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Abstract Although LiFePO4 (LFP) is considered to be a
potential cathode material for the lithium-ion batteries, its
rate performance is significantly restricted by sluggish
kinetics of electrons and lithium ions. Several attempts
have been made so far to improve the performance of
LiFePO4 by reducing the grain size, doping with aliova-
lent atoms, and coating conductive materials such as
carbon or RuO2. We report here synthesis of LFP nano-
plates by solvothermal method, tailoring the thickness as
well as carbon coverage at surfaces to explore their
influence on the storage performance. Due to the fact that
Li+ ion diffuses along the b-axis, solvothermal method
was aimed to control the thickness of nanoplates across
the b-axis. We synthesized several nanoplates with various
plate thicknesses along b-axis; among those, nanoplates of
LFP with ∼30-nm-thick b-axis having thin (2–5 nm) and
uniform layer of carbon coating exhibits high storage
capacity as well as high rate performances. Thus, a
favorable morphology for LiFePO4 has been achieved
via solvothermal method for fast insertion/extraction of
Li+ as compared to spherical nanoparticles of carbon-
coated LFP. Galvanostatic cycling shows a capacity of

164±5 mAh g−1 at 0.1 C rate, 100±5 mAh g−1 at 10 C
rate, and 46±5 mAh g−1 at 30 C rate, with excellent
capacity retention of up to 50 cycles. Further attempts
have been made to synthesize LiMnPO4 (LMP) as well as
Li(Fe1−xMnx)PO4/C (x=0.5) nanoplates using solvothermal
method. Although LiMnPO4 does not exhibit high storage
behavior comparable with that of LiFePO4, the mixed
systems have shown an impressive storage performance.
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Introduction

Olivine-based phosphates (LiMPO4, M = Mn, Fe, Co and
Ni) have been recognized as a promising family of
cathode materials for lithium-ion batteries [1]. Among
these, LiFePO4 has attracted great attention due to a
variety of advantages such as ease of synthesis, environ-
mental benignness, low cost, and high flat potential during
charge/discharge processes [2–8]. In spite of these advan-
tages, the observed electrochemical performances of
LiFePO4 are found to be poor (storage capacity drops
significantly at high current density) [6, 7] as LiFePO4 is
known to be a poor conductor of both electrons as well as
ions [9–12]. It is reported based on ab initio [13]
calculations as well as atomistic simulations [14, 15] that
Li ions preferably move faster along the b-axis than along
the a- or c-axes in the crystal with orthorhombic space
group Pnma. On the other hand, transport measurements
on single-crystalline LiFePO4 by Amin et al. [11], further
claims that Li+ ionic conductivity is nearly four orders of
magnitude lower than the electronic conductivity along
the b- and c-axes while it is many orders of magnitude
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lower along the a-axis. Thus, in order to achieve high rate
performance, it is mandatory to reduce the grain size along
the b- and c-axes if not at least along the b-axis so that Li
ions as well as electrons are extracted from the bulk
instantly. Such a criteria of having a morphology with thin
b-axis of the LiFePO4 crystallites will result in high rate
performances due to fast extraction of Li+ within the bulk
while the exterior decoration of LiFePO4 uses conductive
materials such as carbon [16–19] or RuO2 [7] enhances
the electronic wiring among various particles. It is thus
important to control the morphology of the LiFePO4

crystallites to achieve favorable high rate performances.
This paper aims at presenting such a nanoarchitecture with

controlled morphology in LiFePO4 achieved through solvo-
thermal synthesis route which provides feasibility of reduc-
ing the b-axis to the smallest possible thickness reported so
far with uniform coating of carbon on the surface. We show
here that the present synthetic approach enables extraction of
both ions as well as electrons fast enough in LFP nanoplates,
resulting in high rate performances and addresses the issues
related to spherical particles exhibiting isotropic transport
behavior with poor rate performances. In addition, we have
synthesized nanoplates of the other member of olivine
family, namely LiMnPO4 and nanoplates of solid solutions
of LiFe0.5Mn0.5PO4, and evaluated their storage properties.

