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Structure and performance of the LiFePO, cathode
material: from the bulk to the surface

Jiangtao Hu, Weiyuan Huang, Luyi Yang & * and Feng Pan @ *

Currently, LiFePOy is one of the most successfully commercialized cathode materials in the rechargeable
lithium-ion battery (LIB) system, owing to its excellent safety performance and remarkable electro-
chemical properties and is expected to have a broader market in the near future. Although it is widely
recognized that the crystalline structure of a cathode material largely dictates its electrochemical pro-
perties (e.g. capacity, cycle life and rate capabilities), this intrinsic connection in LiFePO,4 has not been sys-
tematically reviewed. Different from the previous reviews, which mainly focus on the improvement of
electrochemical performance by all kinds of techniques, in this review, the relationship between its
electrochemical performance and bulk/surface structure is reviewed and discussed. First, it is revealed
that the intra-particle Li* transfer is influenced by several properties of the bulk, including crystalline
structures, antisite defects and electronic structures. Next, it is demonstrated that the surface/interfacial
structures of LiFePO,4, which can be reconstructed artificially or spontaneously, also have great impacts
on the performances. Lastly, the intrinsic connection between the structure and performance is prelimi-
narily established, showing brand-new perspectives on the strategy for further improvement and contri-
buting to a comprehensive understanding of LiFePO,.

by Sony in 1991. Afterwards, other kinds of materials such as
layered transition metal oxides (LiNi;_,_,Mn,Co,0,), Li-rich

The cathode is regarded as a key component in lithium-ion
batteries (LIBs) and the determinant of commercialization
since it directly determines the electrochemical
performance."” As the first-generation cathode material,
layered oxide LiCoO, was commercialized with the CgLi anode
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layered oxides, spinel oxides (LiMn,O,), polyanion oxides
(LiFePO,), etc., have emerged in recent decades.®'' Despite
the pursuit of high-energy-density battery materials, safety is
still the paramount demand in battery systems for both porta-
ble electronic devices and electric vehicles (EVs). Therefore,
demonstrating excellent safety features, LiFePO, has been the
focus in both scientific research and the industrial community
since the first report in 1997 by Goodenough et al.'> Moreover,
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its moderate operating voltage (3.5 V vs. Li/Li'), moderate
capacity (170 mA h g™'), flat voltage plateau, abundant
material supply, low material cost, and good environmental
compatibility have also made LiFePO, a favourable cathode
material for commercial LIBs. However, the poor electronic
conductivity (>10™° S em™"), low ionic diffusivity (ca. 10~"'-
107" S em™), poor low temperature performance and low
volumetric energy density are considered main obstacles for its
wider application.'® To address these pressing issues, numer-
ous works have been performed to investigate the synthesis,
structure and defects of LiFePO,, and important break-
throughs have been achieved and adopted by the market.
Generally, the low ionic and electronic conductivities can be
optimized by the following three methods: conductive layer
coating," element doping’®'® and particle nanosizing.'® As
for the poor low temperature performance, optimizing the use
of Li-salts, electrolyte solvents and additives can realize signifi-
cant improvements;'’"'° moreover, reducing the particle size
and removing the impurities in the raw materials are also
deterministic ways to improve the low temperature perform-
ance.”® To overcome the limitation of volumetric energy
density, micro-sized LiFePO, particle preparation is the most
common method, showing a porous structure for enhancing
ionic and electronic conductivities.*' >*

With decades of research and development of LiFePO,,
major breakthroughs have been made through various
material modifications, playing an important role in solving
the inherent drawbacks of LiFePO,. Despite these exciting
techniques and methods, it should still be noted that the
electrochemical properties of LiFePO, can be essentially traced
back to its crystalline structures. Moreover, as the confined
region for the charge transfer process, the surface/interface
structure of LiFePO, also dictates the reaction Kkinetics of
LiFePO,. Although many relevant studies have been carried
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out, they were not systematically summarized until now. In
this review, the impact of the LiFePO, structure on its electro-
chemical performance will be briefly summarized from the
bulk to the surface. With the aid of some graphical models,
the mechanism of Li" diffusion is clearly presented, providing
not only a better understanding of fundamental questions, but
also useful guide on future material design.

