. However, most of other researchers used
a lower temperature ranging from 600 °C to 700 °C to get
smaller-sized products. In addition to its impact on particle size,
temperature also affects the shape of the grains. An obvious
anisotropic growth occurred at a high temperature and the
growth rate along the (100) crystal plane was more rapid than
that of (111) crystal.'” However, the anisotropic growth of the
grain is restrained at 650 °C and spherical carbon-coated
LiFePO, was obtained, which had excellent electrochemical
performance.

Conventional solid state methods use iron(i1) precursors as
starting materials, which increase the preparation cost of the
LiFePO,/C composite. In a variant of these conventional solid-
state method, Fe(m) salts can be used as raw materials in the
presence of a reductant, reducing the material cost and simpli-
fying the manufacturing process. As a reductant, pure carbon
can be added directly during the carbothermal reduction process
to make C/LiFePQ,4."*° Organic carbon precursors can also serve
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as the reductants during the pyrolysis process to reduce the Fe**
precursor (FePOy4-2H,0),5**5¢ which will also combine the
carbon coating process and reducing process and a reduction
process from hydrogen containing pyrolysis gases in one step.>%¢
An advantage of this combined process is to benefit from the
pyrolytic carbon deposit and a low reduction temperature to
better control LiFePO, sintering and particle growth. A
comparison between pure carbon (acetylene black) and carbon
precursor (glucose) as carbon sources has been made and the C/
LiFePO, synthesized using glucose as carbon source showed
a higher electrochemical capacity and the lower capacity
fading,'® which is due to a uniform carbon coating on LiFePO,
through in situ pyrolysis of the glucose precursor.!®?

Temperature still significantly affects the morphologies and
performance of synthesized C/LiFePO, composites in conven-
tional solid-state and carbothermal processes. Both the crystal-
lization degree and particle size increase remarkably with the
synthesis temperature.'®® The material synthesized at lower sin-
tering temperature had lower crystallization degree and plenty of
nano-sized particles, leading to its high electrochemical activity
and high initial discharge capacity. However, the lower sintering
temperature also leads to the instability of the crystal structure
and the solution of active materials, which results in the degra-
dation of discharge capacity on long-time cycling. Thus,
synthesizing the material with perfect crystallization degree and
moderate particle size at an optimum temperature in a reduction
process is very important to improve the cycling performance of
C/LiFePO,.

Although the solid-state reaction with or without reduction
has been widely adopted for synthesis of crystalline olivine-phase
LiFePOy, it is a complex process, including in some cases
repeated grinding to gain homogeneous particles and several
steps at high temperature to impede formation of the impurity
phase. These repeated heating treatments result in undesirable
particle growth and agglomeration, presenting a major drawback
to practical implementation of this synthesis method.

Recently, the microwave irradiation method has been
proposed for the preparation of many functional materials due to
its prominent advantages such as heating the material at the
molecular level, uniformity, low cost and especially shorter
reaction time. Thus, a product with small and uniform particle
size can easily be obtained due to the uniform heating and
avoiding long reaction time at high temperatures. Zhan et al.
developed a rapid synthesis method of highly crystalline C/
LiFePO, composite by microwave heating in under 4 min with
glucose as the carbon source and reducing agent.'®* Compared
with the pure solid-state method, the sample obtained with ball-
milling followed by microwave irradiation method has a smaller
average particle size (160-600 nm) and more uniform size
distribution due to the rapid reaction. Cycling tests show that the
sample prepared by a microwave method can deliver 150 mA h
g'at17mA g ' (0.1 C).

Wet chemical methods. In comparison with conventional solid-
state reaction methods, solution-based methods offer advantages
of homogeneous mixture of precursors at the molecular level
which ensure higher phase purity of LiFePO, and low reaction
temperature to better control of particle size and morphology
such as small size and porous structure achieved via a sol-gel

method.’”® The material prepared with the sol-gel process
usually exhibits a better electrochemical rate performance due to
a larger number of surface apertures, a smaller mesoporous
volume, and a more interlaced pore system compared with the
solid-state method. The sol-gel method also offers a wide choice
of carbon sources like citric acid,'®® sucrose,' lauric acid,'®®
ethylene glycol,*® and polymer.'”® Yang and Xu synthesized a C/
LiFePO,4 composite of a particle size of 200-300 nm by a sol-gel
method.”! The composite demonstrated specific capacities of
around 150 mA h g~! at discharge rates of 2 C. A smaller size of
20-30 nm C/LiFePO,4 composite was achieved by a sol-gel
process using citric acid as a complexing agent and a carbon
source.' The electronic conductivity of the nano-sized C/
LiFePO, composites is greatly improved, reaching a value of 2.46
x 107 S cm™' at room temperature. Furthermore, the rate
capability of the synthesized C/LiFePO, composite is much
improved because of its small grain size and good electronic
conductivity compared with other studies.

