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ABSTRACT: Olivine LiFePO4 with nanoplate, rectangular
prism nanorod and hexagonal prism nanorod morphologies
with a short b-axis were successfully synthesized by a
solvothermal in glycerol and water system. The influences of
solvent composition on the morphological transformation and
electrochemical performances of olivine LiFePO4 are system-
atically investigated by X-ray diffraction, scanning electron
microscopy, transmission electron microscopy and galvano-
static charge−discharge tests. It is found that with increasing water content in solvent, the LiFePO4 nanoplates gradually
transform into hexagonal prism nanorods that are similar to the thermodynamic equilibrium shape of the LiFePO4 crystal. This
indicates that water plays an important role in the morphology transformation of the olivine LiFePO4. The electrochemical
performances vary significantly with the particle morphology. The LiFePO4 rectangular prism nanorods (formed in a glycerol-to-
water ratio of 1:1) exhibit superior electrochemical properties compared with the other morphological particles because of their
moderate size and shorter Li+ ion diffusion length along the [010] direction. The initial discharge capacity of the LiFePO4@C
with a rectangular prism nanorod morphology reaches to 163.8 mAh g−1 at 0.2 C and over 75 mAh g−1 at the high discharging
rate of 20 C, maintaining good stability at each discharging rate.
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1. INTRODUCTION

The high power Li ion rechargeable battery has attracted vast
attention all over the world for its application in hybrid electric
vehicles (HEVs) and electric vehicles (EVs). Olivine structured
LiFePO4 is one of the most promising cathode materials for
next-generation Li ion batteries in large-size and high-rate
applications.1 It possesses excellent chemical and thermal
stability, an acceptable flat voltage plateau (3.4 V vs Li+/Li),
and a high theoretical rate capacity of 170 mAh g−1, and it
offers economic and environmental advantages because it is a
kind of low-cost and nontoxic material.2−8 Although LiFePO4
has been applied to practical uses, there is still a long way to go.
For example, the high-rate and low-temperature performances
of the cells are not satisfied. The main obstacles for applicable
electrochemical performances are its poor electronic con-
ductivity and lithium ion diffusivity.9 Enormous attempts have
been made to overcome the drawbacks, for instance, coating
with conductive carbon or conductive polymers,10−17 doping
with aliovalent cation,18,19 controlling particle morphologies20

and preparing nanosized particles.21

It is widely recognized that the electrochemical performances
of LiFePO4 particles are closely related to their morphologies
and crystal orientations.22,23 Hydrothermal synthesis techni-
ques have been used to prepare olivine LiFePO4 with a variety
of particle morphologies and sizes at low temperature. For
instance, LiFePO4 nano-microspheres self-assembled by the

ordered nanoplates have been synthesized by a hydrothermal
method using phytic acid as the phosphorus source.24 Similarly,
LiFePO4 microspheres with an enhanced tap density were
assembled from nanoplates via solvothermal treatment with
TiN nanoparticles as a conductive connector.25 LiFePO4
crystallites have also been synthesized with platet,26,27 nano-
rod,28−30 mesoporous microsphere,31,32 flower-like,33,34 dumb-
bell-like,35 hollow-like,36,37 nest-like,38 and cage-like39 struc-
tures. The anisotropic morphologies of the particles are highly
dependent on the experimental conditions, for example, the
addition of component in the solvent such as propanediol,
ethylene glycol (EG),23,38 polyvinylpyrrolidone (PVP),30 and
poly(ethylene glycol) 400 (PEG400),27 etc. which in particular
act as shape controllers. Besides, computational40,41 and
experimental42 studies of LiFePO4 have indicated that charge
transfer mainly takes place on the ac-facet, and Li+ ion
migration occurs preferentially via one dimensional channels
oriented along the [010] direction of the orthorhombic crystal
structure during charge and discharge. Thus, nanorods and
nanoplates with a short b-axis are ideal structures for good
electrochemical performance of LiFePO4. Although consid-
erable progress has been made in the synthesis of LiFePO4,
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numerous questions related to the fundamental forming
mechanism of LiFePO4 with various morphologies remain
unanswered.
In this paper, we report a simple solvothermal method to

fabricate LiFePO4 nanoplates with a large (010) plane and
LiFePO4 rectangular prism and hexagonal prism nanorods with
a short b-axis by controlling solvent composition. The effects of
solvent composition on the morphological transformation and
electrochemical performances of olivine LiFePO4 have been
discussed in detail. Furthermore, the formation mechanism of
LiFePO4 with various morphologies is proposed.