2. Bulk structure of LiFePO,4

2.1 LiFePO, phase structure

Most cathode materials can be seen as crystals consisting of
numerous basic structure units, which can be considered as
“material genes” that assemble via periodic arrangement.** As
a result, they directly determine most properties (e.g. Li"
diffusion coefficient, thermal stability and electrochemical
stability) of cathode materials. For instance, LiFePO, belongs
to olivine family cathode materials with an orthorhombic
lattice structure in a space group Pnma. Oxygen atoms in the
structure are in hexagonal-close-packed arrangement, and
phosphorus atoms and iron/lithium occupy tetrahedral and
octahedral sites, which forms corner-shared FeO, octahedra
and edge-shared LiOg octahedra parallel to the b-axis. The two
octahedra are linked by the PO, tetrahedra, forming 3D spatial
network structures, named o-LiFePO,.>> During delithiation,
the FePO, phase appears in the single crystal structure, which
has essentially the same crystalline structure as LiFePO,
(Fig. 1). Up to the fully charged state, the volume change
content is just 6.81%, which avoids capacity attenuation
caused by volume changes during long-term cycles."” With the
strong P-O covalent bond and limited volume variation,
LiFePO, shows good thermal stability, cyclability and safety.
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Fig. 1 Crystal structures of LiFePO, and FePO,. During charging,
LiFePO4 changes to FePO4 by delithiation. In the discharge process, a
reversible transformation from FePO, to LiFePO,4 occurs by lithiation.

Two decades ago, another phase of LiFePO, ($-LiFePO,) was
synthesized under high pressure, exhibiting a space group of
Cmcem.”® Owing to the lower formation energy compared with
a-LiFePO,, B-LiFePO, is usually regarded as an intermediate or
metastable state, and experiences a phase change from o to p
at high temperatures.”” In the Cmcm f-LiFePOy structure, tetra-
hedral LiO, shares a corner with the closed octahedral FeOq
and a corner with the closed tetrahedral PO, (Fig. 2a). In this
structure, Li" is isolated by the nearest FeO, and PO,, leading
to high energy barriers for lithium migration, which is why
B-LiFePO, exhibits almost no electrochemical activity.>®
However, proper processing, such as introducing disorder
structures and creating new diffusion channels in p-LiFePOy,,
can also realize high capacity and stability’® (Fig. 2b).
Moreover, the factors that influence the controllable synthesis
of p-LiFePO, were studied, which is helpful for us to obtain
high performance olivine structure cathode materials.?’

2.2 Antisite defects

Owing to the ordered-olivine structure, Li" moves in 1D
diffusion channels, which can be easily blocked by Li/Fe dis-
order or stacking faults. Generally, a proper synthesis route
and doping are effective approaches to suppress cation mixing
and optimize the electrochemical performance. Guo et al.*°
synthesized LiFePO,/carbon hybrid microtubes using strong
chelation interaction with Fe** and absorption interaction with
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Fig. 2 (a) Crystal structure of B-LiFePO,. Li* is shown in green, [FeOgl
octahedron is shown in dark gray, [PO,4] tetrahedron is shown in light
gray, and [LiO4] tetrahedron is shown in light green. (b) Electrochemical
performance of p-LiFePO,4 with different ball-milling times. Reproduced
from ref. 25 with permission from the American Chemical Society, copy-
right 2016.
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Li" of alginate, which yields very low Fe-Li antisite defects and
exhibits remarkable electrochemical performance. Machida
et al® successfully realized O-site doping in LiFePO, by S,
inducing an expanded lattice in a and b directions and sup-
pression of antisite defects between Fe and Li owing to the
larger ionic radius of S~ than O”>7; hence, enhanced electro-
chemical properties were achieved. Furthermore, cation re-
placement (e.g. Nb-doping®?) is another good way to improve
the effective lithium mobility during the insertion/extraction
reaction. Li diffusion in materials with a 1D diffusion mecha-
nism, such as LiFePO,, has a strong dependence on particle
size, illustrating a significant reduction of Li diffusivity at large
particle sizes. Moreover, if the antisite defects exist in the
diffusion channels, the negative effects will be amplified. The
correlation between the channel length and antisite content
was built and described by Ceder’s group'® (Fig. 3a).