In addition to the sol-gel method, the hydrothermal (or sol-
vothermal) method is also one of the common wet chemical
methods for in situ preparation of C/LiFePO, composite. By
assistance with the microwave technique, the hydrothermal
process can be finished within a few minutes, which provides
a rapid, one-spot method for synthesis of C/LiFePO,. Man-
thiram er al synthesized the C/LiFePO, nanocomposite via
a microwave-assisted hydrothermal method and the material has
a more uniform particle size (220-225 nm) and exhibits high
capacity with excellent cyclability and rate capability.'®® They
also compared the microwave-assisted hydrothermal (employing
water as a solvent) and solvothermal (employing tetraethylene-
glycol as a solvent) synthesis approach and found that the
microwave solvothermal process employing a tetraethyleneglycol
as a solvent offers much smaller particle size than the microwave-
hydrothermal process employing water as a solvent (Fig. 13).1%*
Thus, microwave-solvothermal methods may be more promising
for synthesis of high performance C/LiFePOy,.

Gas state method-spray pyrolysis. It is well known that the
electrochemical performance of the electrode is strongly affected
by the powder properties, such as the mean size, the morphology,
the specific surface area, the crystallinity, and the composition of
the material.’®> Spray pyrolysis is thought to be an effective
technique for producing cathode powders with fine size and
regular morphology as well as high crystallinity and phase
purity.***® Even if the post-annealing of as-prepared powders is
required to obtain the desired materials, a shorter annealing time
of the as-prepared powders can be expected in comparison with
conventional solid-state preparation methods. In contrast,
several long sintering and regrinding procedures are sometimes
needed to obtain the final product in the conventional solid-state
reaction method, resulting in a severe increase of particle size.

Kang et al. prepared carbon-mixed LiFePO, by spray pyrol-
ysis from a colloidal spray solution.’® The nano-sized material
affected the morphologies, mean particle sizes, and electro-
chemical properties of the LiFePO, cathode powders. Micro-
sized LiFePO, powder with narrow size distributions can be
obtained and carbon coating improved the initial discharge
capacity and the cycle performance of the LiFePO, powders. The
similar micro-sized carbon included LiFePO, powders also
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prepared by spray pyrolysis from the spray solution with
sucrose.??*2°! However, the electrochemical performance of the
above-prepared materials was not sufficient for large-scale
application because the size of the LiFePO, particles was sub-
micron or micron-sized.?** By a combination of spray pyrolysis
with wet ball-milling, LiFePO, nanoparticles with a mean
diameter of 58 nm were successfully prepared.?**2** The sample
delivered a superior performance with the first discharge capac-
ities of 100 mA h g~! at charge-discharge rates of 10 C.

Recently, ultrasonic spray pyrolysis has been shown to be an
effective technique for producing fine ceramic particles with
homogeneous chemical composition in a short time.?** With the
assistance of an ultrasonic technique, the precursors were
dispersed and mixed more homogeneously. The purity of the
products is higher, and the composition of the powders is easy to
control. Moreover, non-agglomerated powders were obtained.
Therefore, ultrasonic and ball-milling assisted spray pyrolysis are
attractive methods for fabrication of high-density samples
because in these methods well-crystallized and homogeneous
small particles can be prepared with the spherical shape and pure
phase.

STEM elemental mapping

Fig. 13 (a) TEM and (b) high resolution TEM images of the LiFePO,/C
nanocomposite obtained by an ex situ carbon coating of the MW-ST
LiFePO,4 nanorods by heating with sucrose at 700 °C for 1 h in a flowing
2% H,/98% Ar atmosphere. (c) TEM and (d) high resolution TEM
images of the LiFePO,/C nanocomposite obtained by an in situ carbon
coating with glucose during the MW-HT process, followed by heating at
700 °C for 1 hin a flowing 2% H,/98% Ar atmosphere. Reproduced from
ref. 194 with permission. Copyright 2008 American Chemical Society.

More details about the effects of the synthesis process and the
coated carbon on the performance of C/LiFePO, are summa-
rized in Table 2.