2. EXPERIMENTAL SECTION
2.1. Material Preparation and Characterization. LiFePO4

rectangular prism nanorods were prepared by a solvothermal route,
with glycerol and water as the reaction medium solvent. For a typical
synthesis, 0.045 mol LiOH·H2O was dissolved in 20 mL of glycerol
and water (the volume ratio of glycerol and water is 1:1).
Then 0.015 mol H3PO4 was added to the LiOH solution under

stirring to form a white deposition. Next, 0.015 mol FeSO4·7H2O
dissolved in 20 mL of glycerol and water (the volume ratio of glycerol
and water is 1:1) was dropped into the above suspension with vigorous
magnetic stirring for 30 min. The precursor was transferred into a
Teflon-lined autoclave (inner volume: 100 mL) and heated to 180 °C
for 18 h and then cooled down to room temperature. The obtained
precipitate was filtered and washed several times with distilled water
and ethanol, and dried at 80 °C for 12 h.
For the synthesis of LiFePO4 nanoplates and hexagonal prism

nanorods, the procedures were kept unchanged except that the volume
ratios of glycerol and water are 2:0 and 0:2, respectively.
To improve the electrochemical performances, the LiFePO4

nanopowders were coated with carbon film on the surface to form
LiFePO4@C core−shell nanostructures. The coating procedures are as
follows: LiFePO4 nanopowders and a proper amount of ethylene
glycol were added to 10 mL of citric acid solution under stirring, and
then the solution was evaporated to obtain a dark blue gel at 80 °C in
water bath. After that, the gel was carbonized for 6 h at 700 °C in
nitrogen atmosphere to obtain the carbon film. The schematic
illustration of the typical experiment process is shown in Figure 1.
The structure of the as-prepared samples was characterized by X-ray

diffraction (XRD) on a Rigaku D/max-2500/pc. The morphology and
microstructure of the powders were observed by field-emission
scanning electron microscopy (FE-SEM) on an S-4800 FE-SEM and
high-resolution transmission electron microscopy (HRTEM) with
model JEM2010.
2.2. Cell Fabrication and Electrochemical Analysis. The

electrochemical performances of the samples were measured in a
simulative cell, which consisted of a working electrode and a lithium
foil electrode separated by a Celgard 2400 microporous membrane.
The working electrode was prepared by dispersing 80 wt % active
materials, 10 wt % acetylene black, and 10 wt % polyvinylidene
fluoride (PVDF) binder in the N-methylpyrrolidione (NMP) solvent
to form a uniform slurry. The slurry was coated on Al foils and dried in
a vacuum at 120 °C for 12 h. The electrolyte was 1 M LiPF6/EC+DEC

(1:1, v/v). The cells were assembled in an argon-filled glovebox and
tested by galvanostatic charge−discharge cycling in the voltage ranges
of 2.4−4.2 V on a battery testing system (LAND, Wuhan, China). The
electrochemical impedance spectra (EIS) test (the frequency range of
0.01−100 000 Hz) was performed on a ParStat 4000 electrochemical
workstation.

3. RESULTS AND DISCUSSION
3.1. Morphology of the Prepared LiFePO4. Figure 2

shows the XRD patterns of the samples prepared in solvents

with various volume ratios of glycerol to water of 2:0, 1:1, and
0:2. It is very clear that all peaks of the LiFePO4 samples
obtained in different solvents can be well indexed to an
orthorhombic olivine-type phase LiFePO4 (JCPDS card No.
83-2092), indicating that the solvent composition has no effect
on phase purity.
The SEM and TEM images of the LiFePO4 samples prepared

in solvents with different compositions are shown in Figure S1
(see the Supporting Information) and Figure 3a−c, respec-
tively. It can be seen from Figure 3a that the material
synthesized in the glycerol solvent is composed of nanoplates
(<100 nm). The indexing of the selected area electron
diffraction (SAED) pattern shown in Figure 3d suggests that
each nanoplate is a LiFePO4 single crystal with a large (010)
plane. When the reaction solvent is composed of glycerol and
water in the ratio of 1:1, the morphology of the material is

Figure 1. Schematic illustration of the preparation process for the LiFePO4@C core−shell nanoparticles.

Figure 2. XRD patterns of these samples prepared in different solvent
compositions with various volume ratios of glycerol to water of 2:0 (a),
1:1 (b), and 0:2 (c).
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Figure 3. TEM and the corresponding SAED images of the LiFePO4 nanoplates (a, d), rectangular prism-like nanorods (b, e) and hexagonal prism-
like nanorods (c, f).