Ab initio molecular dynamics simulations prove that ionic
migration perpendicular to the 1D channels has greater possi-
bility than along the blocked channels by comparing the
migration energy.>® In addition, the related multi-dimensional
transport properties have also been demonstrated in other
studies.>**® The high dimensionality of ionic migration will be
promoted by the support of channel crossover induced by high
antisite content. Dj1p0] and Djgoq) as a function of defect con-
centration were described, in which at 440 K, with higher
defect concentration the Li" diffusivity decreases in the b
direction and increases in the a and c directions (Fig. 3b). Pan
et al®® synthesized o-LiMn,_,Fe,PO, with high antisite
content, realizing excellent rate performance, which can be
attributed to the 2D and/or 3D Li' diffusion mechanism,
resulting in the transformation of the two-phase mechanism
into a solid-state mechanism.

2.3 Special properties induced by the electronic structure

LiFePO, with an olivine structure exhibits long range antiferro-
magnetic order at low temperatures, below 51(1) K in LiFePO,
and below 114(1) K in FePO,.*”*® The splitting of the d-orbitals
in Fe** (d°) and Fe** (d°) will occur and form doubly degener-
ate e, orbitals and triply degenerate t,, orbitals. Through the
electron transfer between Fe*" and Fe*" via the O 2p state
exchange interaction can be realized and if both two ions are
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Fig. 3 (a) Expected unblocked capacity vs. channel length in LiFePO4
for various defect concentrations. (b) Variation of the Li-vacancy self-
diffusion Dyj0; (blue), Dio10; (green), and Digoy; (red) with the defect con-
centration at T = 440 K. Reproduced from ref. 16 with permission from
the American Chemical Society, copyright 2010.
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aligned ferromagnetically, then the ferromagnetical state
emerges,’® which has influences on the movement of charged
particles. During the electrochemical process, Fe*" and Fe®*
coexist in the bulk structure, bringing the possibility of the
magnetic field interference on electrochemical properties. Pan
et al.*® provided strong proof about the relationship between
magnetic domains and Li" diffusion, in which room tempera-
ture (RT) magnetic order was detected in Li,FePO, (x < 0.12)
nanocrystals, which trapped Li" and formed sub-10 nm solid
solution domains owing to the strong Lorentz force in RT mag-
netic domains (Fig. 4). The formation of RT magnetic order
was proposed due to both Fe*’'-Fe*" super-exchange and the
broken local symmetries induced by Fe**-Li" anti-site defects.
Moreover, with the relationship between magnetic properties
and element electronic structure, Werner et al. demonstrated a
procedure to precisely determine the defect concentration by
static magnetization measurements on LiFePO,.*" Under the
hypothesis that the transition metals in LiMn,_,Fe,PO, are
antiferromagnetic, the impact of the super-exchange inter-
actions on the transition metal structure sequence and mag-
netic structure of LiMn,_,Fe,PO, was observed, suggesting the
clustering arrangement of transition metals,*” which explains
the previous experimental results where LiMn, _,Fe, PO, gener-
ally exhibits two redox peaks, while sometimes only one can be
observed.*?