4.6 Thin-film electrode technique for interface and mechanism
study

Carbon coating techniques on LiFePO, have been developed and
commercialized. However, the role of carbon is still not
completely understood in spite of its importance in the rate
capability and cycle stability of LiFePO, electrodes. Geometri-
cally, well-defined thin films are suitable for fundamental
research since there are no binder and conductive additives
included.?® This is especially true for poorly conductive active
materials because the thickness can be reduced to a value at
which the poor electronic conductivity does not significantly
affect the electrochemical behavior. Therefore, the intrinsic
properties of LiFePO,4 can be investigated by using the carbon-
free thin film. Nowadays, various techniques have been used to
prepare LiFePO, thin films, ie., pulsed laser deposition
(PLD),?%62%8 radio-frequency magnetron sputtering deposition
(RF-MSD),2%210 and electrostatic spray deposition.?’' Among
them, PLD and RF-MSD are the more common methods for
preparation of LiFePO, thin film electrodes. Chung employed
the pulse laser deposition technique to deposit the C/LiFePOy,
composite thin films on the Si/SiO,/Ti/Pt substrates (Fig. 14).2'2
The effects of carbon content and post-deposition annealing
treatments on the electrochemical performances of the as-
deposited film electrodes were carefully investigated. The results
showed that the co-deposited carbon was homogeneously
distributed throughout the LiFePO, films and 2 mol% carbon
was the optimized amount for the highest capacity.

Thin film technology was also of particular interest to provide
insights on the mechanism study. Li-ion diffusion kinetics was
studied by Xie in detail,>** who prepared LiFePO, thin films
using radio frequency (RF) magnetron sputtering. The Li-ion
diffusion kinetics has proved to be affected by the incorporation
of carbon.** Compared with the C/LiFePOy4-binder composite
electrodes, thin film electrodes seem to be more appropriate for
the measurement of the chemical diffusion coefficient since they
are conducting additive and binder free, and have a well-defined
geometry and good contact with the current collector.

In addition to the help in understanding the carbon coating
process and mechanism, LiFePO, thin film electrodes with
thickness ranging from a few nanometres to hundreds of nano-
metres are also essential for solid-state microbatteries, especially
in low power applications, as the active or standby power sources
for microelectronics. It has been demonstrated that LiFePO, thin
films can be used as a promising cathode film for lithium
microbatteries by depositing the LiFePO, film with RF-MSD.*!s
Similarly, C/LiFePO, thin films with a thickness of 1 um were
also deposited on a stainless steel substrate by RF-MSD.?'® The
presence of carbon enhances the electronic conductivity, result-
ing in a high rate capability.

Thin film technology (with no conducting additive) has thus
thrown some light on the intrinsic sensing properties of LiFePO,
thin films as well as provided insights on their sensing response
mechanism. Of most importance, the role of carbon may be
investigated in detail by coating a thin carbon film on the
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Table 2 The effect of carbon on the performance of the C/LiFePO,4 composite material

Carbon

Preparation

method Precursors Content

Thickness

Electrochemical
performance

Structure

(In/lc)

