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Abstract—Lithium-ion conductivity is one of the critical factors in improving the rate capability of LiFePO4 in lith-
ium-ion batteries. The one-dimensional diffusion pathway of lithium ions slows the charging/discharging rates in the
olivine structure of LiFePO4. Herein, ultrathin LiFePO4 nanosheets were synthesized using surface-passivating ligands
to address the rate capability issue. The thickness direction of the nanosheets is the [010] direction in which the lith-
ium ions are inserted or extracted during cycling. The structural and morphological characterizations were performed
via transmission electron microscopy and X-ray diffraction. A thickness of 7.5 nm was obtained from the atomic force
microscopy height profiles, which is in the scale of twelve unit cells of LiFePO4. Electrochemical performance test
results revealed that the Li-ion batteries had superior rate capability during the charging/discharging process.
Keywords: Lithium-ion Batteries, LiFePO4, Olivine Structure, Nanosheets, Electrochemical Performance

INTRODUCTION

The recent expansion of markets for electric vehicles and porta-
ble electronics has drawn a great deal of attention to lithium-ion
batteries (LIBs). In spite of the substantial improvement in the elec-
trochemical performance of LIBs, there is still a growing demand
for a larger reversible capacity, greater rate capability, and longer
cycle life. Cathode materials are the main component that limits the
progress of LIB technologies, and extensive effort has been made
for the development of cathode materials for better electrochemi-
cal performance of LIBs [1,2]. Currently, several types of cathode
materials are successfully commercialized in the industry. Among
them, LiFePO4 has received great attention for its environmental
compatibility, cheap raw materials cost, high thermal and chemi-
cal stability, and relatively large theoretical capacity (~170 mAh g1).
However, its poor Li-ion conductivity needs to be addressed to
improve the rate capability of LiFePO4.

LiFePO4 adopts an olivine crystal structure composed of LiO6,
FeO6 octahedra, and PO4 tetrahedra. Its high structural stability
stems from the strong P-O bonds, which suppresses the O2 gas for-
mation at a highly charged state by an Fe-O-X inductive effect [3-
5]. According to several studies using computational calculations,
Li ions preferably transport throughout the [010] direction; how-
ever, the diffusion coefficient along this pathway is as low as ~1014-
1016 cm2 s1 [6-8], which slows the charge/discharge process. In addi-
tion, the presence of intrinsic point defects that are distributed along
the [010] channel impedes the Li-ion diffusion during charge/dis-
charge process [9]. One of the strategies to enhance the rate capa-
bility of LiFePO4, which is associated with a one-dimensional (1D)
slow diffusion of the Li ion through the [010] direction, is to reduce

crystal size to a nanometer scale [9-12]. LiFePO4 particles with a
short length along the [010] direction enable a large capacity at a high
charge/discharge rate. In designing an ideal shape of the LiFePO4

particles, the volumetric energy density is another important factor
to consider. Even though spherical nanoparticles have a short [010]
channel for Li-ion diffusion, the high surface area of the nanopar-
ticles causes parasitic reactions at the electrode/electrolyte interface
[13-15]. Therefore, thin sheet-shaped LiFePO4 particles are desir-
able to realize a better rate capability of LIBs that are fabricated with
the LiFePO4 cathode material.

Several methods have been developed to achieve two-dimen-
sional (2D) nanoplate-shaped LiFePO4 particles, including solvo-
thermal reaction [16], exfoliation [17,18], and colloidal synthesis
[19]. The colloidal synthesis of nanoparticles via surface-passivat-
ing ligands was first reported in the preparation of monodisperse
cadmium chalcogenide quantum dots (QDs) [20]. This method em-
ploys ligands that can strongly bind on precursor ions. The nuclei start
to form at ~300 oC, which is followed by the growth of the nano-
particles. During the nucleation and growth period, the surface of
the particles is dynamically passivated with coordinating ligands,
thereby controlling the growth rate in the colloidal state. The bind-
ing ability of the ligands to the ions on the surface of the nanopar-
ticles varies depending on the crystal facets and the functionality of
the ligands [21]. Using such difference of binding ability between
the ligands and the surface ions of the nanoparticles with respect
to the crystal facets, 1D nanorods [22], 2D nanoribbon-shaped [23]
and 2D nanosheets [24] of cadmium chalcogenides nanoparticles
can be synthesized. George et al. successfully introduced the col-
loidal synthesis for the preparation of LiFePO4 nanoplates with a
thickness of ~15nm [19]. Unfortunately, the characterization method
for the estimation of the nanoplate’s thickness was not provided in
the literature. This study reports monodisperse ultrathin LiFePO4