Experimental section

Synthesis

Carbon-coated thin nanoplates of LiFePO4 were synthesized
using solvothermal method. A stoichiometric mixture of
starting materials, lithium dihydrogen phosphate (LiH2PO4,
Aldrich), iron(II) oxalate dihydrate (FeC2O4·2H2O Merck),
and D-gluconic acid lactone (C6H10O6, Aldrich), in the molar
ratio of 1:1:5, respectively, were taken in the Teflon vessel;
25 mL of ethylene glycol was added and sealed tightly in a
stainless-steel autoclave. The autoclave was heated to 250 °C
for 8 h in an oven, and then it was allowed to cool down to
ambient temperature. The black precipitates obtained were
washed several times with ethanol and dried. Here D-
gluconic acid lactone acts as carbon source, resulting in a
uniform carbon coating on LiFePO4. Under a similar
condition, MnCO3 (Merck) was used to synthesize
LiMnPO4, and in case of LiFe0.5Mn0.5PO4, MnCO3 and
FeC2O4·2H2O were used in an equimolar ratio. As-
synthesized LiFe1−xMnxPO4/C was annealed at 450 °C for
4 h in an Ar–H2 (95:5) atmosphere in order to carbonize the
gluconic acid lactone completely and to increase the
crystallinity of the samples. Carbon (10 wt.%) was found
from the thermogravimetric and elemental analyses on
LiFePO4/C.

Structural and electrochemical characterization

X-ray powder diffraction (XRPD) patterns were obtained
using a D5005 Bruker X-ray diffractometer equipped with
Cu-Kα radiation. The accelerating voltage and current were
40 kVand 40 mA, respectively. The scan speed of 0.015° s−1

was used. Lattice parameters were obtained using TOPAS-R
(version 2.1) software. Scanning electron microscopy (SEM)
images were taken from a Jeol JSM-6700F field emission
scanning electron microscope (FESEM) operated at 5 kVand
10 mA. For SEM analysis, the samples were coated with a
100-nm-thin platinum coating using DC sputtering. JEOL
JEM-2010 was used to get the high-resolution transmission
electron microscopy images to study the morphology and
measure the carbon layer thickness of the LiFePO4/C
nanoplates. For electrochemical studies, composite electro-
des were fabricated with the active material, super P carbon
black, and binder (Kynar 2801) in the weight ratio 70:15:15
using N-methylpyrrolidone as solvent. Electrodes with
thickness of 10 μm were prepared using an etched aluminum
foil as current collector using doctor-blade technique.
Lithium metal foil, 1 M LiPF6 in ethylene carbonate,
diethyl carbonate (1:1V/V; Merck), and Celgard 2502
membrane were used as counter electrode, electrolyte, and
separator, respectively, to assemble coin-type cells (size
2016) in Ar-filled glove box (MBraun, Germany). The
geometrical area of the electrode was 2.0 cm2. Details of
cell fabrication have been described previously [20]. The
active material content in the electrode was around ∼2 mg.
The cells were aged for 12 h before the measurement.
Charge/discharge cycling at constant current mode was
carried out using a computer-controlled Arbin battery
tester (Model, BT2000, USA).

Result and discussion

Recently, various synthesis routes such as sol-gel [21,
22], hydrothermal [23], carbothermal [24], polyol method
[25], coprecipitation [26, 27], freeze-drying [28], and
microwave hydrothermal method [29–32] have been
adopted to synthesize nanostructured LiFePO4/C compos-
ite and to improve rate performance. Here, we adopt
solvothermal method for synthesis of LiFePO4, LiMnPO4,
and LiFe0.5Mn0.5PO4 nanoplates.

LiFePO4/C nanoplates were synthesized using solvo-
thermal route [20]. The XRPD studies show single-phase
formation of LiFePO4 as seen in Fig. 1. All the peaks in the
XRPD pattern were indexed with an orthorhombic space
group, Pnma. The obtained lattice parameters of LiFePO4/C
are a=10.3317 Å; b=6.0083 Å; c=4.6946 Å, and the cell
parameters compare well with those reported in the literature
(JCPDS Card No. 83-2092).
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Further, FESEM and transmission electron microscopy
(TEM) techniques were used to characterize the morphol-
ogy and thin layer of carbon coating on the surfaces of the
crystallites. Figure 1b–d presents the FESEM and TEM
images of LiFePO4 nanoplates obtained from the solvo-
thermal method. Figure 1b reveals that LiFePO4 plates are
with thicknesses of 30–40 nm. Figure 1c, d shows a
uniform carbon coating with a thickness of 2–5 nm on
LiFePO4 nanoplates in contrast to other reports, where
LiFePO4 particles were synthesized by sol-gel method with
nonuniform conductive carbon coating [7].

