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Abstract

LiMnPO,/C composites were synthesized via solid-state reaction with different carbon sources: sucrose, citric acid and oxalic acid. The sam-

ples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and electrochemical performance test. The results
of XRD reveal that carbon coating has no effect on the phase of LiMnPO,. The LiMnPO,/C synthesized at 600 °C with citric acid as carbon
source shows an initial discharge capacity of 117.8 mAh-g™" at 0.05 C rate. After 30 cycles, the capacity remains 98.2 mAh-g™'. The im-
proved electrochemical properties of LiMnPO,/C is attributed to the decomposition of organic acid during the sintering process.
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1 Introduction

The olivine LiMnPOy, is promised to be the potential ca-
thode material for rechargeable lithium ion battery, which
shows only one-dimensional channel for significant lithium
ion diffusion [1-3]. The LiMnPO, shows a voltage platform
of 4.1 V, much higher than LiFePO,. However, the large
rate charge-discharge capacity is significantly low [4], so the
application of LiMnPOQ, is limited. The poor conductivity of
electrodes is mostly due to the difficulty in lithium ion dif-
fusion. The structure defects in the LiMnPOj, cause the dif-
ficulty in lithium ion diffusion. Because of blockages in
one-dimensional and three-dimensional channels, lithium
ions can only diffuse around the blocked sites [5]. The key
rate-limiting factor is suggested to be the high effective mass
of polarons, because of the Jahn-Teller effect around an
Mn*"-ion[4]. However, the disputed problems are the exis-
tence of olivine MnPO, and the electrochemical delithiation
properties of LiMnPO4/MnPO, phase [6—7]. Efforts to im-
prove conductivity of LiMnPO, are concentrated on particle
diameter optimization [6—8], carbon coating [9-11], and
metal cation doping [12—14]. The carbon coating is regarded
as the fairly effective and convenient route to improve the
conductivity of LiMnPO,. The organic acid as carbon source
is adopted for coating. Because of the decomposition effect
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in the sintering process, the optimal particle size of LiM-
nPO4 can be obtained. As a result, the length of lithium ion
diffusion is reduced [15—17] and the reversible lithiation-
delithiation can perform well.

In this paper, LiMnPO4/C composites were synthesized
via a solid-state reaction, using sucrose, citric acid and ox-
alic acid as carbon sources. All these carbon sources be-
longed to the organic acid. During the sintering process, or-
ganic acid was broken down. Also, the carbon resulting
from thermal decomposition attached to the particle surface
of LiMnPO,/C, which could improve the conductivity. Then
the effects of these carbon sources on the properties of
LiMnPO,/C were investigated.

2 Experimental

LiMnPO,/C composites were synthesized by a solid-state
reaction method. MnCO;, Li,CO;, NH4H,PO, and carbon
sources (sucrose, citric acid and oxalic acid) with a
stoichiometric ratio were mixed homogeneously in an alco-
hol medium with ball-milling. The mixture removed to the
vacuum drying oven was dried at 60 °C for 10 h. As a final
step, the mixture was sintered at 500~700 °C for 20 h under
argon atmosphere.

Powder X-ray diffraction (XRD, X'Pert Pro) using



ZHONG Shengkui, et al., Synthesis and electrochemical performance of LiMnPQ,/C composites cathode materials 475

Cu-Ka radiation over the 26 range of 10°~80° with a step
size of 0.02° was employed to identify the crystalline phase
of the synthesized materials. The particle morphologies of
the powders were observed using scanning electron micros-
copy (SEM, JSM-6380LV). The electrochemical charac-
terizations were performed using CR2025 coin-type cells.
For positive electrodes fabrication, the prepared active ma-
terial LiMnPO, was mixed with 10 wt.% of carbon black
and 10 wt.% of polyvinylidene fluoride in N-methyl pyr-
rolidinone until slurry was obtained. And then the blended
slurries were pasted onto an aluminum current collector, and
the electrode was dried at 120 °C for 4 h in vacuum. The
cathodes were punched into circular discs with a diameter of
1.2 cm. The test cells consisted of the positive electrode and
lithium foil negative electrode separated by a porous poly-
propylene film, and 1 mol-L™" LiPF¢ in EC: EMC: DMC
(1:1:1 in volume) as the electrolyte. The assembly of the
cells was carried out in a dry Ar-filled glove box. The cells
were charged and discharged over a voltage range of 2.75
to 4.50 V versus Li/Li" electrode on battery testers (BTS-
5V3A) at 0.05 C rate. The cyclic voltammogram (CV) and
electronic impedance spectroscopy (EIS) were investi-
gated by electrochemical workstation (CHI660A). The CV
was tested at a scanning rate of 0.1 mV-s™' in the voltage
range of 2.5~4.5 V. The EIS were performed at 5 mV from
10 kHz to 10 mHz.

