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the remaining challenges for
future energy storage
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Rechargeable batteries can effectively store electrical energy as chemical energy, and release it when

needed, providing a good choice for applications in electric vehicles (EVs). Naturally, safety concerns are

the key issue for the application of battery technology in EVs. Olivine LiFePO4 is considered to be the

most promising cathode material for lithium-ion batteries due to its environmental friendliness, high

cycling performance and safety characteristics. Some important breakthroughs in recent years have

allowed its successful commercialization. However, in spite of its success, the commercial application of

LiFePO4 batteries in EVs is still hindered by some technological obstacles. Herein, we provide an update

on our previous review, and overview the most significant advances in the remaining challenges for this

promising battery material. New research directions and future trends have also been discussed.
Broader context

Since the rst report in 1997, olivine LiFePO4 has been considered as the most competitive cathode material for electric vehicles due to its high thermal stability
and safety; therefore, numerous efforts have been made to understand and improve the performance of LiFePO4. In spite of some breakthrough advances, the
large-scale application of LiFePO4 batteries in transportation still encounters many technical obstacles. In our previous review paper, we mainly discussed
carbon coating technology, one of the most important breakthroughs in LiFePO4 development. In combination with the latest advances in LiFePO4 eld, herein
we provide an updated overview of current research activities and highlight some key challenges (fast-charging, lithiation–delithiation mechanism, and surface
chemistry stability) for future LiFePO4 development. These obstacles necessitate a better understanding of LiFePO4 under in situ or in operando conditions; as a
result, the application of advanced synchrotron X-ray technology (mainly imaging tools) is also briey summarized. In addition, considering the new research
trend in next-generation battery systems, an up-to-date understanding and exploration of olivine phosphate for Na-ion batteries could also be expected to open
up new research hotspots in energy storage eld. A couple of practical issues with strong industrial interests are also included.
1. Introduction

Since the rst report in 1997 by Goodenough et al.1 lithium iron
phosphate has become one of the hottest cathode materials in
the eld of battery research. In particular, in recent years the
considerable demands for a high safety and high-performance
large-scale energy storage system in electric vehicles has
inspired numerous research studies to optimize this cathode
material, which have been summarized in several excellent
review papers.2–5 With size reduction to the nanoscale and
carbon coating strategies,6–8 the formerly poor intrinsic elec-
tronic and ionic conductivity have been enormously improved
and commercial LiFePO4 batteries have now begun to be used
in electric vehicles. Despite the superior thermal safety, high
reversibility and acceptable operating voltage (3.45 vs. Li+/Li)
making LiFePO4 more competitive than other cathode mate-
rials; there is still a long way to go before LiFePO4 can be used
gineering, University of Western Ontario,
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0–1138
for large-scale application in electric vehicles and many tech-
nical challenges remain unsolved.

One challenge is related to the demands for fast-charging in
EV's batteries.9 Compared to the electronic conductivity, ionic
conductivity or lithium-ion diffusion plays a dominate role in
determining the electrochemical reaction kinetics. It is widely
accepted that the electrochemical delithiation reaction
proceeds via a two-phase process between the two endmembers
of LiFePO4 and FePO4,10 and that lithium ions diffuse along a
1-dimensional pathway with a preferential (010) direction,11

hindering the fast lithium ion insertion/extraction. Although
the rate performance of LiFePO4 has been improved by short-
ening the diffusion distance with the size reduction,12,13 it is still
not able to satisfy the high rate expectations of EVs. Despite the
success of some conventional engineering methods, a break-
through in high rate performance is still needed, which heavily
relies on a fundamental understanding of the lithium diffusion
kinetics and the underlying phase transformation mechanism.
The exploration and development of a number of in situ
experimental techniques,14–18 particularly in recent years, poses
new opportunities to shed light on previous controversial
models and to suggest possible solutions to the high rate
This journal is © The Royal Society of Chemistry 2015
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performance issue. An obvious trend is that of a single-phase
mechanism or solid solution model conrmed by different
experiments,19–22 which enrich previous mechanism elucidation
and also provide new theoretical guidelines for further high rate
LiFePO4 battery materials.

The other challenge is the surface chemistry stability in
LiFePO4. In general, due to the strong P–O covalent bonds in the
olivine structure prohibiting oxygen release, LiFePO4 is consid-
ered to have a superior thermal stability. Nevertheless, actual
LiFePO4 batteries are not always as stable as expected; for
instance, performance degradation always occurs with electro-
chemical cycling,23,24 which is considered to be due to moisture
contamination. Many research interests have targeted under-
standing the surface chemistry change or aging process when
moisture contamination is present, including in storage and in
the electrochemical working conditions.24–26 In addition, consid-
ering the strong reducing environment and high temperatures
during the carbon-coating process, the possible surface chemistry
change of LiFePO4 has attracted much attention, as the LiFePO4

surface and the interface between carbon and LiFePO4 directly
affect the electronic and ion conductivity.

Another research trend is the development of a novel olivine
family for next-generation battery systems. Because of their low
cost and wide availability, sodium ion batteries have recently
been pursued as potential alternatives to current lithium-ion
batteries.27,28 Encouraged by the tremendous success of olivine
LiFePO4 in lithium-ion batteries, the analogous NaFePO4 was
expected to show similar properties as LiFePO4; however, this is
not always the case. Recent studies have shown a signicant
difference between NaFePO4 and LiFePO4, including their
electrochemical properties (capacity, reversibility, cycle perfor-
mance), phase transformation mechanism and synthesis
routes.29,30
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In our previous review,31 we focused on the progress and
development of carbon-coating methods for LiFePO4. Consid-
ering this popular battery material and its recent important
progress, herein, we present an updated review, mainly based
on the latest two year's literature and extend our discussion to
focus on new aspects of the aforementioned actively studied
topics in olivine LiFePO4, including performance optimizing
strategies, understanding of the insertion/extraction mecha-
nism via in situ methods, surface chemistry stability and the
future use of olivine phosphate for sodium-ion batteries. Some
perspectives and suggestions with regard to future research
directions and challenges are also provided.
2. Strategies for performance
improvement
2.1. Optimizing the carbon coating

Carbon coating on LiFePO4 is a widely accepted method to
improve the battery material's conductivity. Generally, the
carbon-coating process involves mixing battery materials with
various carbon precursors followed by high-temperature
thermal treatment. This approach is simple, feasible and suit-
able for large-scale industrial production. However, the control
of a uniform coating layer and improving the carbon quality is
still very challenging. Too thin of a carbon coating layer will not
cover the active material uniformly, but too thick of a carbon
coating will limit lithium ion diffusion and decrease the volu-
metric energy density of the battery materials. To meet the
demands for high performance battery materials, current
carbon-coating technology still needs to be further improved.
This can be done in a number of ways.

First, to optimize the carbon-coating quality for LiFePO4, the
selection of a high quality carbon source is critical.32,33 A variety
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interests are associated with advanced materials for electro-
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of carbon sources with different chemical and physical prop-
erties have been applied to the carbon-coating process for
LiFePO4. Some classic carbon sources include some organic
sources (e.g. glucose, citric acid and lactose) and some inorganic
sources (e.g. acetylene black, carbon nanotubes and graphene).
Organic carbon sources are advantageous in forming a homo-
geneous carbon-coating layer and in having a good control of
the carbon-layer structure (thickness, homogeneity, full
coverage) during the pyrolysis process at high temperatures, but
the carbon quality (conductivity, graphitized degree) is hard to
control. Inorganic carbon provides the opposite advantages and
disadvantages. With the selection of high quality inorganic
carbon, such as carbon nanotubes and graphene, the entire
LiFePO4 electrode can be composed of a 3D conductive network,
but local conductive paths in individual LiFePO4 particles
(particle surface) may still need to be provided with small
amounts of an organic carbon coating. The combination of the
advantages of both organic and inorganic carbon sources is
more promising for high performance C/LiFePO4 composites.34

Second, to maximize the electronic conductivity improve-
ment, a uniform carbon nanolayer with full coverage on
LiFePO4 should be rst achieved, which is a challenge for
many carbon-coating methods. Some in situ carbon-coating
methods, such as the self-polymerization of dopamine or
resorcinol–formaldehyde gel, can result in a uniform carbon-
coating layer on LiFePO4; however, a more economic and
feasible method is still highly desirable.35,36 Recently, a novel
carbon-coating method via the physical evaporation and
deposition of carbon under vacuum has been reported.37 By
continuous agitation of the sample, coupled to rotation and
tilting of the sample holder, a homogeneous and uniform
carbon-coating layer can be obtained. The carbon-coating
thickness can be controlled with the deposition time and the
physical properties (the conductivity and graphitization
degree) of the carbon coating have been proven to be similar
to those of the traditional high-temperature treatment
method. Despite this, additional improvement is still needed
for further large-scale production; however, this method does
provide a new route to achieve a high-quality carbon coating
on LiFePO4 battery materials.

Third, further modication of the carbon-coating layer via
nitrogen doping or co-coating (hybrid coating) provides
feasible strategies to optimize the carbon coating for LiFePO4.
A nitrogen-doped carbon layer has proven to improve the
electrical contact/conductivity and prevent LiFePO4 aggrega-
tion, thus treated LiFePO4 has been shown to exhibit a
superior rate capability and capacity retention.38 Because of
the hydrophilic properties of nitrogen doping, our previous
work also indicated that nitrogen-doped carbon nanotubes
allow a more uniform dispersion of carbon nanomaterials
and thus enhance the electronic contact of LiFePO4.39

Furthermore, the nitrogen atoms also may contribute addi-
tional electrons, providing electron carriers for the conduc-
tion band, further improving the electronic conductivity of
LiFePO4. In addition to the electronic conductivity improve-
ment, nitrogen also may induce defects to lower the activation
energy of lithium ion diffusion, enhancing the lithium ion
1112 | Energy Environ. Sci., 2015, 8, 1110–1138
diffusion kinetics. Therefore, an improved rate performance
can be expected by nitrogen-doped carbon coating. The other
modication strategy for carbon coating is co-coating carbon
with metal oxides or ionic conductors. Metal oxide co-coating
may improve the charge transfer resistance, and more
importantly, it can improve the surface chemical stability of
LiFePO4 by consuming HF created by moisture contamina-
tion.40–42 Ionic conductor (Li3PO4 and CePO4 et al.) co-coating
allows faster lithium ion diffusion. Combined with a highly
electronic conductivity carbon coating, this hybrid coating
improves the rate performance and low temperature perfor-
mance of LiFePO4.43,44 However, the optimized ratio of the
ionic/electronic conductor and the controlled hybrid coating
method are still challenges for practical LiFePO4 production.