Figure 2a, b is the TEM image and SAED pattern of
LiFePO4 nanoplate, respectively. The SAED pattern, same as
the [010] SAED pattern of LiFePO4 reported by the Chen et
al. [33], reveals that the plate is a LiFePO4 single crystal with
b-axis along the thinnest direction. The c*/a* ratio in the
reciprocal lattice from Fig. 2b is found to be 2.20, identical to
the a/c ratio of a LiFePO4 crystal with a=1.0334 nm, b=
0.6002 nm, and c=0.4695 nm. The large face of the plate
(Fig. 2a) lies in the ac plane, and its normal is along the b
direction. It is found that the thickness along the a- and c-axes
is in the range 500–800 nm and 30–40 nm along the b-axis
(average values based on measurements of about 30
crystallites). It is worth mentioning that the 30–40-nm-thick
b-axis has been achieved through this solvothermal method.

Raman spectroscopy is a predominantly useful tool for
analyzing the coated carbon on the near surface, especially
at the D and G bands of carbon [34–36]. Figure 3 shows a
characteristic Raman spectrum of LiFePO4/C nanoplates
synthesized by solvothermal method. A small band
appears at 940 cm−1 and is attributed to the symmetric
stretching mode of PO4

3− anion in LiFePO4. Two broad
and strong bands situated at 1,378 and 1,592 cm−1 are
designated to the D (disordered) and G (graphene) bands
of the residual carbon coated on the LiFePO4 nanoplates,
respectively [37–39]. Raman spectra of the LiFePO4/C
nanoplates are consistent with earlier reports. The relative
intensity ratio between the D and G bands can be used to
assess the content of sp3 and sp2 carbon in the sample, in
addition to the extent of carbon disorder in microcrystal-
line graphite. Doeff et al. [40–42] reported that increased
amounts of sp2-type carbon or decreased D/G ratio greatly
enhance the electronic conductivity, leading to the good
discharge capacities and superior rate capability of
LiFePO4 cathodes. The ID/IG ratios of the LiFePO4

nanoplates are found to be 0.781; this shows the larger
amount of graphene clusters than the disordered carbon
structure, which facilitates a better cell performance of
LiFePO4/C nanoplates as seen from Fig. 4 discussed in
later section.

Fig. 1 a XRPD pattern of
LiFePO4/C nanoplates, b
FESEM image of the
LiFePO4/C nanoplates,
c TEM image showing a uni-
form coverage of amorphous
carbon coating around the
LiFePO4 surface, d high-
resolution TEM image showing
5-nm-thick amorphous carbon
layer around the surfaces of
LiFePO4
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Charge–discharge electrochemical performance of a
typical LiFePO4/C versus Li cell is shown in Fig. 4 up to
50 cycles at a current density of 17 mA g−1 (0.1 C rate) in
the voltage range 2.3–4.3 V. During the first-charge (Li
deintercalation) process, the voltage increased sharply to
∼3.45 V from the open-circuit voltage (OCV=3.0 V)
followed by a long plateau until about 125 mAh g−1

(Fig. 4a) and then gradually increased to the cutoff voltage
value, resulting in a storage capacity of 165 mAh g−1 (quite
close to the theoretical value of 170 mAh g−1). The
discharge curve shows a similar plateau region. The
irreversible capacity loss between the first-charge and
first-discharge reaction is only about 10 mAh g−1. Quite
less polarization of about 60 mV (ΔV) between two
plateaus has been observed (Fig. 4a)

It is seen from Fig. 4b that the specific discharge capacities
at the end of tenth cycle are 165 (±5) mAh g−1 at 0.1 C rate
(17 mA g−1) and ∼ 46 (±5) mAh g−1 at 30 C rate
(5,100 mA g−1). These results are much better than those
presented earlier by Dominique et al. [3] on LiFePO4/C

electrode material synthesized using sol-gel method and are
very well in agreement with the results reported by Hu et al.
[7] using LiFePO4 coated with carbon as well as RuO2

coating layers. It is worth mentioning that the present
solvothermal synthesis approach allows us to avoid expen-
sive RuO2 coating to achieve high rate performance of
LiFePO4.