3 Results and discussion

The precursor with citric acid as carbon source was sin-
tered at temperatures ranging from 500 to 700 °C for 20 h.
Figure 1 compares the XRD patterns of LiMnPO,/C sam-
ples sintered at different temperatures. The amount of car-
bon in the LiMnPO,/C is about 3.1 wt.% determined by C-S
analysis method. No evidence of diffraction peaks for crys-
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Fig. 1 X-ray diffraction patterns of LiMnPO,/C samples sin-
tered at different temperatures
(1) 500 °C; (2) 600 °C; (3) 700 °C

talline carbon (graphite) appears in the diffraction pattern,
which indicates that the carbon generated from citric acid is
amorphous carbon and its presence does not influence the
structure. All the characteristic peaks of three samples could
be indexed as orthorhombic olivine LiMnPO,. As the tem-
perature increases, the intensity of the diffraction peaks is
obviously strengthened. Therefore, the optimal crystallinity
of LiMnPO,/C can be obtained because of the appropriate
high calcination temperature.

Further efforts are made to investigate the effect of dif-
ferent carbon sources on LiMnPO,/C. Figure 2 shows the
XRD patterns of LiMnPO,/C samples synthesized at 600 °C
with sucrose, citric acid and oxalic acid as carbon sources.
The peaks of LiMnPO,/C samples with different carbon
sources are entirely identical, and no impurities peaks could
be found in the patterns. Therefore, all carbon sources
transform into amorphous carbon, distributing in the sam-
ples. It shows that all LiMnPO,/C composites have the same
olivine structure and a space group of Pmnb as pure LiMn-
PO,. Thus, it is clear that different carbon sources coating
has no effects on the phase of LiMnPO,.

The SEM of the LiMnPO,/C samples with citric acid was
used to evaluate the effect of different sintering temperatures
on the surface morphology. Figure 3 shows the microstruc-
ture of LiMnPO,/C powders with citric acid sintered at
temperatures ranging from 500 to 700 °C for 20 h. At
500 °C, the particle size of LiMnPO,4/C is so irregular that
the lithium diffusion gets embarrassment. It is attributed to
that the lower sintering temperature is adverse to obtain the
uniform particle of LiMnPO,/C. However, the particle di-
ameter is well-distributed at 600 °C, and spherical particles
can be observed in Fig. 3(b). However, the particle sizes
become larger as the sintering temperature rises to 700 °C.
Serious agglomeration in Fig. 3(c) will make a poor electro-
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Fig. 2 X-ray diffraction patterns of LiMnPO,/C samples syn-
thesized with different carbon sources
(1) Oxalic acid; (2) Citric acid; (3) Sucrose
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Fig.3 SEM images of LiMnPO,/C samples sintered at different temperatures
(a) 500 °C; (b) 600 °C; (c) 700 °C

Fig. 4 SEM images of LiMnPO,/C samples synthesized with different carbon sources
(a) Oxalic acid; (b) Citric acid; (c) Sucrose

chemical performance of this sample. Thus, the well-distri-

buted particle of LiIMnPO,4/C could be obtained at 600 °C.
The SEM images of LiMnPO,/C samples prepared with

different carbon sources are shown in Fig. 4. It illustrates the

irregular particle sizes of LiMnPO,/C with oxalic acid in Fig.

4(a). The sample using sucrose as carbon source is observed
to have serious agglomeration in Fig. 4(c). On the contrary,
citric acid as carbon source can be used to form the fairly
homogeneous particles, which are illustrated in Fig. 4(b). It
is considered that the decomposition effect of organic acid
during the sintering process is favorable to control the parti-
cle size and prevent the agglomeration. Meanwhile, this de-
composition effect of organic acid can generate carbon
monoxide that is attributed to maintaining the stability of
Mn*" in the sintering process. Thus, the distance of lithium
ion diffusion is shortened, which is favorable to modify the
lithiation-delithiation process.