Fourth, in addition to optimizing the carbon-coating layer,
another strategy to improve LiFePO4 performance is by the
fabrication of additional carbon structures to make up for the
deciencies of the inhomogeneous carbon coating layer. By
creating interconnected open pores for electrolyte penetration
and by limiting LiFePO4 agglomeration, 3D carbon structures
enable faster inter-particle lithium-ion and electron transfer,
leading to a high utilization of LiFePO4 particles and a good
columbic efficiency.45,46 For example, Ni et al. recently intro-
duced carbon-coated LiFePO4 to a porous carbon structure and
fabricated 3D carbon-coated LiFePO4–porous carbon compos-
ites. FePO4$2H2O precursor was rst deposited into the porous
carbon matrix, and followed by an in situ transformation into
carbon-coated LiFePO4 with CH3COOLi$2H2O and sucrose as
the lithium and carbon sources, respectively. As a result,
carbon-coated LiFePO4 particles were well dispersed into the
porous carbon matrix. The double carbon structure (carbon
nanolayer on the LiFePO4 particles and the additional carbon
matrix) created a 3D conductive network, providing fast ionic
and electronic conduction, and contributing to the high rate
performance of LiFePO4.47

Finally, a porous carbon-coating layer is highly expected to
improve the performance of LiFePO4. In recent years, the
advances in LiFePO4 electric vehicle batteries have placed a
higher demand on carbon coatings. In general, the main
functions of the carbon coating for LiFePO4 are to improve the
electronic conductivity and control the particle size growth at
high temperatures. Additionally, for the practical use of LiFePO4

for EVs, carbon coating is also expected to enhance the ionic
conductivity in order to achieve a high rate performance.
Therefore, a recent research trend in carbon coating has been to
develop a porous carbon structure on LiFePO4 which enables
the storage of sufficient electrolytes to maximize the electrode
reaction interface, and most importantly, to provide a fast
lithium-ion transfer pathway.48,49 Texturally structured carbon
aerogels with a large amount of micropores (nanometers) and
mesopores (tens of nanometers) are ideal carbon sources, and
have attractedmuch attention recently.50 With optimizing of the
experimental parameters, tuning the pore size and controlling
the pore distribution, these porous carbon sources can be
expected to play an increasing role in the structural design of
future high-rate LiFePO4 materials.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Morphology and electrochemical performance of a graphene/
LiFePO4 composite. (a and b) SEM images of graphene/LiFePO4. Scale
bar, 100 nm and 10 nm in (a) and (b), respectively. (c) The first charge/
discharge profile at 0.1 C for graphene/LiFePO4 composite with
various graphene-loadings (0, 0.8, 1.2 and 2 wt%). Reproduced with
permission from ref. 58. Copyright 2014, Nature Publishing Group.
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2.2. Advanced carbon composite

In addition to conventional carbon coating via the pyrolysis of
organic carbon sources, in recent years, the introduction and
synthesis of advanced carbon materials, such as graphene and
carbon nanotubes, has been widely applied to the improvement
of LiFePO4 conductivity, due to their unique character and
superior electronic conductivity.

Graphene. Graphene, a monolayer of sp2-bonded carbon
atoms or one monolayer of graphite has attracted considerable
attention as an advanced carbon additive. The structural exi-
bility, large specic surface area, high mechanical strength and
superior electric conductivity of graphene can build a highly
effective 3D conductive network for LiFePO4, which increase the
inter-particle electric contact and improve the electrochemical
performance of LiFePO4.51,52 Based on these unique advantages,
numerous studies on graphene-modied LiFePO4 have been
reported in recent years,53–56 and graphene/LiFePO4 composites
indeed have shown an improved electrochemical performance.
Currently, it is generally accepted that the enhanced electro-
chemical performance of graphene/LiFePO4 is attributed to the
inherent features of graphene (excellent electronic conductivity,
high surface area, etc.). In addition, the introduction of 2D
graphene can lead to more uniform LiFePO4 particle dispersion
than conventional carbon additives, such as acetylene black,
resulting in high electrochemical performance.57 Furthermore,
graphene may lead to an additional capacity for the cathode.
A recent report shows that graphene-modied LiFePO4 can
charge beyond its theoretical capacity. Hu et al. applied 2 wt%
graphene to wrap commercial carbon-coated LiFePO4, resulting
in a capacity of 208 mA h g�1 (the theoretical value is 170 mA h
g�1 for LiFePO4), as shown in Fig. 1. The authors attributed the
extra capacity to the reversible redox reaction between the
lithium ions in the electrolyte and exfoliated graphene akes. If
this is the case, this unique feature is also likely applicable to
other battery materials.58

In spite of these unique features of graphene, the practical
application of graphene faces too many challenges. The rst
challenge is the easy aggregation and poor dispersion of 2D
graphene sheets in common solvents, due to its hydrophobic
nature, which signicantly decreases its advantages.59,60 Our
group studied the impact of stacked and unfolded graphene on
LiFePO4 performance. It was found that, compared with stacked
graphene with a wrinkled structure (synthesized by the thermal
reduction of graphene oxide), unfolded graphene (synthesized
by the hydrazine reduction of graphene oxide in solution)
enables LiFePO4 to be well dispersed, so that individual LiFePO4

particles are attached to the conductive layer, leading to a
higher electronic conductivity and performance, as shown in
Fig. 2.61 To improve graphene dispersion in solution, similar to
carbon nanotubes, application of a functionalization treatment
with strong oxidizing agents is a common strategy to create
hydrophilic carboxyl groups and surface defects.62–64 However,
this violent method also destroys the intact structure of gra-
phene, leading to some loss of its unique mechanical, chemical
and physical properties. A mild surface treatment method is
highly expected to make full use of its advantages for battery
This journal is © The Royal Society of Chemistry 2015
materials.65,66 Rhodanineacetic acid–pyrene (RAAP) was recently
used to functionalize graphene nanosheets due to the strong p–
p stacking force between RAAP and thermally exfoliated gra-
phene. As a result, the RAAP molecules were well dispersed on
graphene nanosheets and the resulting graphene was negatively
charged. Through charge attraction, Fe2+ ions and PO4

3� were
adsorbed onto RAAP-modied graphene, and subsequently
formed FePO4/graphene hybrids. Aer mixing with LiCH3-
COOH, the nial LiFePO4/graphene composite was obtained by
a thermal reduction process. With this strategy, LiFePO4 parti-
cles can be directly grown on graphene with good electronic
contact, leading to a high rate capability and capacity retention
upon cycling.67 In addition, nitrogen doping is also a facile
method to improve graphene dispersion in solution.

Another challenge for graphene is the development of a
simple and facile synthesis method. Most graphene-related
LiFePO4 synthesis methods involve complex and time-
consuming synthesis processes, such as high temperature post-
heating and extensive reux reactions.68–70 Although some
approaches for mass production of graphene have recently been
reported,71,72 a rapid, economic and feasible approach with a
high yield of good crystalline graphene/LiFePO4 material is
highly desirable. Microwave-assisted synthesis enables gra-
phene-nanosheet–encapsulated LiFePO4 within a few minutes
at low temperatures without any post annealing treatments.
This approach makes it possible for the large-scale industrial
production of graphene/LiFePO4 composites in the near
future.73 In addition, an ultrasonic-assisted rheological phase
method in combination with a carbothermal reduction reaction
Energy Environ. Sci., 2015, 8, 1110–1138 | 1113
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Fig. 2 SEM images of (a) stacked graphene/LiFePO4 composites and (b)
unfolded graphene/LiFePO4 composites. (c) TEM image of LiFePO4–
unfolded graphene composites. (d) High-resolution TEM image and
SAED pattern (inset) of an individual LiFePO4 nanoparticle on unfolded
graphene (square area in (c)). (e) XRD spectrum of the unfolded gra-
phene/LiFePO4 and stacked graphene/LiFePO4 composites. (f) Electron-
transfer pathway for the stacked graphene/LiFePO4 and unfolded gra-
phene/LiFePO4 composites. Reproduced with permission from ref. 61.
Copyright 2014, The Royal Society of Chemistry.
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was also recently developed to synthesize a graphene/LiFePO4

composite. The rheological approach can decrease the calci-
nation temperature and save treatment time. Meanwhile, the
sucrose pyrolysis produces an additional carbon coating on the
LiFePO4, improving the carbon conductive network for
LiFePO4.74 More recently, an in situ pyrolysis and catalytic
graphitization approach to synthesize graphene-decorated
LiFePO4 was developed.75 Glucose and a trace amount of FeSO4

were used as the graphene source and catalyst precursors,
respectively. Via a solid state reaction, graphene formed a
uniform coating layer on the LiFePO4 nanoparticles. Because of
the graphene conductive network, the obtained graphene–
LiFePO4 showed a superior specic capacity of 167.7 mA h g�1

and high rate performance with 94.3 mA h g�1 at 100 C.
Besides the dispersion and feasible synthetic methods, in

the practical application of graphene in LiFePO4, some other
issues should be also considered. One is how to increase the
interaction and bonding between LiFePO4 and graphene.
Encapsulating LiFePO4 on graphene nanosheets with chemical
bonding was recently achieved by a self-assembly method. Luo
et al. modied LiFePO4 particles by surface graing amino-
propyltrimethoxysilane to cover the surface with amino
groups.76 With the formation of peptide bonds between the
amino groups on LiFePO4 and the carboxyl groups on graphene,
LiFePO4 particles were successfully self-assembled on the gra-
phene surface and formed a graphene oxide–encapsulated
LiFePO4 composite. With a subsequent reduction treatment, a
1114 | Energy Environ. Sci., 2015, 8, 1110–1138
graphene/LiFePO4 composite with strong bonding and superior
conductive network was formed, contributing to a high rate
capability (70% capacity retention at 50 C) and excellent cycle
performance (8.6% capacity loss aer 950 cycles at 10 C).
Another concern in the practical application of graphene with
LiFePO4 is lithium-ion diffusion rate through graphene. Despite
LiFePO4 conductivity being signicantly improved with the
addition of graphene, lithium ions may not easily pass through
the carbon atom array of the 2D graphene sheets as expected. To
favor lithium ion diffusion, modifying graphene sheets to
produce more porosity allows rapid lithium ion diffusion,
contributing to a high rate performance of LiFePO4. For
example, Ha et al. applied KOH activation to synthesize chem-
ically activated graphene, which provided a porous continuous
conductive network contributing to the superior electron
transfer and fast lithium ion diffusion for LiFePO4.77

Carbon nanotubes. In addition to graphene, carbon nano-
tubes are another widely studied carbon material. Because of
their inherent network structure, carbon nanotubes are gener-
ally used for LiFePO4 to form three-dimensional conductive
networks, bridging the active particles. The incorporation of
CNTs into LiFePO4 has demonstrated enhanced capacity and
rate performance for LiFePO4.78–80 When LiFePO4 is combined
with a CNT network, the conductive network facilitates charge
mobility between the LiFePO4 particles, contributing to the
improved electrochemical performance of the entire LiFePO4

electrode. By comparison, without an effective conductive
network, charge distribution in the conventional C/LiFePO4

electrodemay be localized or trapped at grain boundaries inside
the electrode, leading to local low performance.81

In most CNTs–LiFePO4 composites, CNTs are randomly
incorporated with LiFePO4, which may not make full use of the
CNTs conductive network because of the poor dispersion of
CNTs in solution, owing to the high van der Waals forces.82