nanosheets that are prepared using the colloidal synthesis method.
Lithium stearate and FeCl3-tri-n-octylphosphine (TOP) are used as
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Li and Fe precursors, which exhibit high solubility in a ligand mix-
ture composed of oleic acid (OA), oleylamine (OAm), and TOP.
The solution of the precursor mixture reacts at an elevated tem-
perature, thereby producing monodisperse LiFePO4 nanosheets
with a thickness of ~7.5 nm. This corresponds to the size of twelve
unit cells in the [010] direction of the olivine structure of LiFePO4.

EXPERIMENTAL METHODS

1. Materials
FeCl3 (98%, Alfa Aesar), TOP (90%, Fisher Science), lithium

stearate (TCI, 90%), diammonium phosphate ((NH4)2HPO4, 98%,
Aldrich), sucrose (99.5%, Aldrich), and bulk LiFePO4 (>97%,
Aldrich) were used as received. OAm (90%, Acros Organics) and
OA (90%, Aldrich) were purified by vacuum distillation before use.
2. Synthesis of LiFePO4 Nanosheets

All reactions were performed in an argon atmosphere using
standard Schlenk techniques. Ultrathin LiFePO4 nanosheets were
synthesized using the colloidal synthesis method. In a typical pro-
cedure, 1 mmol of lithium stearate was added in 4 mL of OA with
vigorous stirring at 150 oC, followed by the addition of 0.6 mmol
of FeCl3 in 6 mL of TOP at room temperature. Concurrently, 1
mmol of (NH4)2HPO4 was added in 10mL of OAm, and the result-
ing mixture was heated to 275 oC at a heating rate of 5 oC/min
under argon atmosphere and maintained at the same temperature
for 1 h. The solution containing the lithium and iron precursor was
injected into the previously prepared (NH4)2HPO4 solution under
vigorous stirring. The resulting dark brown solution gradually turned
turbid white. After 1 h, the reaction mixture cooled to room tem-
perature by removing the heating mantle. An excess of ethanol was
then added, resulting in the precipitation of LiFePO4 nanosheets.
The precipitate was isolated by centrifugation, and the purification
step of LiFePO4 nanosheets was repeated several times. The pro-
duced nanosheets were dispersed in nonpolar organic solvents, such
as chloroform and hexane. The LiFePO4 nanosheets were approxi-
mately 300-nm sized ellipsoidal particle shape with a thickness of
7.5 nm. Fig. 1 shows the schematic representation of the typical
experiment procedure.
3. Characterization

The crystal structure of LiFePO4 was confirmed by X-ray dif-
fraction (XRD, Rigaku D/Max-2500) with a Cu K radiation source.
Transmission electron microscopy (TEM) and Z-mapping images

were obtained with Titan G2 80-200 with ChemiSTEM Technol-
ogy at 200 kV. The samples for TEM were prepared by dropping
dilute solutions of LiFePO4 onto carbon-coated copper grids and
evaporating the solvent. An atomic force microscope (AFM, Park
Systems XE7) was used to measure the thickness of LiFePO4 using
the diluted LiFePO4 solutions to dribble onto the mica and evapo-
rate the solvent. Thermogravimetric analysis (TGA) and differen-
tial thermal analysis (DSC) were performed with a TA Instruments
SDT Q600 setup at a heating rate of 10 oC/min under an N2 atmo-
sphere.
4. Electrochemical Measurements

To improve the electronic conductivity, the LiFePO4 nanosheets
were overcoated with carbon on the surface. The as-synthesized
LiFePO4 nanosheets were dried in a vacuum oven at 60 oC for 3 h.
The dried sample was mixed with 10wt% sucrose as a carbon source
and was then carbonized using a tubular furnace at 550 oC for 5 h
under an Ar-H2 (95 : 5) atmosphere with a heating rate of 3 oC/min.