2.4 Other olivine-type cathode materials

Attempts have also been made to improve the energy density
of LiFePO, by replacing Fe with other transition metals.
LiMnPO, has also attracted researchers due to its higher
voltage plateau at approximately 4 V vs. Li/Li'". However, pris-
tine LiMnPO, suffers from the mismatched LiMnPO,/MnPO,
interface and even poorer electronic conductivity which is
several orders of magnitude lower than that of LiFePO,.**
Moreover, the Jahn-Teller distortion of unstable Mn*' in
charged MnPO, causes the deformation of the MnOg octahe-
dra and Mn dissolution, and hence the capacity fading.*>*®
Alternatively, as the solid solution of LiFePO, and LiMnPO,,
LiMn,_,Fe,PO, exhibits two voltage plateaus, which corres-
pond to Fe*'/Fe’* and Mn’'/Mn*" redox pairs. Similar to
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Fig. 4 Magnetic structures of LiFePO,, FePO, and RT magnetic order
zone. The magnetic polaron domain marked by a dashed black box,
caused by the presence of antisite defects and super-exchange
between Fe?* and Fe**. Reproduced from ref. 40 with permission from
the American Chemical Society, copyright 2019.
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LiFePO, and LiMnPO,, LiMn,_,Fe,PO, (LMFP) also exhibits
low electronic and ionic conductivity. With high operating vol-
tages, LiNiPO, (5.1 V vs. Li/Li’) and LiCoPO, (4.8 V vs. Li/Li")
are studied as potential cathode material candidates for high-
energy-density batteries. However, they are both faced with not
only low conductivity, but also poor chemical/electrochemical
stabilities. One major issue is that their high operating vol-
tages usually cause severe electrolyte degradation during the
charging process. Different from LiFePO,, LiCoPO, exhibits
two voltage plateaus due to the formation of an intermediate
Li,;3CoPO, phase, which co-exists with both lithiated and
delithiated phases.”” However, the delithiated CoPO, is very
unstable according to a first-principles calculation. Moreover,
a second phase of Co,P will be formed during heat treatment,
which is detrimental to its capacity.”®* Compared with
LiCoPO,, LiNiPO, exhibits even worse cycle stability due to its
higher charging voltage. Density functional theory (DFT)
results also predict large volume changes (9.6%) between
LiNiPO, and NiPO, during Li (de)intercalation, which induces
structural instability.*’

Inspired by the successful commercialization of LiFePO,,
iron phosphate has been tested as the host for other cations.
With an acceptable theoretical capacity (154 mA h g™') and
working potential (2.9 V vs. Na/Na'), NaFePO, has been
regarded as a promising alternative for LiFePO,. Similar to
LiNiPO,, olivine NaFePO, also shows a different ion (de)inter-
calation mechanism to LiFePO,, which includes a Na,;;FePO,
intermediate phase due to the volumetric mismatch between
NaFePO, and FePO,.°° However, the theoretical capacity of
NaFePO, cannot be fully realized in practice due to the poor
electron conductivity and limited Na diffusion path. Therefore,
one improvement strategy is to synthesize amorphous
NaFePO,.”" Moreover, since olivine-phase NaFePO, exhibits
lower thermodynamic stability compared to its maricite phase,
which is electrochemically inert, it cannot be synthesized via
traditional methods.® Other than Na-ions, Mg-ions can also
be inserted into FePO, due to their similar ionic size to Li-
ions. However, it is found that only half of the capacity can be
achieved, which is due to that the Coulomb repulsions
between Mg”>* in adjacent channels exert a large diffusion
energy barrier for Mg-ion intercalation.>