Therefore, some functionalization methods have been devel-
oped on carbon nanotubes to improve the dispersion in
LiFePO4.83,84 For example, poly(ethylene glycol) (PEG) was used
to functionalize CNTs for LiFePO4.85 In addition to the improved
dispersion of CNTs in LiFePO4 particles, lithium-ion diffusion
in a PEG-modied CNTs–LiFePO4 electrode increased by two
orders of magnitude, compared to the conventional LiFePO4–

acetlyene black electrode.88

Another solution to avoid carbon nanotube aggregation is via
the in situ growth of CNTs with LiFePO4. Our group developed
an in situ self-catalyzed formation of core–shell CNTs–LiFePO4

nanowires (Fig. 3).86 This novel composite was fabricated in two
steps: a sol–gel route to form the one-dimensional LiFePO4

precursor and a solid-state step to form core–shell CNT–
LiFePO4 nanowires. The CNT network was formed via the self-
catalyzed reaction, where Fe2+ in the composite catalyzed the
CNTs growth. The direct growth of CNTs from the composite
effectively enhances the electronic conductivity. Meanwhile, the
formation of CNTs also restricts the in situ crystallite growth of
LiFePO4 nanowires, thus controlling the nanowire size, which is
important for the high rate performance of LiFePO4. These 3D-
CNT–LiFePO4 nanowires delivered a capacity of 160 mA h g�1 at
17 mA g�1 and 65 mA h g�1 at 8500 mA g�1.
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a and b) SEM images of the needle-like CNTs/LiFePO4. (c) TEM
image of the core–shell nanowires, and (d) the corresponding HRTEM
image of a CNTs/LiFePO4 nanowire. (e) EDX line profile of a CNTs/
LiFePO4 core–shell nanowire. (f) Schematic illustration of CNTs/
LiFePO4 core–shell nanowires. Reproduced with permission from ref.
86. Copyright 2014, The Royal Society of Chemistry.
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In addition to graphene and carbon nanotubes, some other
carbon structures have also been employed in LiFePO4

composites. Mesoporous carbon materials with a hierarchical
structure have high porosity, and thusmay facilitate lithium-ion
diffusion, shorten the diffusion paths, and increase the inter-
facial contact between electrolytes and LiFePO4. Wang et al.
developed a nanocasting technique to synthesize a mesoporous
LiFePO4/C nanocomposite.87 The mesoporous structure
improved the electronic/ionic contact, improved the mass and
charge transfer capabilities, and delivered a high rate perfor-
mance. Wu et al. developed another facile approach to obtain a
mesoporous carbon nanosheet–LiFePO4 composite via an in
situ so-template method.88,89 The mesoporous carbon with
high porosity served as both an electron and lithium-ion
conductive network, contributing to an excellent rate capability.
In spite of these superior performances, a feasible and low-cost
synthesis route to the large-scale production of these advanced
carbon materials, especially the porous carbon structure, is still
very challenging for current battery material applications.
2.3. Morphology control

Decreasing the size of LiFePO4 particles to the nanoscale
enables higher power density, which is mainly attributed to the
shortened ion diffusion pathways inside the 1D channels of
LiFePO4.90,91 However, the size reduction also adversely affects
the tap density and volumetric energy density, and the high
surface area increases the undesirable electrode/electrolyte
reactions, which leads to a poor cycling performance.
This journal is © The Royal Society of Chemistry 2015
Furthermore, unexpected antisite defects oen accompany the
size-reduction during LiFePO4 synthesis.

Currently, morphology tailoring and controlled synthesis
have attracted increased attention to improve the rate perfor-
mance of LiFePO4. In general, hydrothermal methods at low
temperatures allow a well-controlled LiFePO4 size and
morphology, but the obtained material generally shows poor
electrochemical performance because of the presence of anti-
site defects in the crystal structure.92 The iron occupancy on the
M1 site is considered to be an antisite defect, which blocks the
lithium-ion diffusion pathway through the 1D channel along
the (010) direction in the LiFePO4 crystal structure, a process
known as ‘channel blocking’. The formation of these defects is
due to the faster introduction rates of iron than lithium into the
crystalline structure during the synthesis process. To guarantee
an ideal crystalline structure for a high capacity, only when all
the lithium is introduced into the crystalline structure will the
defects be suppressed. To achieve this, some common strate-
gies include extending the synthesis time, applying higher
synthesis temperatures and applying post-treatment at high
temperatures.93 However, these methods also result in unex-
pected particle growth. Recently, it was found that the solvent
plays an important role in controlling the antisite defects. Some
solvents with low dielectric constants (such as ethylene glycol
and ethanol) can reduce the concentration of Fe–Li antisite
defects. For example, using ethanol as the sole solvent via a
solvothermal process produced LiFePO4/C that was highly
crystalline and exhibited less than 1% antisite defects, and thus
provides an alternative feasible route to limit the defects.94

In addition to suppressing the antisite defects, the orienta-
tion of LiFePO4 particles tailored by morphology control also
plays an important factor in improving the kinetics of the
lithium-ion extraction/insertion process. The 1D lithium diffu-
sion pathways along the (010) direction suggest that the
synthesis of thin and well-dispersed LiFePO4 nanostructures
with a large (010) surface area would enhance its rate perfor-
mance. Indeed, calculations based on the electronic structure of
LiFePO4 indicate that the low energy surfaces can dominate in
the equilibrium shape.95 Therefore, numerous efforts have been
made to synthesize large surface area LiFePO4 materials along
their b axes to favor lithium ion diffusion.96,97 It is well known
that, at the thermodynamic equilibrium state, each facet's
surface area in a crystal depends on its free surface energy.98

However, the preference of crystal facets in LiFePO4 is also
linked with the properties of the solvent. Currently, most
control of the LiFePO4 (010) crystal facets are achieved with the
solvothermal conditions, typically with ethylene glycol as the
solvent.99,100 The binding energy of a solvent, which is dened as
the energy difference aer the absorption of solvent molecules,
is considered to play a decisive role in the facet control of
LiFePO4. A more recent report indicated that, when compared
with ethylene glycol, the use of diethylene glycol is more
favorable for (010) facet formation, due to the more stable
binding geometry. The directional alignment of diethylene
glycol molecules may take place at the (010) facet and produce a
long chain, due to the hydrogen bonds between diethylene
glycol molecules, thereby making the formed (010) surfaces
Energy Environ. Sci., 2015, 8, 1110–1138 | 1115
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more stable. As a result, single-crystalline, (010)-oriented
LiFePO4 nanosheets (30–60 nm thick) were successfully
synthesized by the solvothermal method with diethylene glycol
solvent, as shown in Fig. 4.101 With an ionic liquid solvothermal
method, a controllable growth of the (010) facet of LiFePO4 with
high rate capability can be also obtained.102

Most conventional morphological control is based on a
variety of nanostructures such as nanowires, nanoparticles,
nanosheets and core–shell structures. In particular, the core–
shell structured LiFePO4/carbon composite allows fast lithium
ion and electron transportation, enabling high electrochemical
performance. For example, with an in situ polymerization
method, Zhou et al. designed a LiFePO4/carbon nanocomposite
with a core–shell structure and the obtained LiFePO4 showed a
high rate capability and long life cycle.103 In recent years, some
new concepts have been introduced showing potential for
future LiFePO4 development. Quantum dots (QDs), tiny parti-
cles containing only a small number of atoms, have an
extremely high surface-to-mass ratio. Because surface atoms
generally possess a higher energy of delocalized electrons and
are kinetically more active than interior atoms, QDs can
generally exhibit superior properties. Recently, Zhang et al.
synthesized high-energy quantum dots (HEQDs) in ultra-thin
LiFePO4 nanosheets.104 It was found that the electrons and
lithium ions can be easily transported to the HEQDs, due to its
tunneling barrier, as shown in Fig. 5. This novel LiFePO4

nanostructure provides more storage sites for lithium ions and
shows a superior discharge capacity and an ultra-high
coulombic efficiency. In recent years, atomic layer deposition
(ALD) has attracted much attention as a novel technique to
engineer nanostructures for energy materials. Owing to its
Fig. 4 Characterization of LiFePO4 nanosheets. (a) Representative SEM
sheets. Insert: an individual exfolidated LiFePO4 nanosheet. (c) TEM and
patterns of LiFePO4 particles and exfoliated LiFePO4 nanosheets. (f) Ram
sheets. Reproduced with permission from ref. 101. Copyright 2014, Ame

1116 | Energy Environ. Sci., 2015, 8, 1110–1138
unique capability to tune nanostructures at the atomic scale,
our group recently successfully developed this technique to
deposit LiFePO4 on carbon nanotubes (CNT). The obtained
LiFePO4/CNT exhibited exceptional battery performance,
including superior rate capability, power density and a long
lifetime. The success of this technique in LiFePO4 will also have
a tremendous impact on future 3D all-solid state batteries and
next-generation advanced battery systems (Fig. 6).105

In addition to the above fundamental issues, in practical
applications, another big issue for lithium iron phosphate is
related to the tap density. The large-scale industrial application of
lithium-ion batteries in electric vehicles not only requires a high
specic capacity, but also a high tap density of LiFePO4 which
means a high volumetric energy density.106,107 To meet the
requirement of high tap density but to maintain all the merits of
nanosized materials, porous LiFePO4 microspheres with inter-
connected open pores are advantageous, because this can reduce
the diffusion length of lithium ions, facilitating fast lithium ions
diffusion.108–110 Carbon-coated LiFePO4 microspheres with high
tap densities can be synthesized by co-precipitation, hydro-
thermal and solvothermal methods. The fundamental under-
standing of the seed nucleation, growth, precipitation and some
other factors (e.g. chemical potential, the choice of solvent and
surfactant addition), as well as the development of a simple,
feasible and low-cost synthetic route, is still critical for the future
of LiFePO4.111,112 Nanosized LiFePO4, generally synthesized by low-
temperature solution routes, is susceptible to the presence of
some defects due to the turbostratic stacking of the layers, which
leads to perturbation of the lattice and localized charge at the
external surface and in the 1D channels, limiting lithium ion
diffusion. In contrast, large-sized crystals with a less disordered
image of LiFePO4 particles; (b) SEM image of the accumulated nano-
(d) HRTEM image and ED pattern of the LiFePO4 nanosheets. (e) XRD
an (black) and FTIR (blue) spectra of the as-exfoliated LiFePO4 nano-
rican Chemical Society.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Characterizations of high-energy LiFePO4 quantum dots (HEQDs). (a) HRTEM image of HEQDs embedded in a LiFePO4 nanosheet. (b)
HRTEM image of a commercial LiFePO4 particle. (c) AFM image of the size and height distributions of HEQDs embedded in a LiFePO4 nanosheet.
(d) Li ion pathways in the commercial sample (B) and mesoporous biocarbon nanowire coated LiFePO4 (MBCNW–LFP–HEQDs) (A). (e) Fluo-
rescent image of MBCNW–LFP–HEQD-2 sample, (f) the first discharge/charge curves of MBCNW–LFP–HEQD-2 cathode (A) and the
commercial cathode (B) at 0.1 C rate. Reproduced with permission from ref. 104. Copyright 2014, The Royal Society of Chemistry.
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arrangement allow undisturbed paths for lithium-ion diffusion.
The delithiation process is considered to occur near the surface in
a large LiFePO4 crystal; however, it is preferable to take place at
the core of a small crystal.113 In addition, large LiFePO4 particles
with high tap densities seem to exhibit a higher degree of elec-
trochemical reversibility. Previous studies indicate some differ-
ence in the delithiation behavior between large and small single
crystals.114,115 Based on the above discussion, it is critical to opti-
mize the synthesis conditions to produce well-ordered LiFePO4

crystals with a suitable size (not solely focusing on nanosized
crystals), high tap density, few defects and high reversibility.
2.4. Element doping

In addition to carbon coating and morphology/size control
strategies, doping is considered to be another signicant
method to enhance the intrinsic electronic/ionic conductivity of
LiFePO4. In particular, considering the limiting factor for the
rate performance is due to the poor lithium-ion diffusion,
substitution of a small amount of Li+, Fe2+ or O2� by other ions
is expected to enhance the charge/discharge property at high
current densities. Although the role of doping in LiFePO4 is still
unclear and under debate, doped LiFePO4 indeed has exhibited
improved electrochemical performance in numerous studies.

Lithium site doping. The rst work about Li site doping was
reported by Chung et al., stating that a signicant increase
in LiFePO4 electronic conductivity by around 8 orders of
This journal is © The Royal Society of Chemistry 2015
magnitude was achieved to reach 10�2 S cm�1 with a low
amount of dopant (Mg, Zr, and Nb, no more than 1 at% at Li M1
site).116 The dramatic increase in conductivity was later attrib-
uted to carbon coating and the metallic iron phosphides/car-
bophosphides on the LiFePO4 surface during the solid state
reaction process at high temperatures (above 700 �C).117,118 Since
then, the possibility and practical role of Li site doping has
aroused enormous research interest.