Figure 4. TEM and the corresponding HRTEM images of the LiFePO4@C nanoplates (a, d, and g), rectangular prism-like nanorods (b, e, and h),
and hexagonal prism-like nanorods (c, f, and (i). The inset images in g, h, and i are the corresponding fast Fourier transform pattern.
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entirely transformed into rectangular prism nanorods with a
short b-axis, as shown in Figure 3b,e. The mean diameter of the
nanorods is 100 nm and the length is 500 nm. However, when
the pure water is used as the solvent, as shown in Figure 3c, the
LiFePO4 is entirely changed to thicker hexagonal prism
nanorods with a short b-axis. The morphologies of the LiFePO4
after calcination and carbon-coating are shown in Figure 4a−c.
It can be seen that the LiFePO4@C composites still retain their
original morphologies. Moreover, we can clearly see from
Figure 4d−f that the wrap layers characterized by Raman
spectra (Figure S2, see the Supporting Information for details)
fully coated on the surface of LiFePO4 nanoparticles. To better
understand the coating carbon layer of LiFePO4@C samples,
the HRTEM images are presented in Figure 4g−i, showing that
the thickness of the carbon coating layers for LiFePO4@C
nanoplates, rectangular prism nanorods, and hexagonal prism
nanorods are ca. 1.89, 2.63, and 4.5 nm, respectively. In
addition, the amount of the coated carbon on the LiFePO4
samples is checked by TGA analysis, as shown in Figure S3 (see
the Supporting Information for more details). The percentage
of the coated carbon in LiFePO4@C nanoplates, LiFePO4@C
rectangular prism-like nanorods and LiFePO4@C hexagonal
prism-like nanorods are ca. 3.4, 3.31, and 3.02 wt %,
respectively. The above results indicate that the carbon coating
layer becomes thicker with the increase of the LiFePO4 grain
size and the transformation of the morphology from nanoplates
to hexagonal prism nanorods. The well-coated carbon layer on
the surface of LiFePO4 is favorable for the electrochemical
performances of the materials.
Figure 5 shows the XRD patterns of the LiFePO4@C

nanoplates, rectangular prism nanorods and hexagonal prism

nanorods. It is revealed that all the diffraction intensities of the
prepared LiFePO4@C composites become stronger after high
temperature heat treatment, and no characteristic peaks of
impurity phases are observed. In addition, the strong diffraction
peaks and narrow half maximum (fwhm) of the XRD patterns
indicate the highly crystallinity of LiFePO4@C samples.
3.2. Electrochemical Properties of the Prepared

LiFePO4. Figure 6a−c shows the charge/discharge curves of
the LiFePO4@C samples within the first five cycles at a low
current rate of 0.2 C. Obviously, the discharge capacity of the

LiFePO4@C rectangular prism nanorods (163.8 mAh g−1) is
much higher than those of the LiFePO4@C nanoplates (153.3
mAh g−1) and hexagonal prism nanorods (144.4 mAh g−1).
Moreover, from Figure 6a−c, it can be seen that the voltage
differences between the charge and discharge flat plateau are
131, 110, and 142 mV for the LiFePO4@C nanoplates,
rectangular prism nanorods, and hexagonal prism nanorods,
respectively. The LiFePO4@C rectangular prism nanorods
show the smallest voltage difference, indicating that it has the
least polarization at a low current density.43 The small
polarization is related to the well-coated carbon layer on the
surface of the LiFePO4.

43−45 Figure 6d shows the comparison
of the rate performance of the LiFePO4@C nanoplates,
rectangular prism nanorods, and hexagonal prism nanorods.
The LiFePO4@C rectangular prism nanorods exhibit the
highest discharge capacity within the discharge rate, ranging
from 0.2 to 20 C, and maintain good stability at each rate. Its
discharge capacities reach 163.8, 158.2, 150.2, 135.3, 117, 101.1,
and 78.5 mAh g−1 at 0.2, 0.5, 1, 2, 5, 10, and 20 C, respectively.
The capacity of the LiFePO4@C nanoplates with the large
(010) plane shows a similar degradation behavior but slightly
lower discharge capacity than that of the LiFePO4@C
rectangular prism nanorods. The lower discharge capacity is
due to the fact that the particle size of the LiFePO4@C
nanoplates is so small (<100 nm) that they contain a few Fe-
antisite defects, which block the transportation of Li along the
b-axis.46 This factor declines the electrochemical performance
of the LiFePO4@C nanoplates with the (010) plane (<100
nm). For the LiFePO4@C hexagonal prism nanorods, its poor
discharge capacity and severe discharge degradation are resulted
from the large size of the particles.
To further explain the electrochemical behaviors of the