3. Surface electrochemistry of
LiFePO4

3.1 Artificial coating

Due to the poor ionic and electronic conductivity of LiFePOy,,
surface engineering is a very common strategy to improve the
electrochemical performance of LiFePO,. A fast ion-conducting
polyphosphate surface phase was obtained by Ceder’s group,>
which increases lithium ion diffusion across the surface;
however, the final result is suspected by J. B. Goodenough
et al.>® As to the electronic conductivity, the coating substances
include Cu, Ag, carbon, conducting polymers, metal oxides
and polymers.”®>® Among them, carbon coating attracts more
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attention owing to its high conductivity, low lost, operation
friendliness, and chemical stability during electrochemical
processes.’>® Sun et al."* made a comprehensive summary on
the development of carbon coating on LiFePO, cathode
materials, related to carbon content, thickness, structure, mor-
phology and porosity. In practical applications, the total
carbon coating content and thickness should be optimized for
high energy density LiFePO, LIBs. It has been previously
revealed that enhancement of electronic conductivity and
interparticle connectivity are the commonly held role of
carbon coating;*> however, it works more than that. Pan
et al.®® achieved an excess capacity of 186 and 207 mA h ¢”" in
LiFePO, samples (E-LFP) with mean particle sizes of 83 nm
and 42 nm, respectively, by special carbon coating. The extra
lithium was stored between the carbon layer and particles,
which is a very stable structure built by C-O-Fe bonds, realiz-
ing full usage of the large surface areas of nanosized particles
(Fig. 5).

As mentioned above, Mn, Co and Ni can be used to replace
Fe for higher energy densities. However, severe interfacial
degradation is a pressing challenge for these materials, which
can be mitigated by artificial protective layers. By preparing a
single-particle (SP) electrode, Yang and co-workers identified
MnF, species on the surface of LMFP after cycling.®® As shown
in Fig. 6a, it is proposed that the Mn** generated by Mn*" dis-
proportionation will react with the solvent (e.g. EC) through a
ring-opening process, forming Mn(OR),, which further com-
bines with HF and eventually forms MnF, passivation
domains, leading to capacity fading. The result also shows that
Mn dissolution is more severe in the SP electrode compared to
the conventional thick electrode due to the larger contact area
between LMFP and the electrolyte. In order to suppress this

Fig. 5 (a, b) Crystal structures of normal LiFePO,4 (LFP-N) and excess
capacity LiFePO, (LFP-E). (c, d) Transmission electron micrograph (TEM)
of charged and discharged LFP-E nanoparticles, respectively.
Reproduced from ref. 63 with permission from the American Chemical
Society, copyright 2017.
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Fig. 6 (a) Proposed surface corrosion mechanism of LMFP particles;
voltage profiles of different galvanostatic cycle numbers for (b) bare
LMFP and (c) Al,Oz coated LMFP. Reproduced from ref. 64 with per-
mission from the American Chemical Society, copyright 2019.

surface degradation, a thin layer (approximately 5 nm) of Al,O3
is homogeneously applied on the cathode material via the
atomic layer deposition (ALD) technique. It can be seen from
Fig. 6b and c that after coating, the cycling stability of the
LMFP single-particle electrode is greatly improved by inhibit-
ing undesirable side reactions.

In order to avoid the direct contact between LiCoPO, and
the electrolyte, Naoi and co-workers applied a layer of FePO,
on the LiCoPO, surface.® Owing to the well-matched crystal
structures, after coating, Fe*" is found to partially diffuse to
the bulk LiCoPO,, forming an Fe-substituted LiCoPO, core
with an Fe-rich outer layer. Such an outer layer is found to
effectively suppress interfacial degradation reactions by exhi-
biting a capacity retention of as high as 99% after 100 cycles,
which far surpasses that of the unmodified LCP materials.

Alternatively, concentration gradient hollow sphere
LiMn, sFe, sPO, with an Fe-rich surface and a Mn-rich core
was synthesized by Wang and co-workers through a modified
precipitation process (Fig. 7a).%® In addition to higher chemi-
cal stability, the porous hollow structure could accommodate
significant volume changes during repeated Li intercalation
and deintercalation processes. As a result, a greatly improved
cycle life was obtained (Fig. 7b). The higher discharge capacity
of HCG-LMFP/C compared to C-LMFP/C is attributed to the
high ionic/electric conductivity of the Fe-rich surface (Fig. 7b).