From conventional wisdom, lithium ions diffuse along 1D
tunnels in LiFePO4, and the presence of immobile dopants at
the Li site may impede lithium-ion diffusion, which should
result in a low rate performance for LiFePO4. Nazar recently
revisited this topic by using neutron and X-ray diffraction for
aliovalent cation-doped LiFePO4 with Zr, Nb and Cr doping
elements.119 The result conrms that these dopants indeed exist
on Li M1 sites with �3 atom% substitution aer a solid-state
reaction at 600 �C. However, these dopants cannot signicantly
affect lithium-ion diffusion in LiFePO4 because the lithium-ion
diffusion channels are only increased 0.3% by these dopants.
Instead, these immobile dopants residing within lithium-ion
channels certainly will hinder lithium-ion diffusion, resulting
in lower rate performance. Nevertheless, some experimental
reports indicate that Li site doping indeed enhances the rate
performance of LiFePO4.120,121 So far, the true role and effects of
Li doping for LiFePO4 electrochemical performance has still not
been fully ascertained and remains controversial.
Energy Environ. Sci., 2015, 8, 1110–1138 | 1117
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Fig. 6 SEM images of (a) as-prepared CNTs/LiFePO4 and (b) annealed CNTs/LiFePO4. Scanning transmission electron microscopy images of (c)
as-prepared CNTs/LiFePO4 and (d) annealed CNTs/LiFePO4. (e) HRTEM image of the annealed CNTs/LiFePO4. (f) Schematic illustration showing
the ALD principle for the synthesis of LiFePO4. Reproduced with permission from ref. 105. Copyright 2014, WILEY-VCH Verlag GmbH & Co.
KGaA.
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Iron site doping. In comparison to Li site doping, more
researchers have performed substitution (aliovalent and iso-
valent) at the Fe (M2) site. Similar to the debates on Li site
doping, the feasibility and roles of Fe site doping, especially
aliovalent doping, is still under debate. Using an atomistic
simulation method, Islam et al. previously suggested that only
divalent metal elements can be doped in the LiFePO4 lattice, but
aliovalent doping was not successful.122 However, many publi-
cations report the improved electrochemical performance of
LiFePO4 with aliovalent doping (e.g. Mo6+, Ti4+, V5+, Nb5+).123–126

From these reported studies, aliovalent doping seems to be
feasible and its benecial role in LiFePO4 electrochemical
performance indeed exists. The remaining question is what
exactly contributes to this improvement, and this has been the
research focus for doped LiFePO4.

Among those aliovalent doping elements, vanadium has
become one of the most interesting dopants in recent years, due
to its various oxidation states and coordination chemistry.
Vanadium also can form electrochemically active phases (e.g.
Li3V2(PO4)3, LiVOPO4 and VxOy) and its use can avoid inactive
impurity substances in lithium-ion batteries. Therefore, some
recent studies selected vanadium as a model dopant to inves-
tigate why aliovalent doping in Fe site can increase the rate of
lithium removal/insertion in LiFePO4.127–129 X-ray diffraction
1118 | Energy Environ. Sci., 2015, 8, 1110–1138
indicates that vanadium-doped LiFePO4 at an Fe site can reduce
the lattice mismatch between Li-rich and Li-poor phases. It also
increases the composition width of the single phase (solid
solution range), which is benecial for the fast charge/discharge
ability. In addition, V-doped LiFePO4 shows a lower single-
phase transformation temperature.130 Combining X-ray with
neutron powder diffraction methods, Whittingham's group
recently conrmed that the doped aliovalent vanadium indeed
occupy Fe sites, but some Fe exist at Li sites, which increases the
unit cell volume.131 Similar to the previous report, this aliovalent
doping may reduce the miscibility gap and the solid solution
formation temperature, which contributes to the high rate
performance. However, this V doping and some Fe residing at Li
sites also signicantly decrease the capacity of LiFePO4 at
moderate temperatures. Therefore, the control of proper doping
at preferable sites is important for the overall LiFePO4 perfor-
mance improvement.

In terms of the doping process, the elemental doping
involves many factors, including temperature, time, precursors
and the LiFePO4 itself. In general, a low ratio of aliovalent ions
doping (less than 10 mol%) at the Fe site can be achieved by
conventional solid state methods, but a higher degree of doping
needs novel synthetic routes. With a microwave-assisted
synthesis process, Harrison recently reported an aliovalent
This journal is © The Royal Society of Chemistry 2015
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doping with up to 20% V substitution at Fe sites.132 The
temperature dependence of V doping in LiFePO4 was also
conrmed. Nevertheless, further studies and optimization of
the doping experimental parameters are still needed.

Compared with aliovalent doping, isovalent substitution is
more normal in nature for LiFePO4, and many divalent cations
(e.g. Mn, Co, Ni, and Mg) were doped at the Fe site with a high
doping degree, and showed enhanced electrochemical perfor-
mance.133–136 Among the isovalent cations, Mg2+ doping is most
oen reported to improve the electrochemical kinetics of
LiFePO4. From the rst-principles density-functional theory, Mg
doping prefers to reside at the Fe site rather than Li site, leading
to high lithium-ion diffusion.137 By using X-ray diffraction for a
partially (de)lithiated LiMg0.2Fe0.8PO4 sample, a recent study
indicates the existence of stable equilibrium intermediate
phases (Fig. 7).138 As a result, the Mg-doped LiFePO4 may
undergo a single-phase process during the lithiation/delithia-
tion process, which may play a signicant role in improving the
electrochemical performance of Mg-doped LiFePO4. In addi-
tion, the formation energies and the cell volumes decreased
gradually with the increase in Mg concentration in Mg-doped
LiFePO4, which also enhance the lithium-ion diffusion rate in
LiFePO4.137

Isovalent Mg doping at Fe sites can enhance the electronic
conductivity and electrochemical activity for LiFePO4. However,
that is not the case if the isovalent Mg doping occurs at Li sites.
Mg-doped LiFePO4 is size-dependent in terms of electro-
chemical performance.139 Compared with Fe site doping, Mg
doped at the Li site exhibits a low capacity and poor electro-
chemical kinetics, due to blocking effect by Mg on the lithium-
ion diffusion path. Interestingly, this adverse effect may be
diminished aer long-term electrochemical cycles, which may
be due to the gradual ion exchange between Mg ions and
Li ions.

In addition to the above Li and Fe site doping, anion doping
at the O site was also reported to improve the electrochemical
performance, such as the cycle and rate capabilities. These
Fig. 7 High-resolution XRD patterns of LiMg0.2Fe0.8PO4 at different
states of charge/discharge. Upon lithiation to x ¼ 0.48, two phases are
observed. One is the lithium-poor phase (a hump as shown by the
arrow) and the other is the intermediate phase. Reproduced with
permission from ref. 138. Copyright 2014, WILEY-VCH Verlag GmbH &
Co. KGaA.

This journal is © The Royal Society of Chemistry 2015
doped anions include Cl, F and Na.140,141 However, compared to
the extensively studied Fe and Li doping, O site doping has been
less studied and is seldom used. There are limited references
and resource available. Therefore, no detailed discussion about
this topic is presented in this review.
3. Delithiation and lithiation
mechanisms

Understanding the phase transformation mechanism and the
lithium intercalation pathway in LiFePO4 is of crucial impor-
tance, because the intercalation kinetics directly determines the
capacity, rate performance and columbic efficiency. In terms of
the phase transition mechanism, it is generally accepted that
LiFePO4 undergoes a typical rst-order phase transformation,
with nucleation and growth of the second phase during the
lithium extraction/insertion process, leading to a two-phase
equilibrium composed of a Li-poor LixFePO4 phase and a Li rich
Li1�yFePO4 phase, which gives a stable voltage plateau at
�3.5 V.142 The unit-cell volumes of both phases remain nearly
constant, with the unit cell volumes of the two phases varying by
only DV ¼ 6.5%.143 The small volume change during the phase
transformation contributes to the unique advantages of
LiFePO4, namely superior structural stability and safety, making
it an ideal battery material for electric vehicle applications.
Although many studies support the two-phase mechanism of
LiFePO4/FePO4, the specic model still remains controversial,
including the core–shell,1,144 domino cascade,145 spinodal
decomposition,146,147 and mosaic mode148 etc. (Fig. 8 and
Table 1). Because the delithiation/lithiation kinetics and phase
compositions strongly depend on the particle size, morphology
and physical properties of the studied LiFePO4 material, the
above disagreement, and even the conicting models, may be
attributed to the specic experimental conditions.

In recent years, with the advancement of microscopic and
spectroscopic experimental techniques, a solid solution reac-
tion and intermediate phase have been detected in
LiFePO4,149,150 which also provide another possible phase
transformation mechanism for LiFePO4. In general, under a
typical solid solution reaction for most materials, the lattice
parameters and unit-cell volumes change continuously during
the phase transformation process. As in the case of LiFePO4, the
solid-solution process and possible intermediate phase have
been detected at different extreme experimental conditions,
such as with very tiny particle sizes (tens of nanometers) or
ultra-high charging rates (over 10 C) via some in situ or in
operando characterization methods.151,152

In addition, the recent research interest on LiFePO4 phase
transformation mechanism has been extended from a single-
particle to a multi-particle system, as well as to the entire elec-
trode behavior,.153,154 In the case of real LiFePO4 electrodes,
there is an assembly of a large amount of active LiFePO4

particles with possible differences in inhomogeneity, thickness
and porosity. In this section, we will overview some recent
understanding and ndings on this hotly debated subject of the
LiFePO4 phase transformation mechanism.
Energy Environ. Sci., 2015, 8, 1110–1138 | 1119
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Fig. 8 Several classic two-phase models for LiFePO4. (a) Shrinking-core model, reproduced with permission from ref. 144. Copyright 2005, The
Electrochemical Society. (b) Mosaic model, reproduced with permission of ref. 148. Copyright 2001, Elsevier. (c) Domino-cascade model,
reproduced with permission of ref. 145. Copyright 2008, Nature Publishing Group.

Table 1 Two-phase models in single-particle LiFePO4 system

Mechanism
Sample size/
morphology Characterization tools Experimental method Ref.

