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Abstract Olivine LiFePO,/C nanocomposite cathode mate-
rials with small-sized particles and a unique electrochemical
performance were successfully prepared by a simple solid-
state reaction using oxalic acid and citric acid as the
chelating reagent and carbon source. The structure and
electrochemical properties of the samples were investigated.
The results show that LiFePO,/C nanocomposite with oxalic
acid (oxalic acid: Fe*'=0.75:1) and a small quantity of citric
acid are single phase and deliver initial discharge capacity of
122.1 mAh/g at 1 C with little capacity loss up to 500 cycles
at room temperature. The rate capability and cyclability
are also outstanding at elevated temperature. When
charged/discharged at 60 °C, this materials present
excellent initial discharge capacity of 148.8 mAh/g at 1 C,
128.6 mAh/g at 5 C, and 115.0 mAh/g at 10 C, respectively.
The extraordinarily high performance of LiFePO,/C cathode
materials can be exploited suitably for practical lithium-ion
batteries.
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Introduction

Rechargeable lithium-ion batteries are becoming more
popular with the increasing demands for electric vehicles
and other portable devices [1, 2]. They are able to deliver
high-energy densities and have longer operational lifetimes
than many other battery systems [3]. Olivine structure
lithium iron phosphate (LiFePO,), as cathode material for
lithium-ion batteries, has attracted intensive studies since
1997 [4]. LiFePO4 material is considered to be a state-of-
the-art lithium-ion battery cathode material to substitute for
toxic and expensive LiCoO,, due to its lack of toxicity, low
cost, high safety, superior thermal stability, and environ-
mental friendliness [5]. In addition, LiFePO, has high
theoretical capacity (170 mAh/g) and better cycling
stability, with a flat voltage profile of about 3.4 V versus
Li/Li" [6].

However, there are two major impediments to the
commercial application of LiFePO,4: one is the low
electronic conductivity (107710 S/cm), which leads to
its poor rate capability; the other is the slow lithium-ion
diffusion across the LiFePO,/FePO, boundary [4, 7]. To
eliminate the two major impediments of LiFePO,, numer-
ous approaches such as conductive additive coating [8—10],
supervalence cation doping [11, 12], and minimizing
particle size by different synthesis routes [13—15], have
been reported. The synthesis method to produce LiFePO,
has been an important factor for its large-scale commercial
manufacture. Various synthesis routes have been proposed
to prepare LiFePQO,, such as solid-state reaction [16—18],
sol-gel preparation [19, 20], co-precipitation [21, 22],
microwave processes [23, 24], hydrothermal reaction [25—
27], carbothermal reduction method [28, 29], vapor
deposition procedure [30], etc. Compared to other methods,
solid-state reaction route can meet the needs of large-scale
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commercial manufacture [31]. However, larger particles and
low electrochemical performance are obstacles for solid-state
reaction route [32].

To obtain LiFePO, with small-size particle and high
electronic conductivity by solid-state reaction route, organic
acid, such as oxalic acid or citric acid, is used as carbon
sources to prepare LiFePO,/C composites. Organic acid can
decompose into carbon which improve the electronic
conductive of LiFePO,, also the CO generated during
decomposition and sintering works as a reducing agent
avoiding oxidation of Fe(II). In addition, the organic acid
can minimize particle size and make solid reactants touch
closely [24, 33]. Kim et al. [33] have synthesized LiFePO,
with good cycability by using oxalic acid as reducing agent.
In the synthesis process of LiFePO,/C, citric acid has not
only effectively inhibited the grain growth, enabling the
production of small size and well distribution of C in the
LiFePO,4/C composite [23, 24] but also act as a surface-
protecting agent, which increasing the necessary for
improved Li-ion extraction [34]. Wang et al. [23] have
synthesized LiFePO, using citric acid as raw material by
low heating solid-state coordination method and microwave
heating, and the results show that suitable amount of citric
acid led to the formation of homogeneous nano-particles
and improving performance of LiFePO,. Yan et al. [35]
report spheric LiFePO4/C using proper addition of citric
acid exhibit good performance at —20 °C. In addition, Liu
et al. [36] confirm that citric acid is an effective carbon
additive for improving electronic conductivity of LiFePOy,
and the LiFePO4/C retains over 92% of its original
discharge capacity beyond 2,400 cycles. Although
LiFePO4/C with small-size particle and high electronic
conductivity have been synthesized by using oxalic acid or
citric acid as carbon sources via solid-state reaction route,
to the best of our knowledge, LiFePO,/C material using
two organic acids (oxalic acid and citric acid) as raw
materials and its electrochemical performance at high
temperature have not been reported until now.