The electrochemical performance of LiMnPO,/C was
characterized by a charge-discharge test at the rate of 0.05C.
This sample exhibits a reversible plateau around 4.1 V vs.
Li/Li", which is the typical redox potential of Mn(Il)«>
Mn(III) in the LiMnPO, system. The LiMnPO,/C samples
with citric acid as carbon source demonstrate a reversible
initial discharge capacity of 105 mAh-g™' at 500 °C, 117.8
mAh-g™" at 600 °C and 107.2 mAh-g™" at 700 °C, as exam-
ined in Fig. 5. The cycling results of three samples are
shown in Fig. 6. After 30 cycles, it retained 98.2 mAh-g™" at
600 °C. The capacity of two other samples synthesized at
500 °C and 700 °C reduced so rapidly, which retained 76.9
mAh-g”' and 81.1 mAh-g™" after 30 cycles. In a word, the
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good electrochemical performance is obtained, when the
LiMnPO4/C powders with citric acid are sintered at 600 °C.

The first discharge curves of LiMnPO,/C samples are il-
lustrated in Fig. 7 and the results of cycling performance are
shown in Fig. 8. The curves present that the good charge-
discharge performance is obtained with citric acid as carbon
source, with the initial discharge capacity of 117.8 mAg-h™
and residual capacity of 98.2 mAh-g™" after 30 cycles. The
electrochemical performance of LiMnPO,/C with oxalic
acid is close to the former, with the initial discharge capacity
of 114.8 mAg-h™" and residual capacity of 92.4 mAh-g™" af-
ter 30 cycles. However, the first discharge capacity of the
sample with sucrose is 110.6 mAh-g”', retaining 89.7
mAh-g™' over 30 cycles.
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Fig. 5 [Initial discharge curves of LiMnPO,/C samples sinter-
ed at different temperatures
(1) 500 °C; (2) 600 °C; (3) 700 °C
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Fig. 6 Cycling performance of LiMnPO,/C samples sintered
at different temperatures
(1) 500 °C; (2) 600 °C; (3) 700 °C
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Fig. 7 Initial discharge curves of LiMnPQO,/C samples synthe-
sized with different carbon sources
(1) Oxalic acid; (2) Citric acid; (3) Sucrose
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Fig. 8 Cycling performance of LiMnPO,/C samples synthe-

sized with different carbon sources
(1) Oxalic acid; (2) Citric acid; (3) Sucrose

The EIS in the fully charged and discharged state was
used to evaluate the lithium ion diffusion coefficient in
LiMnPO,/C with different carbon sources. It is obvious that
each Nyquist plot is composed of two semicircles in the
high frequency and medium frequency region, and a straight
line in low frequency region in Figs. 9 and 10. A semicircle

is observed to center on the real axis at the high frequency
range. In the low frequency range, a straight line with an an-
gle of 45° to the real axis corresponds to the Warburg im-
pedance. The high frequency semicircle is related to the
charge-transfer resistance (R.,) and the double-layer capaci-
tance. The low frequency tails result from the diffusion of
lithium ions in the bulk active mass. The R, shows a greater
dependence on the lithium insertion and extraction levels.
Comparing the diameter of the semicircle of the above, it
can be found that citric acid coating (Fig. 9(2) and Fig. 10(2))
shows lower R, value than the others, which increases the
electronic conductivity and improve the Li" kinetic behavior.
Combined with results of SEM, LiMnPO,/C samples with
agglomeration perform the higher R, value because of the
poor lithium diffusion.

The cyclic voltammogram measurements were performed
on LiMnPO,/C with citric acid to characterize its electro-
chemical reactions. Figure 11 shows the cyclic voltammo-
gram curves of LiMnPO,/C. The positions of reduction and
oxidation peak are located at 3.916 and 4.406 V. The dif-
ference between reduction and oxidation peak is 0.49 V.
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Fig. 9 Nyquist plots of LiMnPO,/C samples with different

carbon sources (discharge)
(1) Oxalic acid; (2) Citric acid; (3) Sucrose
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Fig. 10 Nyquist plots of LiMnPO,/C samples with different
carbon sources (charge)
(1) Oxalic acid; (2) Citric acid; (3) Sucrose
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Fig. 11 Cyclic voltammogram curves of LiMnPO,/C

4 Conclusion

Different carbon sources were used to synthesize the
LiMnPO,/C. The results of XRD present that pure olivine
LiMnPO,/C is obtained by all these carbon sources. With
citric acid as carbon source, the LiMnPO,/C synthesized at
600 °C for 20 h has appropriate particle size, while the par-
ticle diameter is well-distributed. The decomposition effect
of citric acid in the sintering process is attributed to control-
ling the particle size of LiMnPO,/C. Therefore, it shows the
best discharge capacity of 117.8 mAh-g™ at 0.05 C and the
retention capacity of 98.2 mAh-g™' over 30 cycles. The EIS
shows the lower R value than others in charge and dis-
charge state. In conclusion, the conductivity and reversibility
of LiMnPO,/C are commendably enhanced, resulting from
using citric acid as carbon source.
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