Core–shell Micrometric particles X-ray diffraction Chemical/electrochemical delithiation 1
Shrinking-core 100–200 nm

nanoparticles
Mathematical model Electrochemical delithiation 18

Radial model 140 nm nanoparticles High-resolution electron energy
loss spectroscopy

Electrochemical delithiation 10

Spinodal model 100 nm nanoparticles Raman and high-resolution
transmission electron microscopy

Electrochemical delithiation 146
and
147

Mosaic model Solid state route Neutron powder diffraction Electrochemical delithiation 148
Domino-cascade
model

100 nm nanoparticles XRD and HRTEM Electrochemical delithiation 145

Two-phase
coexistence

Micrometric LFP
particle

In operando transmission X-ray
microscopy

Electrochemical delithiation 159

Two-phase
coexistence

Micrometric single
crystals

Transmission X-ray microscopy Chemical delithiation 157
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3.1. Two phase coexistence

The well-known two phase mechanism in LiFePO4 has two
explanations, that is, intra-particle and inter-particle two-phase
coexistence. Some studies suggest that the two-phase coexis-
tence only occurs in the inter-particle system, that is to say, all
the individual LiFePO4 particles are either completely deli-
thiated (FePO4) or lithiated (LiFePO4).155,156 This explanation has
been supported by recent ex situwork via Transmission Electron
Microscopy (TEM) and X-ray Microscopy (so and hard X-ray
technology).157,158 However, this two-phase coexistence may
change with particle size, morphology and the electrochemical
testing conditions (fast or slow charging rate, static or dynamic,
etc.). Recent work using hard X-ray microscopy to track LiFePO4

phase transformation under in operando conditions reveals two-
phase coexistence in individual microsized LiFePO4.159 The
microscale-sized LiFePO4 is not robust, so the large mismatch
between the two end members may lead to energy relaxation, as
revealed by the formation of cracks or structural dislocations
but not sufficient to drive the fast phase transformation. The
1120 | Energy Environ. Sci., 2015, 8, 1110–1138
weak driving force only allows boundary displacement to occur
at the surface-near sites, resulting in the two-phase coexistence
in the individual large particles.160,161 In contrast, as for nano-
sized LiFePO4, the large mismatch and local constraints
between the two end members drive fast boundary displace-
ment, allowing the fast phase transformation reaction. As a
result, the nanosized LiFePO4 is more susceptible to exhibit
either full delithiation (FePO4) or full lithiation (LiFePO4).
Therefore, the size effect plays an important role in the intra-
particle delithiation mechanism for LiFePO4 (Fig. 9).159
3.2. Solid-solution mechanism

Although the two-phase mechanism has been widely accepted
and the presence of the two-phase transformation in LiFePO4 is
generally considered to limit its fast charging performance, in
practice, LiFePO4 batteries have been successfully commer-
cialized and applied in electric vehicles, demonstrating high
rate performance. The contradiction between the theoretically
low ion-diffusion capability and practically high-rate capability
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 X-ray chemical mapping of two-phase coexistence in inter-particle ((A) soft X-ray imaging of partially charged LiFePO4; (B) the corre-
sponding TEM image from an ex situ experiment) and intra-particle ((C) in operando hard X-ray imaging experiment). The dashed arrows reveal
crack formation in some individual particles in (C). Scale bar is 10 mm in C. Reproduced with permission from ref. 158 and 159. Copyright 2013
American Chemical Society (a and b) and 2014 Nature Publishing Group (c).
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pushes us to revisit the two-phase mechanism in LiFePO4.
Indeed, some previous theoretical research suggests that the
miscibility gap between the two end members may decrease or
even disappear, but most of the assumptions are only effective
under extreme conditions, such as using extremely small
particles (below 15 nm)162 or high temperatures (�350 �C),163

which cannot completely explain the high rate performance for
true LiFePO4 batteries under practical working conditions (i.e.
room temperature, hundreds of nanoscales or microscale). As a
result, a nonequilibrium solid solution may occur and play a
critical role in the observed high rate capability of LiFePO4

electrodes. In recent years, with the advancement of charac-
terization tools and the use of in situ or in operandomethods, an
increasing amount of experimental evidence validates this
assumption.
This journal is © The Royal Society of Chemistry 2015
Based on some theoretical methods, such as rst-principles
and phase-eld modeling, a solid-solution mechanism has
been previously proposed,164,165 which suggest the phase trans-
formation between LiFePO4 and FePO4 may undergo a single-
phase, not two-phase mechanism. Recent research suggests
that the phase separation is able to be suppressed in the
nominally two-phase region, especially for nanosized particle at
high rates. This was supported by experimental results, as a
long-range lithium-ordered Li0.5FePO4 phase in half-delithiated
LiFePO4 single-crystalline nanowires was shown with TEM.166 A
continuous shi of the diffraction peaks was also shown during
the lithium insertion/extraction process for a LiFePO4 nano-
particle (40 nm) at room temperature.167 These experimental
ndings obviously support the above assumption.
Energy Environ. Sci., 2015, 8, 1110–1138 | 1121
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Since the realization of the solid-solution phases, there ari-
ses another debate about the width, form and role of a solid-
solution zone during battery charging and discharging.
Although the solid-solution mechanism has been conrmed,
many reported experimental results and conclusions are
inconsistent, including an atomically sharp interface,168 a 4 nm
disordered interface,160,169 and a long-range ordered structure in
partially delithiated LiFePO4.170,171 For example, for this staging
structure (a pronounced long-range order), a recent study
indicates a size-dependent behavior. As to the small crystals,
staging exists in the whole particle with a decrease of order from
the center to the surface. For the larger crystal, an intermediate
phase appears between LiFePO4 and FePO4, and the staging
interfacial width changes little with the size increase.172 In
addition to the size-dependency, the solid-solution phase
transformation in LiFePO4 is also found to be rate dependent.
At high rates, such as over 10 C, the solubility limits in both
phases increase dramatically, leading to a fraction of the elec-
trode material following a single phase transformation path,
bypassing the rst-order phase transition.173 Obviously, the
topic continues to be debated and more fundamental studies
and direct experimental evidence are thus needed.

The convincing evidence for the solid-solution mechanism is
a direct characterization of this solid-solution zone under in situ
or in operando conditions. Previous theoretical calculations
have shown that this solid-solution zone is thermodynamically
metastable.174 Using in situ high-resolution TEM, Niu et al.
recently observed a disordered Li-sublattice solid-solution zone
(10–25 nm � 20–40 nm in size). Different from the sharp
interface in other ex situ studies, the observed wide solid-
Fig. 10 In Situ TEM study of the delithiation process of a LiFePO4

crystal viewed from [010] axis (a–c). (a) The LiFePO4 showing a clear
crystal structure before voltage applied. (b) A clear solid solution zone
(SSZ) and a directional boundary propagation were observed at 239 s.
(c) the images of the SSZ and boundary evolution at 406 s. (d and e)
The magnified images of the selected regions in (a and b), respectively.
The simulated TEM images of (f) LiFePO4 and (g) Li0.5FePO4. Repro-
duced with permission from ref. 175. Copyright 2014 American
Chemical Society.

1122 | Energy Environ. Sci., 2015, 8, 1110–1138
solution zone shows no dislocations, which is considered to
contribute to the high rate performance of LiFePO4. In addition,
it also suggests that this disordered solid-solution zone could
dominate the phase transformation process, even at high
charging rates. This dynamic observation provides a more
accurate understanding of the solid-solution zone (Fig. 10).175

Further experimental evidence was also obtained via an in
situ synchrotron X-ray study. Because of the high sensitivity,
time resolution and accuracy,176–178 synchrotron X-ray diffrac-
tion is the most suitable technique to detect the possible
intermediate phase under charging and discharging of LiFePO4.
With the in operando XRD technique, Orikasa et al.179 tracked
the phase transformation process and found a metastable
crystal phase in fast-charging microsized LiFePO4, in addition
to the thermodynamically stable LiFePO4 and FePO4 phases
(Fig. 11). Also, it was found that this metastable phase has a
short life time (a couple of minutes), as it diminishes under
open-circuit conditions. This metastable LixFePO4 (x ¼ 0.6–
0.75) only appears at high charging rates, and is absent at slow
charging rates in the LiFePO4 electrode. Therefore, it is sug-
gested that at high rates, the phase transformation in LiFePO4

may pass through the metastable phase, which decreases the
nucleation energy and thus leads to a higher rate performance
for the LiFePO4. Another of the latest in situ XRD studies
captured the metastable solid-solution phase in fast-charging
nanosized LiFePO4 (Fig. 12).180 Different from the intermediate
LixFePO4 (x ¼ 0.6–0.75) phase at high rates in the microsized
samples, the studies with nanosized LiFePO4 demonstrate the
Fig. 11 In situ synchrotron XRD study of LiFePO4 under electro-
chemical cycles. (a) Time-resolved XRD patterns for LiFePO4 during
charge–discharge cycles at 10 C rate. (b) Detailed XRD patterns during
the first discharge and second charge cycles. A new peak at 19.35� was
formed during cycling. Reproduced with permission from ref. 179.
Copyright 2013 American Chemical Society.

This journal is © The Royal Society of Chemistry 2015
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continuous solid-solution phase has a wide composition, Lix-
FePO4 (0 < x < 1). This is composed of the entire range between
the two end members of LiFePO4 and FePO4 at high rates. This
suggests that nanosized LiFePO4 may undergo continuous
structural change without the phase boundary movement and
nucleation step, which also helps explain the high rate perfor-
mance of LiFePO4.

Furthermore, the (de)lithiation mechanism and solid-solu-
tion formation is also related to the type of olivine lithium
phosphate. A typical example is lithium manganese iron phos-
phate (LMFP), a very promising cathode material with a higher
working voltage and similar structural stability.181,182 Recently,
in operando synchrotron XRD indicated that, in contrast to
LiFePO4, nano-LMFP exhibits a continuous solid-solution
process, which can be observed at a wide composition range.
The dominant metastable solid-solution process occurring at
LMFP can explain the higher rate capacity than for LiFePO4 with
Fig. 12 In situ XRD study of LiFePO4 under different electrochemical cyc
respectively. (D) Patterns of the evolution of the charge-relax experimen
relaxation of 10 min. Reproduced with permission from ref. 180. Copyr
(AAAS).

This journal is © The Royal Society of Chemistry 2015
comparable particle sizes, in spite of a larger volume mist
(11.6% for LiMnPO4, 6.5% for LiFePO4).183

A similar report from Whittingham's group also indicated
that Li(Mg, Mn, Fe)PO4 undergoes a one-phase (de)lithiation
mechanism. Mg substitution in the mixed olivine, LiFe0.6-
Mn0.4PO4, reduces the lattice mist between the two end-
member phases. This smaller lattice mismatch and the inter-
active forces (Mn, Fe and Mg) result in a one-phase (de)lith-
iation mechanism.184

The (de)lithiation mechanism is also related to the LiFePO4

structure. Recently, a novel non-olivine LiFePO4 with an
alluaudite structure was successfully developed.185 In contrast to
the two-phase reaction in olivine LiFePO4, the alluaudite
LiFePO4 showed fundamentally different electrochemical
behavior. In spite of the similar Fe2+/Fe3+ redox reaction, the
alluaudite LiFePO4 showed a one-phase reaction mechanism,
allowing fast lithium ion diffusion. The fast charging property is
les. (A–C) patterns of the second galvanostatic cycle at 5, 10, and 20 C,
t, where a 10 C current is applied for 90 s followed by an open-circuit
ight 2014, the American Association for the Advancement of Science
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attributed to the unique structure of the alluaudite. An alluau-
dite compound has the formula X(1)X(2)M(1)M(2)2(PO4)3 and
the structure contains edge sharing M(2)O6 octahedra chains,
connected by distorted M(1)O6 octahedra. X(1) and Li in the
targeted structure occupy the X(2) site, and Fe occupies the M(1)
and M(2) sites. Tetrahedral PO4 units connect the chains, and X
cations reside in tunnels along the c-axis, providing possible
diffusion pathways. Although this novel structured LiFePO4

enhances the fast charging performance via a one-phase
mechanism, many issues related to the alluaudite structure are
still unclear, such as the thermal stability and electronic
conductivity. Also, only around 0.8 lithium ions could be deli-
thiated and reversed back in the one-phase reaction. The
specic capacity and cycle performance are unsatisfactory.
Further studies are still needed.