Herein, we first employ oxalic acid and citric acid as
chelating agent and carbon source, combine their
advantageous to synthesis LiFePO,/C nanocomposites
via a simple solid-state reaction. The residual carbon in
LiFePO4/C nanocomposite from the decomposition of
oxalic acid and citric acid can form a coating on the
surfaces of the LiFePO, particles for electronic conduc-
tion. The as-prepared sample with oxalic acid and citric
acid not only has smaller particle size (20-100 nm) and
well-distribution but also exhibits large reversible rate
capacity and excellent cycling stability under various
current densities, especially at high temperature (60 °C).
The impedance resistance of the as-prepared sample at
different voltages and cycles were further investigated in
detail.
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Experimental
Preparation of the LiFePO,/C composites

Stoichiometric Li,CO3;, (NH4),HPO,4, and FeC,042H,0
were mixed and milled in an agate mortar with a pestle for
1 h to form a homogeneous fawn mixture. Adding different
contents of oxalic acid (oxalic acid: Fez+=0.25:1, 0.5:1,
0.75:1, 1:1), the mixture were milled for another 1 h to
yield the final precursors (precursors A, B, C, D). In a typical
preparation, 2—5 g batches of the precursors were initially
preheated to 350 °C for 3 h under flowing N,. After cooling to
room temperature, the precursors were milled again for about
0.5 h and finally annealed at 700 °C for 10 h to yield the
LiFePO,/C composites (samples A, B, C, D).

A modicum of citric acid (5% by mole ratio, corresponding
to LiFePO,4) was mixed into precursor C, and the mixture
was then milled for 0.5 h. After undergoing the same
synthesis process, a LiFePO,/C nanocomposite (sample E)
was obtained.

Characterization

The crystalline phase of the resulting materials was
analyzed by powder X-ray diffraction (XRD, MXP18AHF,
MAC, Japan), which was carried out using Cu K« radiation
(A\=1.54056 A). The grain size and morphology of the
samples were observed using scanning electron microscope
(SEM, JSM-6460A, Jeol, Japan) and transmission electron
microscopy (TEM, H-600, Hitachi, Japan). The particle size
distribution was measured with a Zeta Potential Analyzer
(ELS-8000, Otsuka Electronics, Japan).

The electrodes which were tested at room temperature were
made by dispersing 85% active materials, 10% acetylene
black, and 5% poly(vinylidene fluoride) (by weight) in N-
methyl pyrrolidinone solvent to form a homogeneous slurry,
while the ones tested at 60 °C consisted of 80% active
materials, 15% acetylene black, and 5% poly(vinylidene
fluoride) (by weight) [37]. The slurry was then spread onto
an aluminum foil substrate and dried at 120 °C for 10 hin a
vacuum oven. The cells were assembled in an argon-filled
glove box with lithium metal as the counter electrode,
Celgard 2,400 as separator, and 1 mol L' LiPF4 in a mixture
of ethylene carbonate and dimethyl carbonate (EC: DMC=
1:1 by weight) as electrolyte. Galvanostatic charge and
discharge cycling were performed between 2.5 and 4.1 V on
a battery test instrument (CT2001A, Land, China) at selected
temperatures. Cyclic voltammograms (CVs) were collected
over a voltage range of 2.5 to 4.1 V at different scan rates
using an electrochemical workstation (CHI660B, Chenhua,
China). Electrochemical impedance spectroscopy (EIS) of
the cells were conducted, and the spectra were recorded over
the 0.1 to 100 kHz frequency range using an impedance
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Fig. 1 X-ray diffraction patterns of the LiFePO,/C nanocomposites
(samples a—e)

measurement system (IM6e, Zahner, Germany), which
applied a DC potential equal to the open circuit voltage of
the cell and an ac oscillation of 5 mV.