The carbon-coated LiFePO4 nanosheets were used as active
materials of the cathode. To prepare the cathode electrode, 94 wt%
LiFePO4 (active material), 3 wt% Denka black (conductive mate-
rial), and 3 wt% of polyvinylidene difluoride (PVDF) (binder) were
dispersed in the N-methyl-2-pyrrolidinone (NMP). The resulting
slurry was coated onto the aluminum foil using the doctor-blade
method. The electrode was dried in a vacuum oven at 70 oC for
12 h to remove the remaining solvent, followed by roll pressing. A
coin-type half cell (CR2032) was assembled in an argon-filled glove
box with the LiFePO4/C nanosheet cathode electrode as the work-
ing electrode and Li metal electrode as the reference and counter
electrode. The electrolyte was 1.0 M LiPF6 in ethylene carbonate/
ethyl methyl carbonate (EC/EMC, 1 :2vol%). The capacity and cyclic
stability of the cells were characterized on a battery cycler system
(WonATech WBCS3000) under a voltage range of 2.0 to 4.5 V (vs.
Li/Li+).

RESULTS AND DISCUSSION

The anisotropic growth of a crystal largely depends on the crys-
tal’s surface energy. Wulff’s construction explains the crystals’ shape
in an equilibrium state, where the particles adopt the morphology
with the lowest total surface energy. According to the result from
simulation techniques for the calculation of surface energy [25],
the orthorhombic structure of LiFePO4 tends to have a surface ter-

Fig. 1. Schematic illustration of the preparation process for the LiFePO4/C nanosheets.
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minated mainly by {010}, {201}, {100}, and {101} facets. Among
those predominant surface facets, the exposure of {010} plane leads
to the lowest surface energy, which is normal to the direction of
the Li-ion diffusion during charging/discharging of Li-ion batter-
ies. This lowest surface energy results in an elongated hexagonal
prism capped mainly by {010} facets. For the preparation of ultra-
thin nanoplates of LiFePO4 with the exposure of {010} plane, the
differences in the surface energies between the {010} and other planes
should be made more pronounced. One promising strategy is the
use of surface-passivating ligands. The surface-coordinating ability
of organic molecules as surface-passivating ligands differs depend-
ing on the functionality of the ligands and the atomic arrangement
of the specific surface facets. Thus, a choice of ligands with an appro-
priate functional group is critical for anisotropic crystal growth.
Such a method has been widely used in the shape control of nano-
particles. For example, alkylphosphonic acid strongly passivates the
lateral facets in the hexagonal crystal structure of CdSe nanocrys-
tals, producing monodisperse nanorods [22]. In the first report on
the synthesis of 2D LiFePO4 nanoplatelets via colloidal synthesis
method [19], the thickness of LiFePO4 and LiFeMnPO4 nanoplates
was reported to be 15 nm; however, the characterization method
and data for the measurement of the nanoplate thickness were not
specified. Yan et al. [17] reported a thickness of 3.8-4.6 nm for
LiFePO4 nanosheets using the solvothermal method for NH4Fe-
PO4 with a high-pressure high-temperature (HPHT) supercritical
lithiation process. However, the prepared LiFePO4 was not highly
monodispersed and the preparation procedure was more compli-
cated than the colloidal method. In the colloidal synthesis of LiFe-
PO4, OAm was employed as a surface-passivating ligands [19].
OAm is popular coordinating ligand used in nanocrystal synthe-
sis, especially for cadmium chalcogenide quantum dots because
the primary amine has a high affinity to cadmium cations. It is pre-
sumed that the organic ligands with other functionality, such as
phosphine or carboxylic acid, would more effectively passivate Fe
cations on the LiFePO4 surface than OAm, which have been often
studied in the synthesis of iron oxide nanocrystals [26,27]. Islam et
al. suggested that the termination of surfaces with Li of 50% defi-
ciency is energetically favorable [25]. In the current synthesis, the

organic ligands remove the surface dangling bonds by donating
electrons to the exposed Fe atoms on the surface. Therefore, the
synthesized LiFePO4 nanocrystals under the ligand-passivating con-
dition should have Fe-terminated surfaces rather than Li-termi-
nated ones. Fig. 2 shows the arrangement of surface atoms on the
orthorhombic LiFePO4 crystal along various crystal orientations.
Among the four predominant planes, {010} has the highest popu-
lation density of Fe atoms (2.38 Fe atoms/nm2), whereas other planes
have an atomic density of 0.77-1.57 Fe atoms/nm2. The passivat-
ing ligands form a denser capping layer on {010} surfaces, which
prevents the access of the monomers required for crystal growth
to the particle surface. As a consequence, the growth of LiFePO4

crystals along the [010] direction is limited and they preferably
grow along the direction perpendicular to {010} planes, leading to
ultrathin nanoplates. 