In addition to the proposed two-phase and solid-solution
mechanisms, a mixed mechanism has also recently been sug-
gested. With in operando synchrotron high-energy X-ray
diffraction (XRD), nonequilibrium lithium insertion and
extraction from the LiFePO4 cathode was studied. Neither the
LiFePO4 phase nor the FePO4 phase maintained a static
composition during lithium insertion/extraction.186 Instead, the
LiFePO4 cathode simultaneously experienced both a two-phase
reaction mechanism and a dual-phase solid-solution reaction
mechanism over the entire range of the at voltage plateau, with
this dual-phase solid-solution behavior being strongly depen-
dent on the charge/discharge rates. The proposed dual-phase
solid-solution mechanism may explain the remarkable rate
capability of LiFePO4 in commercial cells. A similar mechanism
was also reported by in situ neutron powder diffraction and a
Fig. 13 Non-equilibrium phase transition via a metastable phase (a), solid
from ref. 179, 180 and 19. Copyright 2013 American Chemical Society, 20
Nature Publishing Group, respectively.
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simultaneous occurrence of solid-solution and two-phase reac-
tions aer deep discharge under nonequilibrium conditions
was suggested (Fig. 13 and Table 2).187
3.3. Multi-particle system

Since numerous studies of the (de)lithiation mechanism are
based on individual LiFePO4 particles, a full understanding of
the entire electrode behavior is still not clear. This is because
the mechanism in a single-particle LiFePO4 system may not
necessarily be suitable for an entire electrode, considering the
issues arising from the thickness, inhomogeneity, porosity and
particle overlapping. Recent research has suggested that in an
electrode assembly, all LiFePO4 particles are not (de)lithated
simultaneously but rather sequentially via a particle-by-particle
intercalation pathway.188 That is to say, in contrast to the
“concurrent” mechanism, two-phases coexist in the inter-
particle at the entire electrode, which is considered to be due to
the fast inter-particle transport, the quick phase boundary
replacement and the decrease of interfacial energy.189

The inhomogeneous LiFePO4/FePO4 phase distribution at
the entire-electrode scale was conrmed by ex situ Scanning
Transmission Electron Microscopy (STEM).190 At the mesoscale,
a core–shell phase distribution with a preferential pathway
along the porosities was found. At a larger scale, the (de)lith-
iation process occurs via a “stratum-by-stratum” pathway, from
the electrolyte side to the current collector. It is obvious that the
electrochemical reaction is more favorable to occur at some
electrolyte-accessible sites with more porosity, as lithium-ion
diffusion is one of the main limiting factors. Another study with
-solution (b) and single phase model (c). Reproduced with permission
14 the American Association for the Advancement of Science and 2011

This journal is © The Royal Society of Chemistry 2015
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Table 2 Solid-solution mechanism confirmed by a variety of experimental studies

Sample Characterization tools Experimental method Driven force Ref.

500 nm particles XRD Chemical delithiation with
NO2BF4

Temperature driven solid solution,
LixFePO4 (0 # x # 1)at 450 �C

165

NA NA Phase-eld model Current density 20
100 nm nanoparticle NA Density functional theory

calculations
Low overpotential at non equilibrium
path

19

Micrometric particle Time-resolved XRD Electrochemical (de)lithiation High (de)charge rates (10 C), a
metastable Li0.6–0.75FePO4 solid-solution
phase

179

100 nm LiMn0.4Fe0.6PO4

particles
In operando synchrotron
XRD

Electrochemical (de)lithiation Olivine composition, the metastable
solid solution covering a remarkable
wide compositional range

183

10–180 nm nanoparticles In situ synchrotron XRD Electrochemical (de)lithiation High cycling rates, the solid solution
phase, LixFePO4(0 < x < 1) covering the
entire phase composition

180

Fig. 14 In operando chemical mapping of a multi-particle LiFePO4 system at a rate of 5 C. (a) 2D chemical mapping; (b) XANES at selected
regions A and B at charging stage (iii); (c) Statistical histograms of phase compositions at five selected regions at charging stage (iii). Scale bar: 10
mm for the five 2D maps, 200 nm for the enlarged map. Reproduced with permission from ref. 159. Copyright 2014 Nature Publishing Group.
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in situ so X-ray spectroscopy also indicates that the phase
transformation starts from the region adjacent to the current
collectors in a LiFePO4 electrode,191 conrming the inhomoge-
neity in the LiFePO4 phase transformation.

More direct evidence of the phase transformation comes
from a recent in operando imaging study. Wang et al. tracked the
phase transformation evolution on the electrode scale using
transmission X-ray microscopy under in operando conditions.159

The unique capability of this in operando imaging method is
that it can work on a true coin cell without a specialized cell
This journal is © The Royal Society of Chemistry 2015
design, therefore, truly revealing the electrochemical process in
the LiFePO4 electrode. With this technique, it is suggested that
there is a rate-dependent inhomogeneity behavior in a multi-
particle LiFePO4 system. At a slow charging rate, a homoge-
neous phase distribution is found and the entire electrode
shows a similar chemical composition, whereas a fast charging
rate leads to inhomogeneity and two-phase coexistence in the
electrode. The inhomogeneous phase composition only takes
place in a fast-charging LiFePO4 electrode, which emphasizes
the crucial role of electrode architecture in the (de)lithiation
Energy Environ. Sci., 2015, 8, 1110–1138 | 1125
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Table 3 Synchrotron X-ray imaging techniques for LiFePO4 studies

Methods Energy range Sample thickness Spatial resolution Pressure condition In situ operation Ref.

Hard X-ray microscopy 4k–13 keV Up to micron scale <30 nm Ambient Easy 129
So X-ray microscopy 200–2 keV Up to hundreds of micron <30 nm Vacuum/half vacuum Difficult 128
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process in a multi-particle system, as the electrode structure
(thickness, porosity, conductive carbon network, etc.) signi-
cantly affects the inter-particle intercalation pathway at high
rates. This nding motivates more future efforts in optimizing
the entire electrode structure to improve rate performance for
LiFePO4 (Fig. 14 and Table 3).

The understanding of these complex (de)lithiation mecha-
nisms has heavily relied on advanced characterization tools.
Recent advances in synchrotron X-ray technologies, in partic-
ular synchrotron X-ray microscopy, allow the probing of large
volumes of battery materials at high spatial resolution with
accurate chemical/electronic structural information. A new
record of 5 nm resolution has recently been achieved by so
X-ray ptychography,192 breaking through the limits of optics
(Fig. 15), and will provide more powerful capabilities for eluci-
dating the complex mechanism of battery materials.
4. Surface and interface chemistry
4.1. Surface chemistry-performance improvement

Surface chemistry plays an important role in determining the
rate-performance of LiFePO4. Since a Li4P2O7-like fast ion-
conductive phase was rst suggested by Ceder to improve the
rate-performance of LiFePO4,193 surface modication with some
stable lithium-ion conductors is considered to be one of the
Fig. 15 X-ray microscopy of partially delithiated LiFePO4. (a and b)
Optical density maps from STXM (a) and ptychography (b) at 710 eV,
showing the maximum. (c) Phase of the ptychographic reconstruction
at 709.2 eV, showing the maximum relative phase shift between the
end members. (d) Colorized composition map calculated by principal
component analysis absorption contrast between the end members.
Reproduced with permission from ref. 192. Copyright 2014 Nature
publishing group.
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strategies to improve lithium-ion transport in LiFePO4. For
example, by coating novel coralline glassy lithium phosphate
onto nano-LiFePO4 particles, it enhances the reversible
capacity, cycle performance and rate performance. This highly
effective lithium-ion conductor increases lithium-ion diffusion
across the surface (010) and into the LiFePO4 bulk, and
improves lithium-ion transfer kinetics. In addition, this
lithium-including material also provides extra lithium sources
to raise the lithium capacity and improve the cycle performance
of the LiFePO4 electrode.194 In addition to lithium-ion diffusion
into LiFePO4, the solid–electrolyte interface also plays an
important role in the rate performance of LFP.195 If the lithium
diffusion kinetics at the interface can be improved, a faster
charging capability may be achieved, allowing even larger sized
LiFePO4 (e.g. micron-scale) to exhibit a high rate performance.
To enhance lithium diffusivity into the LiFePO4 electrode, with
the electrostatic attraction role, Wang et al.mixed LiFePO4 with
anion absorbents to enhance the delithiation process and the
rate performance for LiFePO4.196 In spite of the enhanced elec-
trochemical performance, the fundamental understanding of
these surface ionic conductors and their true roles are still
under debate, as it is always inuenced by a carbon coating.
Furthermore, these surface ionic conductors may not be very
electron conductive and possibly may only work at some local
sites, such as the (010) channel surface. The synthesis and
deposition of these surface conductors at particular sites is
another challenge.
4.2. Surface chemistry – new phase formation

As a simple and effective method to enhance LiFePO4 conduc-
tivity, carbon coating has achieved enormous success and has
been widely applied in industrial production. Nevertheless, due
to the strong reducing atmosphere from carbon coating under
high temperatures, the surface chemistry change of LiFePO4 is
unclear. With a LiFePO4 ingot sample composed of a at
surface, Wang et al. recently found direct evidence of the
signicant inuence of carbon coating on LiFePO4 surface
chemistry.197 A size-dependent surface phase change was found
in LiFePO4 during carbon coating. It was found that, for large-
sized LiFePO4, new Fe2P2O7 phases with poor conductivity were
observed at the ingot surface, as shown in Fig. 16. This surface
melting and chemistry change occurs under the reducing
environment created during carbon coating, resulting in a
nonstoichiometric mixture in the molten phase. During the
cooling process, the new phase of Fe2P2O7 precipitates from the
nonstoichiometric molten mixture, accompanied by Li2O loss.
These surface phase changes may even occur at temperatures as
low as 650 �C, which is comparable to industrial synthesis
This journal is © The Royal Society of Chemistry 2015
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Fig. 16 (a–d) SEM image of surface phase formation on LiFePO4 after
carbon coating. (e) Schematic representation of surface phase
formation on LiFePO4. Scale bar, 1 mm (a), 500 mm (b), 100 mm (c) and 1
mm (d). Reproduced with permission from ref. 197. Copyright 2014,
Nature Publishing Group.
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temperature for LiFePO4. In contrast, nanosized LiFePO4 shows
an extremely high stability. Even with carbon coating at
temperatures as high as 1000 �C, LiFePO4 shows a high purity
without any new phase formation. This is attributed to the
precipitation rate of carbon atoms on the surface of nanosized
LiFePO4 being higher than its diffusion rate. This leads to the
rapid formation of a carbon protection layer and, accordingly,
limits the further interaction between the hydrocarbons and
LiFePO4. Therefore, considering the industrial production of
large-sized LiFePO4 to improve tap density and volumetric
energy density, one has to consider the possible unexpected
surface phase change and the new phase formation carbon
coating.

4.3. Surface chemistry-aging and storage properties

In addition to performance improvements and surface phase
changes under carbon coating, most studies make a correlation
between the surface chemistry and LiFePO4's aging and storage
stability.198–200 As a stable cathode material, previous studies
conrm the excellent stability of LiFePO4 in many conventional
electrolytes upon electrochemical cycling.201–203 In addition to
the unique structure that restrains oxygen release, rst prin-
ciple calculations show a lower surface energy and redox
potential (2.95 V) at the (010) facets than other facets. This also
This journal is © The Royal Society of Chemistry 2015
provides another explanation for the high stability of LiFePO4

during electrochemical cycling.95 However, in practical storage
and long-term electrochemical cycling, a performance fade is
still observed; especially at elevated temperatures.204 The widely
accepted reason for this is HF formation in moisture-contami-
nated electrolytes resulting from chemisorbed water and the
presence of hydrogen bonds.205 However, in practical applica-
tions of lithium-ion batteries, it is hard to completely avoid a
very small amount of moisture; in particular, contamination
may occur during cell assembly. When the LiFePO4 surface is in
contact with electrolytes that have a small amount of OH
groups, corrosive HF is formed from the chemical reaction with
nearby PF6 anions in the electrolyte.206 As a result, iron disso-
lution occurs and the LiFePO4's performance decreases.