The above results emphasize the need for optimizing the
morphology and hence controlling the thickness of the b-
axis along which Li+ ion diffuses fast. Also, the present
study highlights the necessity for the carbon coating on the
surfaces of LiFePO4. Such an ideal morphology results in a
quite high performance at 30 C with a storage capacity of
46 mAh g−1. While dealing with spherical particles of say
our own ball-milled LiFePO4, it is clear that the poor
performance is due to lack of uniform carbon coating.
Although the ball-milled spherical samples have an ideal
size of about 40–50 nm, favorable for the fast insertion and
extraction of both Li+ and e− into the bulk, it does not help
in improving the electrochemical performances as the
electronic conduction is still low enough to establish a
highly conducting surface connectivity with neighboring
particles. Thus, it is important to optimize not only the
morphology but also conductive carbon surface coating in
order to achieve a high rate performance of this cathode
material.

Figure 5a, d shows the XRPD patterns of LiMnPO4/C and
LiFe0.5Mn0.5PO4/C. XRPD patterns clearly reveal the single-
phase formation of LiFe1−xMnxPO4 (x=1 and 0.5) nano-
plates. All the peaks in the XRPD patterns were well indexed
to the corresponding JCPDS pattern (see Fig. 5a, d). Unlike
LFP, nanoplates of LMP are not self-assembled and are
randomly oriented which is shown in Fig. 5b. The galvano-
static charge and discharge curves of LiMnPO4/C and
nanoplates at C/10 are shown in Fig. 5c. LMP nanoplates
show a reversible discharge capacity of 47±5 mAh g−1,
which is equivalent to 27% of the theoretical capacity of

Fig. 2 a TEM image of the
LiFePO4/C plate with the a
and c directions indicated
and b the SAED pattern of
the nanoplate

Fig. 3 Raman spectrum of the LiFePO4/C nanoplate
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171 mAh g−1 of LMP. These galvanostatic charge–discharge
results are comparable to that reported earlier [43–46]. This
restricted electrochemical performance could be the result of
very less intrinsic electronic conductivity and sluggish lithium
diffusion kinetics within the LMP plates. In addition, the poor
performance of LMP during discharge is attributed to the poor
mechanical strength of the nanoplates upon Li insertion. On the
other hand, LMP nanoplates prepared byWang et al. [47] using
polyol method performs well upon ball milling with carbon
precursor. When compared with LMP/C, solid-solution

LiFe0.5Mn0.5PO4/C nanoplates exhibit a better storage perfor-
mance of 65±5 mAh g−1 with very less irreversible capacity
loss under similar conditions. It is quite interesting to note that
the mechanical strength of the nanoplates has improved in the
LiFe0.5Mn0.5PO4, similar to LiFePO4. Even the morphologies
of LiFePO4 and LiFe0.5Mn0.5PO4 look quite similar with self-
assembly of nanoplates (see Figs. 1b and 5e) whereas
LiMnPO4 forms isolated nanoplates (Fig. 5b). Thus, the
morphology of LiFe1−xMnxPO4/C (x=0, 0.5, and 1) is found
to be sensitive to their high storage performance.

Fig. 4 Galvanostatic charge–discharge cycling curves for LiFePO4 (current density 17 mA/g; potential window 2.3–4.3 V): a solvothermal
method with carbon coating, b rate performance of LiFePO4/C (here 1 C refers to a capacity of 170 mA/g in 1 h)

Fig. 5 LMnPO4/C nanoplates: a PXRD pattern, b FESEM image with scale bar 100 nm, and c galvanostatic charge–discharge cycling curves.
LiFe0.5Mn0.5PO4/C nanoplates: d PXRD pattern, e FESEM image with scale bar, 1 μm, f galvanostatic charge–discharge cycling curves
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Conclusion

We have synthesized nanoplates of LiFePO4 with 5-nm-thin
uniform carbon coating by solvothermal method, and also
we have extended the synthetic strategy to prepare the
nanoplates of LiMnPO4/C and LiFe0.5Mn0.5PO4/C. The
thickness along the b-axis is found to be 30–40 nm in case
of LiFePO4/C, such morphology favors short diffusion
lengths for Li+ and e−, resulting in high rate performances.
Thus, we have demonstrated that the Li+ diffusion along the
b-axis and conductive surface coating are crucial for the
high rate storage performances of LiFePO4/C as cathode
materials in lithium-ion batteries in the light of present
demands for high-power applications such as electrical
vehicle and power tools.
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