LiFePO4@C nanoplate and the rectangular prism nanorod and
hexagonal prism nanorod electrodes, the electrochemical
kinetic performance of the three cathodes was analyzed with
electrochemical impedance spectra (EIS) measurements. Figure
7 shows the Nyquist plots of the three electrodes measured
after 2 cycles at the 50% of discharge state. Each spectrum
consists of a depressed semicircle in a high frequency region
and a slope in a low frequency region. The semicircle in the
high frequency region is referred to be a measure of the charge-
transfer resistance at the electrolyte/electrode interface.47,48

The slope line in the low frequency region is attributed to the
diffusion of the lithium ion in the bulk of the electrode material.
As seen in Figure 7, the very small high frequency semicircle for
the LiFePO4@C rectangular prism nanorod electrode implies
its low charge-transfer resistance (139.3 Ω) at the electrolyte/
electrode interface. As for the LiFePO4@C nanoplate and
hexagonal prism nanorod electrodes, the charge-transfer
resistance is calculated to be 240 and 658.5 Ω, respectively.
These results are in good agreement with the difference in the
rate performance of the three electrodes exhibited in Figure 6d.

3.3. Exploration in the Formation Mechanism of
LiFePO4 with Various Morphologies. To further investigate
the effects of the solvent compositions on the morphology of
LiFePO4, the SEM and TEM images of the LiFePO4 samples
synthesized in solvent with different compositions are shown in
Figure 8. It can be seen that when the ratio of glycerol to water
is 2:0, LiFePO4 nanopowders are composed of nanoplates
(<100 nm), as shown in Figure 8a,b. These nanoplates have a
large (010) plane judged from the HRTEM (high-resolution
transmission electron microscope) image (inset image in Figure
8b). Once a thimbleful of water is introduced into the solvent

Figure 5. XRD patterns of LiFePO4@C nanoplates (a), rectangular
prism-like nanorods (b), and hexagonal prism-like nanorods (c).
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(glycerol-to-water ratio of 8:1), the morphology of the
materials turns into nanoplates with an average length of 120
nm and width of 90 nm. Only a few nanorods are left, as shown
in Figure 8c,d. With further increasing the ratio of glycerol to
water to 1:1, the morphology of the materials is entirely
transformed into nanorods with a mean diameter of 100 nm
and length of 500 nm. A slight few of the nanorods are with
wedge angles at both ends (Fig 8e,f). The HRTEM (high-
resolution transmission electron microscopy) image (inset

image in Figure 8f) suggests that each nanorod is a LiFePO4
single crystal with a short b-axis and an elongation along the
[001] direction. However, when the ratio is increased to 1:3,
most of the materials exist as nanorods with wedge angles at
both ends, but the diameter of the nanorods is slightly
increased (Figure 8g,h). As the ratio increases to 0:2, the
nanorods obviously grow wider, and almost all the nanorods
show the wedge angles at both ends as shown in Figure 8i,j.
The HRTEM in Figure 8j indicates that the plane of the wedge
angles is (201) facet and the nano-hexahedral rods of the
olivine LiFePO4 grow preferentially along the c-direction. On
the basis of the above observations, it can be concluded that
water plays an important role in the morphology trans-
formation of the olivine LiFePO4 from nanplates to nanorods.
Figure 9 shows the XRD patterns of these samples prepared

in solvents with different compositions. It is very clear that all
the peaks of the LiFePO4 samples obtained in different solvents
can be well indexed to an orthorhombic olivine-type phase
LiFePO4 (JCPDS card No. 83-2092), indicating that the
solvent composition has no effect on phase purity. In addition,
the diffraction intensities of all the prepared LiFePO4 samples
gradually become stronger with the increase of the water
content. This conforms that the introduction of water into the
solvent system significantly benefits the crystallinity of the
LiFePO4.
On the basis of the above experimental results, a geometry

transformation mechanism of LiFePO4 particles is proposed
and schematically illustrated in Figure 10. For a crystal in its
thermodynamic equilibrium shape, the relative area of each

Figure 6. Electrochemical performances of LiFePO4@C nanoplates, rectangular prism-like nanorods (RP nanorods) and hexagonal prism-like
nanorods (HP nanorods).