Considering iron dissolution and related material stability,
the aging of LiFePO4 has attracted more and more attention in
studies.207,208 An in-depth structural investigation has indicated
that when moisture (water) or hydroxyl groups contaminate the
electrolytes, iron(II) is oxidized to iron(III) at the surface of
LiFePO4 particles, possibly resulting in the formation of elec-
trochemically inactive LiFePO4(OH) tavorite.209 The presence of
this ferric phase changes the pristine chemical composition
and decreases the specic capacity of the LiFePO4. It also affects
the cycling and reversible electrochemical behavior, due to the
inactive ferric surface layer. Furthermore, the transition metal
can move to the negative electrode and be reduced to metallic
clusters, resulting in the formation of solid electrolyte inter-
phase, capacity loss and serious safety issues.210

Wang et al. recently presented a direct experimental obser-
vation of the surface aging process and iron dissolution in
olivine LiFePO4 that was stored in moisture-contaminated
electrolyte.211 Using a LiFePO4 ingot sample with a at surface
as the model material, iron dissolution and surface chemistry
changes could be clearly observed. As expected, the iron disso-
lution is directly related to the LiFePO4 aging process. In addi-
tion to the surface chemistry of the LiFePO4 material itself, the
study also indicated the direct relationship between the surface
aging process and the inhomogeneous surface chemistry
(impurity phases). It is well known that some common impurity
phases (e.g. Fe2O3, Fe2P, Li3PO4, etc.) oen exist from the
LiFePO4 synthesis process.212,213 As inactive materials, the
presence of these impurity phases not only decreases the utili-
zation of active LiFePO4, it also signicantly affects the physical,
chemical and electrochemical performance of LiFePO4. It was
also found that impurities may accelerate the surface aging
process of LiFePO4, because an oxidation–reduction reaction
occurs at local sites with impurity phases, similar to the metal
corrosion mechanism.214 Iron-rich impurity phases signicantly
corrode, due to the lower corrosion potentials, which inhibits
the corrosion of the adjacent LiFePO4 bulk. In contrast, phos-
phorus-rich impurity phases are more stable, due to their
higher corrosion potential; however, these results in the corro-
sion reaction occurring in the adjacent bulk LiFePO4.215

Having elucidated where LiFePO4's failure originates, strat-
egies to limit surface aging are suggested. The most economic
and effective method to protect LiFePO4's surface is a carbon-
coating layer. Recent research has shown a signicant
Energy Environ. Sci., 2015, 8, 1110–1138 | 1127

http://dx.doi.org/10.1039/c4ee04016c


Fig. 17 (a–d) Iron element dissolving on the LiFePO4 surface during the surface aging process at (a) 0 h, (b) 8 h, (c) 24 h and (d) 32 h. (e) Fe K-edge
XANES spectra of pristine LiFePO4 and aged LiFePO4 samples. (f) Schematic illustration showing carbon layer protection for surface aging.
Reproduced with permission from ref. 211. Copyright 2013, the Royal Society of Chemistry.
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improvement in LiFePO4 surface chemistry stability with a
nano-carbon coating, as the carbon surface layer protects
LiFePO4 from direct contact with the corrosive medium, effec-
tively restraining the surface corrosion and preserving the
initial surface chemistry of LiFePO4, as shown in Fig. 17.211 This
conclusion is clearly conrmed by the Fe K-edge XANES change
found during the aging process. Aer the same surface aging
treatment, a clear edge shi in the spectra can be observed on
the bare LiFePO4 without carbon coating, due to the oxidation
of Fe(II) to Fe(III). In contrast, the iron valence state change is
absent in the carbon-coated sample, indicating the protection
role of the carbon coating for LiFePO4's surface chemistry
stability.211 In spite of the positive protection role of the carbon
coating, further surface engineering to improve LiFePO4

stability is still needed because a sole carbon nanolayer may not
withstand the long-term electrochemical cycling. Because of the
lattice parameter mismatch, there is a coherency strain between
the two phases of LiFePO4 and FePO4. As a result, with elec-
trochemical cycling, the stress in the electrode continuously
increases, which may lead to the separation of the carbon/
LiFePO4 interface.216 This separation or partial “isolation” of
carbon from LiFePO4 will cause the direct exposure of LiFePO4
1128 | Energy Environ. Sci., 2015, 8, 1110–1138
to the electrolyte, which weakens the carbon layer's protection
and surface chemistry stability. In addition, the “uncovered”
LiFePO4 also exhibits poorer electronic conductivity. It is well
known that in the case of an electrochemical reaction, both
electronic and ion accessible sites are simultaneously electro-
chemically active. Therefore, the separation of carbon from the
LiFePO4 surface will decrease the number of electrochemical
triple contact sites, which results in a decrease in the specic
capacity and cycle performance. Therefore, further enhance-
ment of the bonding between the carbon layer and LiFePO4 is
crucial for LiFePO4 surface chemistry stability.
5. Olivine phosphates for sodium-ion
batteries

For the demands of low-price and availability, the development
of rechargeable batteries for large-scale energy systems using
abundant resources and cheap raw materials has become
inevitable. Sodium has many similar chemical properties to
lithium, and, furthermore, is abundant, inexpensive and envi-
ronmentally friendly. Thus, sodium-ion batteries are consid-
ered to be suitable alternatives to lithium-ion batteries in future
This journal is © The Royal Society of Chemistry 2015
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large-scale energy storage systems.217–219 Inspired by the
successful commercialization and remarkable electrochemical
properties of LiFePO4, the electrochemical and structural study
of olivine NaFePO4 has attracted much interest.220–222 Unfortu-
nately, current olivine NaFePO4 exhibits unsatisfactory electro-
chemical performance in sodium-ion batteries and faces many
challenges.
5.1. Asymmetry electrochemical behavior and phase
transformation

One challenge is related to understanding the complex phase
transformation mechanism. Although sharing the same phase
structure as olivine LiFePO4, NaFePO4 exhibits a signicantly
different mechanism in both thermodynamics and reaction
kinetics during Na-ion insertion/extraction. The phase trans-
formation process occurring in NaxFePO4 does not proceed with
a constant composition, therefore, the results and conclusions
for lithium-ion batteries may not be directly applied or trans-
ferable to sodium-ion batteries.223

Different from the one charge/discharge plateaus for
LiFePO4, the charge/discharge prole and CV show two plateaus
(�2.88 V and �3.02 V vs. Na/Na+) for NaFePO4 when charging,
but only one plateau when discharging.224–226 It seems that the
two potential plateaus are separated by the formation of an
intermediate phase (Na � 0.7FePO4) during the desodiation
Fig. 18 (a–c) In situ XRD of NaFePO4 under the charge/discharge cycles
Summary of the integrated intensity of the (020) and (211) reflections fo
227. Copyright 2014, the Royal Society of Chemistry. (d) XRD spectra of Na
of Na2/3FePO4 and FePO4 zone (x < 2/3). Reproduced with permission f

This journal is © The Royal Society of Chemistry 2015
process (from NaFePO4 to FePO4), but the three phases (FePO4,
NaFePO4, Na � 0.7FePO4) appear simultaneously during the
sodiation process (from FePO4 to NaFePO4). This asymmetry in
electrochemical behavior may be related to the larger structural
mismatch, in which a 17.58% volume difference is found with
FePO4/NaFePO4, two times higher than FePO4/LiFePO4.227

Furthermore, the redox potential gap in NaFePO4 is much larger
(3–4 times) than the one in LiFePO4, which also explains the
poorer Na ion insertion/extraction kinetics in NaFePO4, in
comparison to LiFePO4 (Fig. 18).

More and more experimental results and structural analysis
conrm the two-step desodiation process in NaFePO4. During
the rst step, sodium is extracted from NaFePO4 through a
single homogeneous phase process up to the intermediate
phase, when Na2/3FePO4 forms at the voltage discontinuity (that
is, a solid solution process for NaxFePO4, 1 > x> 2/3). In the
second step, sodium extraction occurs in a two-phase process
between a Na-rich NayFePO4 phase and a Na-poor FePO4 phase
whose composition has been found to vary with overall Na
content in the electrode (that is, a two-phase process between
Na2/3FePO4 and FePO4). As a result, contrary to the symmetrical
biphasic mechanism observed in micrometric LiFePO4, Na
extraction occurs in two voltage plateaus separated by an
intermediate phase NaxFePO4 (x � 2/3), whereas three phases
(FePO4, Na2/3FePO4 and NaFePO4) appear simultaneously
. (b) The detailed XRD patterns at a full cycle (charge and discharge). (c)
r each of the formed phases.194 Reproduced with permission from ref.

xFePO4 as functions of x, a single phase zone (2/3 < x < 1), and amixture
rom ref. 226. Copyright 2014, the American Chemistry Society.
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during Na insertion.225 The crystal structure of Na2/3FePO4 has
been recently studied in detail with synchrotron X-ray diffrac-
tion and dened as a superstructure due to Na/vacancies and
charge ordering.228,229 The intermediate phase at x ¼ 2/3 for
NaxFePO4 is also much more stable, compared to the lithium
equivalent. The large cell mismatch enhances the effects of the
diffuse interface, which has a higher impact on the Na-ion than
Li-ion intercalation chemistry, and therefore a reduced misci-
bility gap in the overall composition are observed here in
micrometric materials.227 Recently, a detailed understanding of
the intermediate phase, Na2/3FePO4, has been reported. With a
variety of characterization methods, Boucher et al. proposed a
three-fold superstructure for the Na2/3FePO4 intermediate
phase, with a dense plane being formed by the 2/3 Na and 1/3
vacancy sub-lattice in the intermediate phase, related to the
second/third shortest Na–Na distances.230 This nding intro-
duces a new strategy to develop high-rate olivine cathodes for
Na-ion batteries by producing grains with larger (101) surface
areas.

Due to the different phase transformation thermodynamics,
the reaction kinetics (rate performance) and cycling stability of
NaFePO4 were also shown to be much worse than LiFePO4. For
example, a specic capacity of 147 mA h g�1 for NaFePO4 was
reported during the rst cycle for the battery operated at 60 �C
Fig. 19 (a and b) Equilibrium (open-circuit)–voltage (symbols) and transi
d) Cyclic voltammetry (CV) of C-LiFePO4 in the Li-ion batteries and C-N
232. Copyright 2014, the Royal Society of Chemistry.

1130 | Energy Environ. Sci., 2015, 8, 1110–1138
and a C/24 rate, but it quickly decreased to 50.6 mA h g�1 in the
second cycle and the cyclability was limited to 4–5 cycles.220,231

A comparative study between olivine NaFePO4 and LiFePO4 with
identical physical properties (particle size, particle size distri-
bution, surface coating, and active material loading, etc.)
conrms the different thermodynamics and kinetics. The slow
sodium ion kinetics in NaFePO4 is considered to be due to a
number of factors; (i) the Na ion’s diffusion coefficient is 1–2
magnitude lower than Li, (ii) much poorer electronic conduc-
tivity, and (iii) the larger volume change in NaFePO4/FePO4

(Fig. 19).232
5.2. Triphylite and maricite NaFePO4

Different from LiFePO4, NaFePO4 is composed of two different
crystal structures, maricite and triphylite (Fig. 20). Maricite
NaFePO4 is more thermodynamically stable, but in the maricite
NaFePO4 framework, Na+ and Fe2+ occupy the M2 and M1 sites
(edge-sharing FeO6–FeO6 units), which is the opposite of olivine
LiFePO4. As a result, the connectivity of a sodium and iron
octahedral in this maricite framework blocks the Na ion diffu-
sion channels, limiting Na ion insertion and extraction. In
contrast, the metastable triphylite NaFePO4 has corner-sharing
FeO6 units and edge-sharing FeO6–PO4. As a result, similar to
LiFePO4's electrochemical behavior, triphylite NaFePO4 allows
ent voltage profiles (solid lines) for C-LiFePO4 and C-NaxFePO4. (c and
aFePO4 in the Na-ion batteries. Reproduced with permission from ref.