Results and discussion

Figure 1 shows the XRD patterns of the LiFePO,/C
nanocomposites (samples A, B, C, D, and E). It can be

Fig. 2 SEM images of
LiFePO,/C (a sample C;
b sample E), TEM image
(¢ sample E) and particle
size distribution pattern of
LiFePO4/C (d sample E)
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Fig. 3 Cycling performance of the LiFePO.,/C nanocomposites
(samples a—e) at a current density of 170 mA/g (1 C rate)

observed that the positions of the characteristic peaks of the
samples are almost the same as those of single-phase pure,
ordered, orthorhombic, olivine-structured LiFePO,. The
intensity of the peaks of the samples is reduced with ratio
of oxalic acid: Fe** from 0.25:1 to 1:1, suggesting the
relatively poor crystalline of carbon-coated LiFePO,.
However, no carbon peaks are detected due to its low
content and amorphous state [38].

The SEM of LiFePO,/C (sample C and E) is used to
evaluate the effect of citric acid on the surface morphology.
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Fig. 4 Cyclic voltammograms of LiFePO,/C nanocomposite (sample
E): a the first 3 cycles at a scan rate of 0.2 mV/s; b the second cycle at
different scan rates

It can be observed from Fig. 2(a, b) that the LiFePO,
particles (sample E) are smaller, well distribution and more
uniform after adding citric acid, which indicating that a
small amount of citric acid has inhibited the grain growth.
Figure 2(c) presents TEM image of sample E. It can be seen
that the nanocomposite is composed of many small
particles, which are completely coated by carbon film to
form the carbon-coated structure. The sizes of these
particles are clearly reflected in the particle size distribution
pattern (Fig. 2(d)). It can be seen that approximately 80%
of the LiFePO,/C particles are in range of 20—-100 nm, with
an average particle size of ~60 nm. The formation of
homogeneous nanosized particles might be ascribed to citric
acid addition: the added citric acid expanded after being
heated, thus reducing the surface tension of the precursors and
inhibiting the grain growth. The small particle size and
carbon-coated structure can efficiently shorten the diffusion
length of Li" and enhance the electric conductivity of the
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electrode [39—41]. In view of the differences at morphology
and particles size, sample E is anticipated to exhibit
superiority electrochemical performance.

Figure 3 shows the cycling performance of the LiFePO,/
C nanocomposites (samples A, B, C, D, and E) at a
constant current density of 170 mAh/g (1 C rate). Among
the cycling performance curves of the samples A, B, C, and
D, progressive enhancement of the discharge capacity
becomes obvious with increasing amounts of oxalic acid.
When the amount of oxalic acid rises to 0.75 (sample C),
the material possesses the best electrochemical perfor-
mance: The initial discharge capacity is the highest
(115.4 mAh/g), and the cycling performance is the steadiest
among the four samples (samples A, B, C, and D). The
results indicate that the oxalic acid content should have a
great influence on the performance of LiFePO, and needs
to be optimized. Compared with the cycling performance of
sample C, sample E (the material with citric acid) has
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Fig. 5 a Galvanstatic charge/discharge profiles of LiFePO,/C nano-
composite (sample E) at the 1 C rate during long cycling; b 600th
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dV (Ah/gV), based on plots extracted from (a)
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Fig. 6 Cycling performance of LiFePO,/C nanocomposite (sample E): a at 1 C rate, b at various charge/discharge rates during continuous
cycling, ¢ at different temperatures during continuous cycling at 1 C, and d at various charge/discharge rates at 60 °C

higher initial discharge capacity and better cycling perfor-
mance, indicating that citric acid can play an important role
in improving the discharge capacity and cycling perfor-
mance of LiFePO,/C nanocomposites, which is consistent
with the results of SEM.