Figure 7. EIS measurements of LiFePO4@C nanoplates, rectangular
prism-like nanorods and hexagonal prism-like nanorods.
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facet depends on its surface energy. When the solvent is
glycerol, which is organic with three hydroxyls in each
molecule, the glycerol solvent can easily adsorb on the formed
LiFePO4 nanocrystallites by hydrogen bonds between the
hydroxyls and the oxygen atoms in each crystal facet. The
adsorption of glycerol inhibits the growth of the LiFePO4
crystals. Here, the surface energies of the LiFePO4 in low index
directions and the number of oxygen atoms in each crystal facet
obtained according to Ceder’s report are shown in Table 1.49 It
can be seen apparently from Table 1 that the (010) facet of the
olivine LiFePO4 has a relatively low surface energy and mostly
oxygen atoms. On the basis of the above analysis, we propose
that the glycerol solvent can be easily adsorbed on the (010)
plane by hydrogen bonds between hydroxyls and oxygen atoms.

Therefore, LiFePO4 nanoplates with larger (010) facets are
obtained by the glycerol solvent. Previous literature reported
that polyhydroxy alcohol was a favorable solvent for the
nanoparticles to grow into nanoplates.50,51 However, when an
appropriate amount of water is introduced into the solvent
system, the selective adsorption of one hydroxyl of water is
more flexible than that in three hydroxyls of glycerol.
Therefore, the (010) and (100) surfaces of LiFePO4 are easily
adsorbed by water molecular with hydrogen bonds. Thus, the
presence of water in the solvent leads to the growth of the
LiFePO4 nanorods with a short b-axis and the elongation along
the [001] direction. Several groups have reported the synthesis
of LiFePO4 nanoparticles with anisotropic morphologies (for
example, thin hexagonal platelets,52 rectangular prisms,53

diamond-like54 and rods50,55) by hydrothermal method. Most
of these nanoparticles elongate along the c-axis, suggesting the
favorable growth in the [010] direction under normal
hydrothermal reactions.56 According to semiempirical calcu-
lations of surface energies, the stable growth morphology under
mild hydrothermal conditions is close to hexagonal prism
terminated by (010), (100) and (101) plane.57 Ceder et al.49

have calculated the thermodynamic equilibrium shape of the
LiFePO4 crystal based on a Wulff construction. The two low
energy surfaces (010) and (201) dominate in the Wulff shape
and make up almost 85% of the surface area. Both of the above
calculations theoretically predict the thermodynamic stable
morphologies of LiFePO4 and indicate that the surface energies
of the (010) and (100) faces are less than that of the (001)
face. Hence, when the reaction solvent is pure water, the water
molecular is favorably adsorbed in the (100), (010) and (201)
planes of LiFePO4 by hydrogen bonds because of more oxygen
atoms on these faces. The Adsorption slows down the crystal
growth along the three directions. However, the speed of the
crystal growth along [001] direction is fast because of the high
surface energy. Consequently, crystals that are similar to the
thermodynamic equilibrium shape of the LiFePO4 crystal with

Figure 8. SEM and TEM images of these samples prepared in different solvent compositions with various volume ratios of glycerol to water of 2:0
(a, b), 8:1 (c, d), 1:1 (e, f), 1:3 (g, h), and 0:2 (i, j). The inset images in b, f, and j are the corresponding HRTEM images.

Figure 9. XRD patterns of these samples prepared in different solvent
compositions with various volume ratios of glycerol to water of 2:0 (a),
8:1 (b), 1:1 (c), 1:3 (d), and 0:2 (e).
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large (010) and (201) planes are formed with a morphology of
hexagonal prism nanorod with a short b-axis and a long c-axis.

4. CONCLUSIONS

Olivine lithium iron phosphate (LiFePO4) nanoplates with a
larger (010) facet and rectangular prism and hexagonal prism
nanorods with short b-axis and elongated c-axis are successfully
synthesized via a solvothermal strategy in a glycerol and water
solvent system. The morphology of the materials is closely
dependent on the solvent composition. By monitoring the
morphologies of LiFePO4 nanoparticles prepared in solvents
with different compositions, it is found that the presence of
water in the solvent plays an important role in the
transformation of the morphology from nanoplate to nanorod.
Eventually, it changes to a thermodynamic equilibrium shape,
which is similar to that of the theoretical prediction. The
LiFePO4@C rectangular prism nanorods exhibit very high
capability and excellent rate performance. This desirable
electrochemical performance is ascribed to their moderate
size and shorter Li+ ion diffusion length along the [010]
direction.
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