This journal is © The Royal Society of Chemistry 2015
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Fig. 20 (a and b) Schematic showing orthorhombic structured tri-
phylite NaFePO4 (left) and maricite NaFePO4 (right). FeO6 octahedra
(green), PO4 tetrahedra (blue), and Na atoms (yellow). (c) Corner-
sharing and edge-sharing coordinations among chains of neighboring
FeO6 octahedra for the two structures. Reproduced with permission
from ref. 233. Copyright 2014, American Chemical Society.
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one-dimensional Na ion diffusion along the b direction and can
deliver over 120 mA h g�1 in capacity for sodium-ion batteries.
In addition, the electrostatic repulsion between iron and
phosphorus also increases the Fe–O bond lengths, contributing
to a higher redox potential of FePO4/NaFePO4.233

Although the maricite NaFePO4 is theoretically electro-
chemically inactive, a more recent study has demonstrated that
sodium ions can be extracted/inserted reversibly from maricite
NaFePO4 at slow rates. Nevertheless, the delivered capacity is
only 1/3 of the theoretical capacity, due to the absence of the Na
ion diffusion channels. It is evident that further understanding
the NaFePO4 structure and its correlation to electrochemical
performance is needed to advance this promising material.218
5.3. Strategies for electrochemically active NaFePO4

As discussed above, a big challenge in current NaFePO4

research is the synthesis of electrochemically active NaFePO4.
Different from LiFePO4, NaFePO4 synthesized by many
conventional methods, such as classic solid-state routes,
exhibits poor capacity and irreversibility. This is due to the
conventional synthesis methods usually producing the ther-
modynamically stable but electrochemically inactive maricite
phase.234,235 Currently, electrochemically active NaFePO4 with an
olivine phase can be mainly obtained via the chemical or elec-
trochemical insertion of sodium ions into olivine FePO4.236–238

In general, this process can be performed through a two-step
procedure, involving: (1) the delithiation of LiFePO4 in a lithium
cell, and (2) the use of the delithiated electrode (FePO4) in a new
cell, replacing lithium with sodium as the anode. However, for
easy handling and safety concerns, it is desirable to use
This journal is © The Royal Society of Chemistry 2015
alternative anode materials other than sodium metal in prac-
tical applications. Similar to a lithium-ion battery, Hasa et al.
reported a new sodium-ion battery with a NaFePO4 cathode and
a Sn–C sodium-alloying anode.239 The NaFePO4 cathode was
obtained by Li–Na conversion of a LiFePO4 cathode directly in a
full cell with a sodium-ion electrolyte. The results show that this
strategy enables the efficient conversion of LiFePO4 to NaFePO4

at a voltage of 3 V, resulting in the battery showing a superior
maximum capacity of 150 mA h g�1, and a high rate capability
and cycle performance.

In addition to the chemical/electrochemical sodiation
method, Nazar's group recently reported the topochemical
synthesis of electrochemically active Na[Mn1�xMx]PO4 (M ¼ Fe,
Ca, Mg), where 0 < x < 0.5, via a low-temperature solid-state
method.211 In the topochemical reaction, a molten salt reaction
converts NH4[Mn1�xMx]PO4$H2O (M ¼ Fe, Ca, Mg) to electro-
chemically active Na[Mn1�xMx]PO4. Furthermore, the obtained
Na(Fe0.5Mn0.5)PO4 exhibits a solid-solution behavior, which is
attributed to the large interface strain, due to the large Na ion
size. This novel olivine material and synthesis method also
opens new opportunities to further develop this olivine cathode
for Na-ion batteries.

Another alternative strategy to avoid the direct synthesis of
olivine NaFePO4 is by using chemically easily synthesized FePO4

as the cathode material for Na-ion batteries.240–242 Due to its lower
processing temperature, amorphous FePO4 is easier to synthesize
and exhibits an acceptable electrochemical performance.
Furthermore, the isotropic and defect-free nature of amorphous
FePO4 provides a large amount of continuous pathways for Na
ions.243,244 Similar to pristine LiFePO4, FePO4's conductivity needs
to be further improved before its application in sodium-ion
batteries. By using carbon nanotubes and graphene, the C/FePO4

composite exhibits an enhanced electrochemical perfor-
mance.245,246 Recently, with the functionalization of rhodanine-
acetic acid–pyrene, FePO4 was directly grown on graphene
nanosheets. The obtained FePO4/graphene hybrids showed
superior capacity and rate capability in sodium-ion batteries.247

Another report involves the synthesis of FePO4 nanospheres via a
simple precipitation method. Beneting from the mesoporous
structure and superior carbon conductive network, the C/FePO4

nanospheres exhibited a high initial discharge capacity (151mA h
g�1 at 20 mA g�1 rate), a high rate capability (44 mA h g�1 at 1000
mA g�1) and a superior cycle stability (94% capacity retention ratio
over 160 cycles).248

Layered A2FePO4F (A ¼ Na, Li) was rst reported by Ellis
et al.249 as a new cathode in either Na-ion or Li-ion batteries.
With the layer structure created by interconnected Fe4F2–PO4,
this class of material allows 2D ion-diffusion pathways for Na+

and Li+, and exhibits a small volume change (3.7%), with
negligible stress.216 The superior structural stability and 2D ion-
diffusion makes this class of material promising as the cathode
material for both Li-ion and Na-ion batteries.250 Furthermore, in
contrast to NaFePO4, Na2FePO4F can be easily synthesized and
is electrochemically active. For example, with a common solid-
state method, the synthesized NaFePO4 is inactive, but Na2-
FePO4F exhibits a discharge capacity of 116 mA h g�1 at 0.1 C
with good cycle stability.251 Therefore, the synthesis of
Energy Environ. Sci., 2015, 8, 1110–1138 | 1131
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Na2FePO4F is another possible solution to maricite NaFePO4. In
spite of these advantages, the poor electronic conductivity poses
big challenges for the practical application of Na2FePO4F in
sodium-ion batteries. To overcome this challenge, similar to
LiFePO4, carbon coating, size reduction and nanostructure
design strategies are widely applied for the synthesis of high
performance Na2FePO4F.252,253
6. Concluding remarks and future
directions

To meet the strict demands of large-scale energy storage
systems, such as in electric vehicles, lithium-ion batteries must
achieve high safety, long lifetime, low cost, high specic
capacity, high rate performance and volumetric energy density.
Although LiFePO4 is advantageous in terms of safety, lifetime,
cost and specic capacity, the fast charging/discharging prop-
erty and high volumetric energy density pose critical challenges.
Size reduction to the nanoscale is a common strategy to improve
rate performance, but it also directly leads to a poor volumetric
energy density. This is particularly important for LiFePO4, since
the theoretical density (3.68 g cm�3) of LiFePO4 is much lower
than many other cathodes (e.g. 5.1 g cm�3 for LiCoO2, 4.8 g
cm�3 for LiNiO2 and 4.2 g cm�3 for LiMn2O4). As a result, the
exploration of novel methods, not solely relying on the nano
route, is urgently needed to signicantly enhance the rate
performance, while keeping the tap density at an acceptable
value (such as above 1.5 g cm�3). The essential breakthrough in
nding a high rate performance needs an understanding of the
underlying kinetics in phase transformation mechanism that is
responsible for fast charge/discharge. Recent advances in in situ
characterization methods provide direct experimental evidence
of the solid-solution and intermediate-phase mechanisms
during the LiFePO4 phase transformation process under normal
operating conditions. This is not the case when using extremely
high temperatures (350 �C) or small particle sizes (smaller than
40 nm), which drives the design of novel olivine lithium metal
phosphate materials with possible solid-solution phase trans-
formation via surface and/or structural modication. This is
conrmed by recent ndings of the extended solid solution and
coherent transformation in LiMn0.4Fe0.6PO4 via in situ
synchrotron XRD, which explains the rate capability exceeding
that of LiFePO4.189 In addition, to meet the high volumetric
energy density, the development of new synthesis routes to
produce micron-scale LiFePO4 secondary structures, while
maintaining its rate performance, are still expected. Current
secondary-particle technology allows the tight packing of
primary nanoparticles to increase tap densities, but further
development is still needed.

Understanding the surface chemistry and interface between
carbon and LiFePO4 also plays a critical role in lithium inter-
calation kinetics and material stability. Some surface phase
formation is dependent upon the carbon-coating process (size-
dependent) and storage circumstance (moisture). In addition,
practical manufacturing processes of LiFePO4 may be accom-
panied by the formation of different impurities, such as the iron
1132 | Energy Environ. Sci., 2015, 8, 1110–1138
and phosphorus phases, depending on the preparation condi-
tions. These impurities may block the 1D lithium-ion diffusion
channels, hindering the effective (de)lithiation capability and
reducing the capacity. The existence of these small amounts of
impurities also may “poison” LiFePO4, as it can degrade the
surface chemistry stability, storage stability and aging process.
In addition, the material's homogeneity and production costs
are important factors in its large-scale application for EVs. The
development of an inexpensive synthesis process by simplifying
the processing steps/time, reducing the energy consumption
and selecting cheap raw materials accelerates the feasibility of
LiFePO4 for use in large-scale applications. The newly developed
molten state method provides an economic and effective route
to achieve these goals.165,213,254

Another future research trend is the extension of LiFePO4 to
another olivine family, mainly LiMnPO4, due to its high oper-
ating voltage (4.1 V vs. Li+/Li) and accessible electrolyte voltage
windows. However, the poorer electron and the ion conductivity
and the Jahn–Teller distortion in LiMnPO4 leads to a limited
capacity, making it currently uncompetitive with LiFePO4. In
addition, compared to the widely studied LiFePO4, the under-
standing of the phase transformation mechanism, the struc-
tural change upon cycling and the thermal stability of LiMnPO4

is still in its infancy. Some inconsistency has been reported for
these two olivine lithium phosphates, therefore, they deserve
more comprehensive studies. Furthermore, carbon coating
seems to bemore difficult for LiMnPO4, due to the poor catalytic
effect of Mn. One strategy is to apply core/shell structure
LiMnPO4/LiFePO4, which takes full advantage of the better
carbon coating on LiFePO4.255–258 In particular, some new
coating techniques, such as atomic layer deposition for thin and
uniform LiFePO4, should be considered.105 Considering these
difficulties, an alternative solution is the development of
LiFeyMn1�yPO4 materials, which combine the advantages of
iron (easy carbon coating, high accessible capacity and safety)
and Mn (high voltage). The presence of a solid-solution
composition also allows a fast charge/discharge rate for this
binary olivine lithium phosphate.

Beneting from the success of lithium-ion batteries, recent
research in olivine phosphates has been extended to its sodium
analogue, NaFePO4, a cathode material for Na-ion batteries.
Nevertheless, the presence of two distinct structures (triphylite
and maricite) make it difficult to obtain the desired battery
material, as the thermodynamically stable maricite is electro-
chemically inactive. Current active NaFePO4 are mainly
synthesized by an electrochemical sodiation method, which is
not suitable for future large-scale production. Therefore, a
simple and feasible chemical method to directly synthesize
electrochemically active NaFePO4 is highly needed, but is very
challenging. With regard to these challenges, at this stage, two
solutions have been tested. One is the development of amor-
phous FePO4 with good electrochemical performance, which
can be prepared via a direct chemical synthesis route, and the
other is the use of a binary metal olivine phosphate, such as
Na(Fe0.5Mn0.5)PO4, that could be obtained directly by a molten
salt reaction.222 Overall, although NaFePO4 is similar to LiFePO4
This journal is © The Royal Society of Chemistry 2015
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in some important respects, it still has a long way to go to see
practical application in the energy storage market.
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