(NH4)2HPO4 was chosen as a phosphate precursor of LiFePO4

because it exhibits a solid state at room temperature and is less
harmful [19]. The TGA-DSC in Fig. 3 shows that the (NH4)2HPO4

starts to melt and decompose at ~155 oC with a loss of NH3 (~13%

Fig. 2. Crystal structure of LiFePO4 with respect to (a) [010], (b) [201], (c) [100], and (d) [101] directions.

Fig. 3. TGA-DSC curves of (NH4)2HPO4 obtained at a heating rate
of 10 oC under an N2 atmosphere. Black and blue solid lines
represent the TGA and DSC curves, respectively.
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weight loss), which is followed by a second weight loss of NH3 at
~200 oC (~26% weight loss). Therefore, all syntheses were performed
at a high temperature above 250 oC, which is enough to decompose
the (NH4)2HPO4 precursor, yielding PO4

3 anions. Fe(III) chloride
was chosen as the Fe precursor for the mass production of LiFePO4

nanosheets.
The morphology of the synthesized LiFePO4 nanosheets is shown

in Fig. 4. A relatively narrow size distribution and a uniform mor-

Fig. 4. TEM images of LiFePO4 nanosheets at various magnification.

Fig. 5. TEM images and elemental mapping of (a)-(d) LiFePO4 nanosheets and (e)-(h) Li3PO4 phase nanoparticles.

phology with a length of 250-300 nm and a width of ~100 nm was
observed (Fig. 4). All of the nanosheets are translucent, indicating
an ultrathin thickness. Interestingly, some of the nanosheets exhibit
a spiral growth at a screw dislocation at the center of the nanosheets
(Fig. 4(d)). A screw dislocation-driven crystal growth is often
observed in inorganic crystals, such as zinc hydroxyl sulfate, -
Co(OH)2, Ni(OH)2, and Au. It was suggested that the spiral growth
proceeds when the crystal growth rate at the core of the 2D crys-
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tals is similar to the lateral growth velocity under a low supersatu-
ration condition [28,29]. Indeed, the samples that were synthesized
for a prolonged growth period tend to have a more spiral shape
because most of the required monomers for nanosheet growth are
consumed in a longer growth time, achieving a low supersatura-
tion condition. Fig. 5(a)-(d) shows the TEM image and elemental
mapping of the LiFePO4 nanosheets. Obviously, all the elements
comprising LiFePO4 are evenly distributed over the nanosheets,
revealing that all the sheet-shaped particles are LiFePO4 except for
lithium. Because the scattered electron beam intensity is propor-
tional to the atomic number, the lithium contained in the sample
is hardly visible under the normal elemental imaging technique
[30]. In the TEM images (Fig. 4), a small amount of non-sheet
shaped particles is observed with the LiFePO4 nanosheets. Like-
wise, similar non-sheet shaped particles are seen in the elemental
mapping image (white dotted circles of Fig. 5(a)-(d)). Interestingly,
these non-sheet shaped particles have negligible amount of Fe
atoms (Fig. 5(b)). Careful examination was conducted in the TEM
grid region with highly distributed those impurity phases (Fig. 5(e)).
For the non-sheet shaped particles, phosphorous and oxygen atoms
are detected other than the Fe atoms as shown in Fig. 5(f)-(h).
From the observation, these impurities are thought to be Li3PO4.
Li3PO4 is one of the materials used to increase the conductivity of
the lithium ions in the cathode materials. For instance, Li3PO4 was
overcoated on the cathode active materials of LiCoO2 [31] and
LiFePO4 [32], resulting in greater rate capability and cycle stability.

For the crystallographic characterization of ultrathin LiFePO4

nanosheets, thin film and powder samples were prepared. The
thin film sample of the nanosheets was fabricated by drop-casting
the colloidal solution of LiFePO4 nanosheets on the XRD sample
holder and, subsequently, by slowly evaporating the dispersion sol-
vent. The powder form was prepared by the addition of poor sol-
vent into the LiFePO4 colloidal solution, followed by centrifugation.
Fig. 6 shows the XRD patterns obtained from the film and power
form of LiFePO4 nanosheets. Most of the peaks correspond well to
those of the bulk orthorhombic structure of LiFePO4 except for the
diffraction intensity. Unlike the diffraction pattern of the bulk (bars
on the bottom of Fig. 6), the powder-type LiFePO4 nanosheets

Fig. 6. XRD patterns of (top) film-type and (bottom) powder-type
LiFePO4 nanosheets. The bars on the bottom represent the
XRD peaks of bulk LiFePO4 (JCPDS file No. 83-2092).