3.2 Spontaneous interfacial reconstruction

The solid-solution interface is an important part in cells,
which is the gate for Li" in and out of the host materials. To

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) High-angle annular dark-field scanning TEM (HAADF-STEM)
image and elemental mapping results from the cross-section of a
hollow-structured concentration-gradient LiMng sFeq sPO4/C
(HCG-LMFP/C) particle. (b) Voltage profiles of a controlled
LiMng sFeq sPO4/C hollow sphere material (C-LMFP/C) and HCG-LMFP/
C at 10C with 1000 cycles. Reproduced from ref. 66 with permission
from the Royal Society of Chemistry, copyright 2019.

understand the impact of the interface on Li* transmission, its
definition and structure should be clear. As is well-known,
there is just physical contact between LiFePO, and carbon,
which results in a loose structure with amounts of internal
spaces, so the solvent molecules can permeate the carbon
layer.®” In the LiFePO, bulk, FeOq octahedra and LiOs octahe-
dra were linked by the PO, tetrahedra and formed a perfect
symmetry structure; however, in the LiFePO, and FePO,
surface, it's a truncated octahedral symmetry. In this con-
dition, how the Li" diffuses into the host material from the
broken surface becomes very important and meaningful. Pan
et al.®® gave a perfect explanation both in aqueous and organic
electrolytes (Fig. 8). By combining comprehensive electro-
chemistry tests and ab initio calculations, it was identified that
the truncated symmetry of the solid LiFePO, surface could be
compensated by the chemisorbed H,O molecules or ethylene
carbonate (EC) molecules, forming a half-solid (LiFePO,) and
half-liquid (H,O or EC) Janus interface. This kind of interface
promotes the Li desolvation process near the surface, realizing
a super high rate performance, for example, in aqueous elec-

Fig. 8 Ab initio calculated H,O/EC absorption at LiFePO,4 and FePO,4
surfaces. Reproduced from ref. 68 with permission from the American
Chemical Society, copyright 2015.
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trolyte at 600C (3600/600 = 6 s charge time, 1IC =170 mA h g™)
reaching 72 mA h g~' energy storage (42% of the theoretical
capacity).

Rate performance®® and cyclic voltammetry (CV) curves® of
the LiFePO, electrode were also compared in aqueous and
organic electrolytes. It was apparent that aqueous batteries
exhibit higher rate performance and lower polarization. To
investigate the mechanisms, while excluding the interference
ionic transport between adjacent crystallites,”® quasi-single-
particle (QSP) LiFePO, electrodes and a QSP model were devel-
oped.®® The prepared quasi monolayer electrodes consist of
well separated single particles of LiFePO,, which can minimize
the concentration polarization, electrochemical polarization,
and other internal interference to benefit for testing the intrin-
sic electrochemical properties of LiFePO,. Through this model,
the precise relationship between the reaction rate and voltage
can be obtained by using the real potential-SOC curve of
LiFePO,. After the analysis of experimental and simulation
results, Pan et al. found that the intrinsic Li* diffusion coeffi-
cients of LiFePO, are nearly the same in water and organic
electrolytes, but the interfacial rate constant in aqueous elec-
trolyte is one order higher, accounting for the excellent rate
performance in aqueous electrolyte for LiFePO,. It’s also the
first time of establishing the connection between the pre-expo-
nential factor and Li" de-solvation/solvation process, that the
larger the pre-exponential factor, the higher the interfacial rate
constant and the faster the diffusivity.

With the previous work, it is known that surface reconstruc-
tion is important for Li" diffusion. To determine whether the
above results have universal value owing to the complex elec-
trolyte categories, Pan et al.”" recently explored the effects of
anions on surface reconstruction and the Helmholtz plane vs.
lithium-ion transport at the solid-liquid interface (Fig. 9).
Through ab initio calculations and comparison, it was proved
that H,O has a stronger binding energy with Fe and Li on the
surface of LiFePO, and forms a Janus interface compared with
different kinds of anions in aqueous electrolytes. Moreover,

1]

\w/
/J \

Energy

| OHP
Bulk Janus Anion Cation Electrolyte
diffusion interface layer layer diffusion

>

Fig. 9 The migration energy barrier of Li* in the inner Helmholtz plane
(IHP) and outer Helmholtz plane (OHP). Reproduced from ref. 71 with
permission from Elsevier, copyright 2020.
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they divided the solid-liquid interface into three parts, which
are the surface reconstruction layer (inner Helmholtz plane
(IHP), E,), anion adsorption layer (IHP, E;) and cation adsorp-
tion layer (outer Helmholtz plane (OHP), E,), and clearly illus-
trated the effects of the anion adsorption layer on Li" electro-
chemical behaviors.