References

Solid-state Citric acid — —

reaction

Solid-state Benzene 3 nm

reaction

Solid-state Peanut shells

reaction

0, 6, 8, 10, 12 wt% —

Solid-state Glucose

reaction

3,5,7,9 wt% —

Solid-state PS” + malonic 0.02-2.54 wt%

reaction acid

PEOS, PS,
PB“ and SBS®

Coprecipitation ~2 wt% —

Sol-gel Acetylene black, 5-30 wt% —

sucrose and glucose

Sol-gel Citrate 3.2-12.7 wt%

Sol-gel Citric acid, sucrose

Microwave Glucose 0,2.8,74,12.1, —

17.2 wt%

Hydrothermal  Carbon black 0, 3, 5, 10 wt% —

Microwave Polyethylene glycol ~ 3.9%, 4.6%, 5.2%, 7.3% —

Solvothermal Carbon nanotubes 8 wt%, 5.2%, 7.3% —

2-25 nm

1-10 nm

2.4-4 nm

0.53 Initial discharge capacity 112
of 128 mA h g!' (4 C) and
was retained as high as 92%
after 1000 cycles
Initial discharge capacity 127
of 155.4 (0.1 C) and
1358 mAhg'(1C)
LFP“ (8.0 wt% carbon) 121
exhibits an initial discharge of
138 and 128 mA h g!
at (0.2 C) after 170 cycles
— LFP (7 wt% carbon) has discharge 69
capacity of 167.0 mA h g
(0.1 C)and 983 mA hg' (50)
LFP (2.28 wt% carbon, 4-8 nm) 19
delivers maximum discharge
capacity of 151 mA h g!
(0.2 C) and sustains 415 cycles
at 80% of capacity retention
PS sample delivers the 136
largest charge capacity
of 47TmAhg'at05C
— Initial discharge capacity 161
was 125.3 (acetylene black),
133.3 (sucrose) and 155.0
(glucose) mA h g-'at 0.1 C
— LFP (3.2 wt%, 1-2 nm 125
carbon thickness) exhibits
best performance of
150 mA hg'(0.2C)
and [17mA hg'(5C)
1.5 Discharge capacities of 153, 133
120, 112, and 94 mA h g™’
at 0.1, 1, 3, and 5 C rates,
respectively
— LFP (12.1% carbon) exhibits 157
the best discharge capacity
of 147 mA h g and good
cycling stability (more than
141 mA h g' at the 20" cycle)
at 0.1 C
— LFP (5% carbon) was 119
128 mA h g~' at 1% cycle
and 127 mA h g!' after 30 cycles
(0.1 mA cm~?), respectively
— LFP (4.6% carbon) has a 120
largest initial specific
capacity of 152 mA h g™!
at 0.2 C
— LFP has discharge capacity 151
of ~161 mA hg' (0.1 C)
of 152mA hg'(0.2C)
and 59 mA h g! (20 C)

0.75-0.77

0.928-0.962

~0.95

0.99-1.14

@ LFP: LiFePO4. ® PS: polystyrene. ¢ PEO: polyethylene oxide. ¢ PB: polybutadiene. ¢ SBS: styrene—butadiene—styrene.

LiFePO, film. Carbon features including carbon content, struc-
ture, thickness, efc. can be investigated accurately. By combining
with material characterization techniques such as scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), Raman, and
synchrotron based in situ X-ray diffraction,?’'® more detailed
information about carbon and even the interface between carbon
and LiFePO, film can be obtained, which will be very helpful for
the development of high performance LiFePO,.

5. Promising synthesis methods of C/LiFePO, for
future large-scale production

For industrial applications, large-scale and high-quality
C/LiFePO4 combining with low processing cost and easy
manufacturing are the primary requirements for the synthesis
methods. Based on these factors, there are several promising
methods for mass production including solid-state reaction,
hydrothermal method, and molten state method (Table 3).
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Fig. 14 (a and c) Plane-view and (b and d) cross-section SEM images of the LiFePO,-C thin films. (a and b) Before and (c and d) after annealing
treatment at 600 °C for 6 h. Reproduced from ref. 212 with permission. Copyright 2008 American Chemical Society.

As the conventional method for mass production of most
lithium-ion battery cathode materials, the solid-state method is
still the most widely used process for mass production of C/
LiFePO,4 due to process simplicity in synthesis and carbon
coating, in spite of the drawback of particle size control.

The hydrothermal/solvothermal methods have great potential
for nano-sized C/LiFePO, in large-scale production. With the
addition of carbon precursors, this method can prepare and
manufacture high surface area C/LiFePO, powders with
improved rate performance. The obtained C/LiFePO, products
are more suitable for high power application. However, the
challenges for hydrothermal/solvothermal methods are process
complexity and high cost.

By combining the advantages of the solid-state reaction (high
crystallinity) with the hydrothermal method (uniform chemical
mixture and high-purity phase), the molten-state method
provides a simple, reliable, cheap, less wasteful technique to
produce high quality LiFePO, for large-scale Dbattery

applications. The synthesis within a molten state combines ideal
liquid-phase reaction kinetics and short dwell times to provide
a product with high material density using a simple process
method. This simple synthetic method can use the various
common precursors. The melting of carbon-coated LiFePO,
powder at 1000 °C followed by its cooling leads to a high purity
LiFePO,4 material with excellent crystallinity and large crystals.
With the proper milling procedures, the melting products can be
made into various sizes from micro-, sub-micro-, to nanosize.
With the following pyrolytic carbon deposit process,* various-
grade C/LiFePOy4 can be achieved to fulfil the needs of current
and future battery markets (Fig. 15).517* With the increasing
demands for electric vehicles, a simple synthetic method using
commodity precursors or even natural sources is required for the
large-scale synthesis of LiFePO,. It is believed that the molten
synthetic method is a viable alternative to the current methods of
synthesis.