To analyze the electrochemical properties of the
LiFePO4/C nanocomposite (sample E), cyclic voltammo-
grams are collected, as shown in Fig. 4. The voltage is in
the range of 2.5 to 4.2 V vs. Li/Li". Figure 4(a) shows the
first 3 cycles at a scan rate of 0.2 mV/s. There are only a
single pair of peaks for each cycle, implying the typical
two-phase reaction between LiFePO4 and FePO, [4]. The
redox peaks of the first cycle are located at 3.25 and 3.66 V,
which corresponds to the extraction and insertion of Li".
After “activation” by the first redox, the current peaks of
the following cycles become sharper and larger. The curves
of the second and the third cycles are in good superposition,
indicating that the electrochemical reversibility of LiFePO,/C
nanocomposite (sample E) is established after the first cycle
[32]. Figure 4(b) shows cyclic voltammograms of the second

cycle of LiFePO4/C nanocomposite (sample E) at different
scan rates. With enhancement of the scan rate, the redox
peaks of LiFePO,/C nanocomposite (sample E) are still
symmetric, revealing that LiFePO,/C nanocomposite (sam-
ple E) possesses excellent reversibility of the redox reaction
at various scan rates.

Figure 5(a) shows the galvanstatic charge/discharge
profiles of LiFePO,/C nanocomposite (sample E) at 1 C
rate over 600 cycles. The charge profiles have flat voltage
plateaus around 3.5 V while that of the discharge profiles is
around 3.4 V. The flat voltage profile areas and the decrease
in the discharge capacity with cycling are due to the
decreasing amounts of utilizable activated material [42].
The differences (AE) between the charge and discharge
voltage are clearly shown in 5(b) and (c). The difference
(AE) is 0.08 V for the 1st cycle and 0.05 V for the 600th
cycle, respectively. The declining trend of AE demonstrates
that the voltage polarization of the material during long-
term cycling is comparatively small, which should be
ascribed to the high electronic conductivity. This may be
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affected by the improvement in the kinetics of the lithium
intercalaction/deintercalaction at the electrode/electrolyte
interface and/or the high conductivity through the carbon
film on the LiFePO,/C [43, 44].

Good cycling performance is a remarkable advantage of
the LiFePO,/C nanocomposite (sample E). Figure 6(a)
shows the cycling performance of the LiFePO4/C nano-
composite (sample E) at 1 C rate. The discharge capacity is
121.7 mAh/g for the 1st cycle, increases up to 124.5 mAh/g
in the following 50 cycles, and remains constant up to
500 cycles. Over the 500 cycles, the capacity fading per
cycle is 0.12%, and the Coulombic efficiency >96%, which
indicates that the LiFePO,/C nanocomposite (sample E)
possesses excellent cycling performance at the 1 C rate.

The high-rate capability is another remarkable advantage
for the LiFePO,/C nanocomposite (sample E). The dis-
charge capacity of the LiFePO4/C nanocomposite (sample
E) varies with different charge/discharge currents, as shown in
Fig. 6(b). This material is capable of delivering 120.2, 117.3,
114.5, 110.9, 107.5, and 94.9 mAh/g at the rates of 1 , 2, 3,
4,5, and 10 C, respectively. Although the discharge
capacities decrease regularly with increasing current rate,
they can be fully regained once the charge/discharge current
returns to the 1 C rate. Compared with the initial discharge
capacity of 120.2 mAh/g, a higher discharge capacity of
122.8 mAh/g is obtained when the discharge current rate
return to 1 C rate, which makes it clearly that the LiFePO,/C
nanocomposite (sample E) possesses admirable electrochem-
ical reversibility and a stable structure at various charge/
discharge currents. The excellent electrochemical perform-
ances are ascribing to small, uniform distribution and close
contact with each other of the particles.

The effects of the testing temperature on the electro-
chemical characteristics of LiFePO4,/C nanocomposite
(sample E) were investigated with different charge/dis-
charge rates. Figure 6(c) shows the cycling performance of
LiFePO,4/C nanocomposite (sample E) at different temper-
atures (at room temperature and 60 °C) with the 1 C rate.
The average discharge capacity is 153.2 mAh/g at 60 °C for
the first 50 cycles, which is higher than the corresponding
average discharge of 127.8 mAh/g at room temperature in
the subsequently 10 cycles. When the testing temperature
return to 60 °C after 60 cycles, the LiFePO,/C nano-
composite (sample E) can still deliver a discharge capacity
of 152.3 mAh/g.