Fig. 7. (a) AFM image of single LiFePO4 nanosheets and (b) the height profile of the corresponding nanosheet represented in Fig. 7(a).

exhibit a smaller intensity from the (020) plane compared to that
from the (101) plane. The intensity ratios I(101)/I(020) are 10.5 and 0.97
for the powder form and the bulk LiFePO4 nanosheets, respec-
tively. Accordingly, all other diffraction peaks with the k compo-
nent in the Miller indices have less intense peaks than the bulk.
This means that the crystal size along the [010] direction is much
smaller than what it should be when the LiFePO4 has an isotropic
crystallite shape, indicating the thin sheet type morphology of our
sample. Comparing the intensities of the powder and the film-type
nanosheets, the film-type sample shows a larger I(101)/I(020) ratio
(10.5 for powder sample and 2.5 for film sample). This is because
the slow solvent evaporation of the LiFePO4 colloidal solution
induces the arrangement of the nanosheets parallel to the XRD
sample holder, under which the diffraction occurs mostly from
the crystal plane parallel to the substrate, which is the crystal plane
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with the k component for our case. Therefore, the pronounced
I(101)/I(020) value of the film type sample strongly supports the thin
morphology of the synthesized LiFePO4 nanocrystals and the crystal-
lographic orientation in their thickness is confirmed to be along
the [010] direction.

AFM topography images are provided in Fig. 7 for the estima-
tion of the nanosheet thickness. The size of the single nanosheet is
in good accordance with that from TEM analysis. The single nano-
sheet with an ellipsoidal symmetry exhibits a size of ~200 nm×
260 nm. The ellipsoidal image viewed from the top and the pla-
teau in the height profile over the whole particle indicates the sheet-
shaped particle morphology. The obtained height profile elucidates
~7.5 nm thickness. Considering the lattice parameter of LiFePO4

in the b-axis (6 Å), the thickness of the nanosheets is in the twelve-
unit cell scale.

The cyclic performance of the LiFePO4 nanosheet electrode and
the bulk LiFePO4 (control sample) was compared after carbon
coatings, where the lithium metal was used as a counter electrode.
Under a 1 C charging/discharging rate, LiFePO4 nanosheets exhibit
a superior capacity (132 mAh g1) compared to the bulk LiFePO4

cathode (107 mAh g1) after the first cycle as shown in Fig. 8. More-
over, the capacity retention of nanosheet cathode is ~92%, whereas
that of the bulk LiFePO4 is ~77% after 100 cycles. The better cyclic
stability of the nanosheet cathode compared to that of the bulk is
attributed to the fast Li ion diffusion through an ultrathin pathway
along the [010] direction of the olivine crystal of LiFePO4 nano-
sheets. In addition to the advantage of short distance for Li-ion
diffusion into LiFePO4 nanosheets, nanoparticles of LiFePO4 (<40
nm) undergo phase transition between LiFePO4 and FePO4 via a
formation of single solid solution of LixFePO4 (0x1) [33,34]. In
contrast to the single phase transition, the phase transition of the
bulk LiFePO4 occurs between LiFePO4 and FePO4, producing the
sharp phase boundaries. The lattice strain at the grain boundaries
causes the pulverization of LiFePO4 materials during charging/dis-
charging process. It is believed that ultrathin LiFePO4 effectively
suppresses the formation of grain boundaries, contributing to the
greater capacity retention than the bulk LiFePO4 [35].

CONCLUSIONS

This study describes the synthesis of ultrathin LiFePO4 nano-
sheets with a narrow size distribution. Using an optimized combi-
nation of surface-passivating ligands, ultrathin nanosheets of oliv-
ine-structured LiFePO4 were realized. Structural and morphological
characterization confirmed the thickness of ~7.5 nm in the [010]
direction of the nanosheets, which enables greater electrochemical
performance than the cathode prepared using bulk LiFePO4. LiFePO4

nanosheets delivered a specific capacity of 132 mAh g1, whereas
that of the bulk LiFePO4 cathode was 107 mAh g1 in the first cycle.
The nanosheet cathode also provides superior cyclic retention
than the bulk LiFePO4 cathode after 100 cycles (92% vs. 77%).
Further studies to combine graphene with LiFePO4 nanosheets as
a cathode are currently underway to maximize the morphological
effect during the charging/discharging process.
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