Table 3 Promising synthesis methods of C/LiFePO, for future large-scale production”

Methods Advantages Disadvantages Size C addition Grade References
Solid-state based Low cost, Difficult to control Sub-micro or In situ coating or  Energy 219,220
process simplicity particle growth micro-size post-addition
Hydrothermal method  Nanosize, morphology ~ Waste liquid. Strict Nano-size In situ coating or ~ Power 221,222,223
control (NPs, NWs, reaction conditions post-addition
NRs, etc.) (temperature, pH,
time, etc.)
Molten state Simplicity, low cost, No effective morphology =~ Nano-, sub-micro,  Post-addition Both 59,174

common precursors, controls

high crystallinity

micro-size (PCD process)

“ NPs: nanoparticles; NWs: nanowires; NRs: nanorods; PCD: Pyrolytic Carbon Deposit.
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Fig. 15 (a and b) Photograph of large-scale LiFePO, casting from
synthesis and the resultant 10 kg ingot in Phostech Lithium Inc. (c)
Comparison of commercial energy grade LiFePO, (P1, cross), power
grade LiFePO, (P2, squares), and nanomilled melt-cast LiFePO,4 samples
(circles). Reproduced from ref. 59 and 174 with permission. Copyright
2010. The Electrochemical Society.

6. Conclusions and remarks

Although C/LiFePO, materials have been successfully commer-
cialized and the contributions of carbon to LiFePO, in
improving conductivity and rate capacity have been widely
accepted, some fundamental questions still remain and need to
be investigated in detail.

Uniform and full carbon coatings throughout the LiFePOy4
powder are an ideal structure, which ensures LiFePO, particles
transfer electrons through all directions and alleviate the polar-
ization phenomenon. Carbon coatings must also be either porous
or very thin to allow easy penetration of lithium ions. Therefore,
it is very important to seek a simple and efficient method for
synthesis of LiFePO, with uniform carbon coatings.

Optimizing the carbon structure is the key to obtain good
performance of LiFePO,4. While highly graphitic carbon material
can greatly enhance the electrochemical behavior of LiFePQy, it
is difficult to produce highly graphitic coatings at relatively low
temperatures used for synthesis of LiFePO,. Direct introduction
of carbon nanotubes or graphitic carbon or in situ growth of
these graphite materials on LiFePO,4 will be an effective method.
An in-depth study of the surface chemistry of LiFePO, and its
influence on carbon coating will direct the optimization of the
nature of the carbon coating.

A high tap density of C/LiFePO,4 material is considered to be
an important factor for practical applications. The introduction
of carbon, however, decreases the energy density of the material
significantly, especially for the volumetric energy density. An

effective route to improve the material’s tap density is to design
novel structures, including spherical, aggregated and especially
microspheral structures composed of tightly compacted
nanocrystallites.

The role of carbon is still not completely understood in spite of
the fact that its importance in the rate capability and cycle
stability of LiFePO, electrodes has been proven. Thin film elec-
trodes are of great interest because they can serve as a simplified
model for elaborating the detailed electrochemical process of
their counterpart active materials. Carbon can be coated on the
surface of LiFePO, thin-film electrodes and the details of carbon
effect, lithium-ion penetration through carbon layer, and the
interface between LiFePO, and carbon can be investigated to
develop a better understanding.

With regard to the large-scale industrial production, a reliable,
low-cost, highly effective synthetic method for C/LiFePOQy is still
highly desirable. The solid-state method has already been widely
adopted by industry for mass production, and it will remain one
of the most used processes for manufacturing C/LiFePO,4 due to
process simplicity and low cost. The wet process including
hydrothermal, solvothermal has great potential for nano-sized
C/LiFePO, production because it can moderate the size and
morphology of C/LiFePO,. Although currently this method has
some drawbacks such as strict reaction conditions, it is still a very
promising synthetic approach for future power-grade cathode
materials. Compared with the above two methods, the molten
state method combines the advantages from solid-state reaction
and hydrothermal methods and provides a simple, reliable,
cheap, less wasteful technique to produce well defined LiFePO,4
for large-scale battery applications. With the proper procedures,
the melting products can be made into various sizes from micro-
to nano-size and fulfil various needs of energy-grade and power-
grade products for current and future battery markets. This
novel method might become a very competitive candidate for
future C/LiFePO,4 production.
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