The high-rate cycling performance of the material at 60 °C
is perfect. The initial discharge capacity at 60 °C is 153 mAh/g
at1 C, 128.6 mAh/gat5 C, and 115 mAh/g at 10 C (as shown
in Fig. 6(d)), and there are little capacity loss up to 50 cycles
for each of them. The excellent cycling performances at high
rate at selected temperatures are due to the enhancement of
electrical conductivity by the carbon film on the surfaces of
the LiFePO,/C.
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The kinetic processes of the LiFePO,/C nanocomposite
(sample E) can be clearly depicted by EIS measurements.
Here, impedance measurements were carried out at room
temperature on cells at selected voltages of LiFePO,/C
versus Li in the voltage range of 2.0 to 4.1 V during the
initial charge cycle, as shown in Fig. 7(a). The intercept at
the Z, axis in high frequency corresponds to the Ohmic
resistance (R.), which represents the total electric resistance
of the electrode materials, the electrolyte resistance, and the
resistance of the electric leads [45]. The semicircle in the
middle frequency range indicates the charge transfer
resistance (R). The inclined line in the low frequency
range is attributed to the Warburg impedance (Z,), which is
associated with lithium-ion diffusion in the LiFePOy4
particles [46]. The charge transfer resistance (R.) is about
400 Q2 for the fresh cell, rises to 650 2 when the charge
voltage is 3.2 V and then descends progressively to about
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Fig. 7 Nyquist plots for the LiFePO,/C nanocomposite (sample E)
electrode a at various voltages during the initial charge cycle, and b
after 10, 20, 30, 40, 50, and 100 cycles at the 1 C rate. The insets
show the charge transfer resistance at different voltages (a) and
different cycle numbers (b)
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250 ) after the charge voltage changes from 3.4 to 4.1 V.
The change in the R is clearly shown in the inset of 7(a).
The change in R, before 3.2 V would have a close
relationship to the appearance of the FePO, phase and high
lithium ion concentrations in the electrolyte. The R is the
highest when FePO, is the major phase in the charge state.
Wang [47] et al. have reported that the R, is much bigger at
higher lithium ion concentrations in the electrolyte than at
lower ones. After the cell is charged at 3.4 V, especially at
4.1 V, the lithium ion concentrations are lower, and the
LiFePO,4/C cathode material has been completely activated,
which can contribute to the decline of the charge transfer
resistance values. Figure 7(b) shows impedance spectra for
the LiFePO,/C nanocomposite (sample E) in the open
circuit state after different cycling tests at the 1 C rate.
Obviously, the R, of the LiFePO,/C electrode is smaller
after the 1st cycle for the fresh electrode, but there are no
obvious changes in extended cycling tests (as shown in the
inset of Fig. 7(b)), which are consistent with the CVs. The
similar impedance spectra of the LiFePO,/C after the 1st
cycle appear to be due to the better electrical contact and
the improvement of the intrinsic electrical conductivity by
the carbon film on the LiFePO, particles. These results
indicate that the kinetic behavior of the LiFePO,/C nano-
composite is stable and imply superior cyclability of the
material.

The excellent performances of the LiFePO,/C nano-
composite (sample E) obtained in our work can be ascribed
to the ordered olivine structure of LiFePO,, along with the
unique microstructure, small particles, and high conductiv-
ity improved by the carbon film, which can make possible a
near approach to the large-scale use of LiFePO, as a
cathode material for high-energy-density, high-power
lithium-ion batteries in electric vehicles, and other mobile
devices.

Conclusion

The superior electrochemical performance of LiFePO,/C
nanocomposite at high rate and over long cycling was
achieved by a simple solid-state reaction by using oxalic
acid and citric acid as chelating agent and carbon source.
The residual carbon can coat the surfaces of the LiFePO,
particles to form a carbon-coated structure, which can
improve the electronic conductivity of LiFePO,. The
LiFePO4/C nanocomposite with citric acid (sample E)
delivers discharge capacities of 123.1 mAh/g at 1 C at
room temperature, 153.0 mAh/g at 1 C at 60 °C,
128.6 mAh/g at 5 C at 60 °C, and 115.0 mAh/g at 10 C
at 60 °C, respectively. During long-term cycling at different
rates, the discharge capacity has no noticeable fading. The
electrochemical performance and the simple preparation

route of the LiFePO,/C nanocomposite for lithium-ion
batteries reported here demonstrate its promising applica-
tion in vehicles and other mobile devices.
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