4. Conclusions

To conclude, by illustrating the detailed bulk and surface
structure information of LiFePO,, its correlation with electro-
chemical performance is established. For the bulk structure,
the effects of the phase structure, antisite defects and mag-
netic structure on performance have been reviewed, and all of
these factors are closely related to Li' bulk diffusivity. (1)
Owing to the high energy barriers for lithium migration, the
synthesis conditions should be carefully controlled to avoid
the presence of B-LiFePO,. (2) Given that 2D and 3D Li'
diffusion mechanisms could co-exist under the condition of
high Fe*'-Li" antisite content, a low-antisite route might not
be necessary for achieving high diffusion ability. (3) Due to
both Fe**-Fe®* super-exchange and the broken local sym-
metries induced by Fe*'-Li" antisite defects, RT magnetic
order was induced, leading to the appearance of a solid-solu-
tion region and capacity loss.

As for the interface structure, three factors are included and
analyzed. (1) The impact of electrolyte solvents on Li" interface
kinetics. Taking an aqueous battery as an example, as shown
in Fig. 10, the Li" diffusion pathway is presented. When Li"
diffuses into the electrolyte from the anode, it will be co-
ordinated by four water molecules in its primary solvation
sheath, forming a complex cation Li'(H,0),. With the potential
difference between the cathode and anode, the complex cation
groups diffuse across the separator and into the cathode side.
Close to the solid-liquid interface, Li'(H,0), will shuffle off
two H,O and approach the LiFePO, surface, realizing particle
surface reorganization by the left two H,O. After Li" diffuses
into the LiFePO, bulk along the Li channel, the connected two
H,0 will desorb from the surface. By contrast, in the organic

Solid-liquid interface
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Fig. 10 Li* diffusion path from the electrolyte to the solid-liquid inter-
face and then to LiFePO4 bulk. The factors that affect the performance
were concluded.
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electrolyte, EC molecules will be bonded with Li*, forming
Li'(EC),. Owing to its relatively bulky size, three EC molecules
will be stripped off, bringing a much higher energy barrier
when Li" crosses the interface, inducing a slower interfacial
reaction constant compared with in the aqueous electrolyte.
(2) The impact of the anion interfacial adsorption layer on Li"
diffusion. The ionic absorption layer has a significant influ-
ence on Li" diffusion: the smaller the anion size, the better the
diffusion ability. (3) Carbon coating affects the electronic con-
ductivity and capacity. Carbon coating brought a breakthrough
development of LiFePO,, which realized a significant improve-
ment of electron conductivity, achieving high capacity and rate
performance. Moreover, with proper coating techniques,
excess capacity could be realized for high energy density
LIBs.”” In actual applications, ionic conductivity is the deter-
minant of performance owing to the lower diffusivity (ca.
107"'-107"" S em™" at RT) compared with electronic diffusivity
(>107° S em™), so the factors affecting ionic conductivity (e.g.
size”?) should be in good balance with carbon coating for rea-
lizing high energy-density and power-density LIBs.

Here, by establishing the relationship between the bulk-
surface structure and the electrochemical performance, we
aim to provide a new perspective on olivine-type LiFePO,.
However, the Li-ion diffusion behaviours at different states of
charges and different places of a LiFePO, particle still remain
unclear. Therefore, in the future, a deeper understanding is
needed on the atomic scale to enable fast electron and ion
transport. In addition, with the mature material preparing
techniques and clear structural cognition, more attention
should be paid to how to realize performance improvement
under extreme environments, how to improve the volumetric
energy density, and if there is a cost-effective synthetic route to
produce a high-quality LiFePO, material.
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