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In this work, LiMng7Feq3PO4/C composite cathode materials were prepared by hydrothermal process
followed by carbon-coating. The influence of temperature and the added surfactant CTAB in the
hydrothermal process on the structure and electrochemical performance was investigated. The results
show that suitable amount of CTAB can reduce the crystal particle growth and improve the particle
dispersion, while the particles crystallinity is noticeable affected by the hydrothermal temperature. The
sample with higher crystallinity exhibits smaller charge transfer resistance and higher Li* diffusion
coefficient, and then better electrochemical performance. Well-dispersed LiMng7Fep3PO4/C
nanocrystalline particles can be successfully prepared hydrothermally at 180 °C with adding of 0.075 g
mL™ CTAB, and present high capacity and excellent rate capability. Its capacity reaches 156.3 mAh g
! at 0.2C, and still remains 132.3 mAh g™* even at 5C.
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1. INTRODUCTION

Lithium-ion batteries (LIB) have been used as the promising power for EV and HEV due to
high energy density and long life [1]. At present, one of the widely used cathode materials in such
commercialized LIBs is olivine LiFePO4, which is high safety, low cost, high theoretical capacity (170
mAh g?) and excellent cycling performance [2]. However, the intrinsically low energy density of
LiFePO, due to low voltage plateau (~3.5V) limits its application. Compared with LiFePQy, olivine
LiMnPO, presents the same theoretical capacity, but higher voltage plateau (~4.1V). Therefore, olivine
LiMnPO,4 have been investigated thoroughly by many research groups and developed as one of the
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most promising next generation cathode materials for EV or HEV used LIB’s in recent years [1,3].
Owing to its poorer electronic conductivity than LiFePQO,, the recent researches on LiMnPO, have
focused mainly on improving its electrochemical properties by the following modification methods: 1)
doping by cation such as Fe, Mg, Zn, Zr, Co, Cr, Ti etc. [4-11]; 2) surface coating by good conduct
material such as carbon, reduced grapheme oxide etc. [12-15]; 3) particle size reduction to decrease
solid-state Li diffusion path [12,16,17]. As shown in literatures, carbon-coated LiMn;4FePO,
(x=0.2~0.5) nano-particles exhibited higher rate capability and large capacity than LiMnPO,.

Carbon-coated LiMn;xFe,PO, has been reported to be prepared by some methods including
solid-state reaction [4-6,17], sol-gel [18,19], hydrothermal reaction [13,15,20-23], solvothermal
reaction [24,25], spray-pyrolysis [26], rheological phase reaction [27], electrospinning [28] etc..
Compared with other methods, hydrothermal and solvothermal process has lots of advantages such as
phase purity, high crystallinity and narrow particle-size distributions. Researchers have spent more
time on hydrothermal and solvothermal process to prepare nano-LiMniFesPO./C, however, the
performance of as-prepared materials still needs to be improved further, and two main problems still
require to be solved urgently. One is heavy agglomeration of nano-LiMn;.4FexPO,/C particles, which
may lead to decrease of interface area between nano-LiMnyFesPO,/C particles and electrolyte, and
then increase charge transfer resistance and deteriorate its electrochemical properties [20,23,29].
Another is its poor coating uniformity [15] and conductivity of carbon [22].

In this paper, well-dispersed LiMng7Feo3PO4/C nanocrystalline particles were synthesized by
hydrothermal reaction, followed by carbon coating. In order to improve the dispersion of
LiMng7Feq3P0O,4/C particles, surfactant hexadecyltrimethylammonium bromide (CTAB) was added in
the hydrothermal process. The effects of hydrothermal temperature, surfactant CTAB content on the
structural and electrochemical properties of LiMng7Feq3PO4/C were investigated. Well-dispersed
LiMno;Feq3P0O4/C nanocrystalline particles prepared under the optimized conditions exhibited high
discharge capacity and good rate capability.

2. EXPERIMENTAL

LiMnosFeq3PO,4 was synthesized by a hydrothermal route from starting materials LiOHH,0,
MnSQO,4-H,0, FeSO,4-7H,0, H3PO, in a molar ratio of 1:0.7:0.3:3. Firstly, the solution of transition
metal salts (MnSO4,-H,O + FeSO, 7H,0) was slowly dripped into the LiOHH,O, H3PO, and
hexadecyltrimethylammonium bromide (CTAB) mixture solution. The concentration of transition
metal ions was 0.25 mol L™, and the CTAB content was 0 g m L™ ~ 0.2 g mL™. The mixture was
stirred vigorous for 10 min, and then poured into a 50 mL Teflon vessel, the Teflon vessel then sealed
in a stainless-steel autoclave. Then it was put into a furnace, and then heated at 140 °C ~ 180 °C for 16
h. After naturally cooling to room temperature, the LiMng 7Feq 3PO4 powder was filtered, washed with
water and ethanol for several times, and then dried at 80 °C in vacuum. Finally, carbon coated
LiMng 7Feo3PO4 was obtained by sintering of the mixture of the hydrothermal product with 13 wt.%
glucose at 650 °C for 10 h under argon atmosphere.
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The structure of LiMng7Fey3PO4/C powders was characterized by using XRD-7000 X-ray
Diffractometer. Morphologies of as-prepared samples were taken from a Philips Quanta-400 field
emission scanning electron microscope (SEM). The amount of carbon coated on the particles was
analyzed using thermogravimetric analysis (TGA, Beijing Boyuan STA-T7).

CR2032 coin cells were used to characterize the electrochemical performance of as-prepared
samples. The cell consisted of a cathode with the composition of 86 wt.% LiMng 7Fey3PO4/C powders,
8 wt.% Super P carbon black, and 6 wt.% poly(vinylidenefluoride), and a lithium metal anode
separated by a Celguard 2400 microporous film. The cathode electrodes were featured with 0.8 cm in
diameter and an active area of 0.50 cm? respectively. The mass of active material in each cathode was
about 5 mg. The electrolyte was 1 mol L™ LiPFs /EC+DEC+DMC (1:1:1 by volume). The cells were
assembled in an Etelux-Lab2000 glove box filled with pure argon. The charge-discharge tests were
galvanostatically performed on LAND cell test system over 25 V ~ 4.6 V. AC-impedance
measurements were performed using a Zahner Elektrik IM6ex impedance analyzer over the frequency
range from 100 KHz to 10 mHz with the amplitude of 5 mV.

3. RESULTS AND DISCUSSION

TGA results show that all LiMng7Fep3PO4/C samples have almost same carbon content, ~3.2
wt.%. It can be ascribed to the same carbon-coating process after hydrothermally synthesis of
LiMno_7Feo_3PO4.

Surfacant such as citric acid, CTAB and P123 has been used to control the particle dispersion,
size and shape of LiMnPO, [12] and LiMn,.xFe,PO,4 [22]. Well-dispersed rod-shape nano-particles can
be prepared by CTAB-assisted hydrothermal method. However, the influence of the added CTAB
content was unclear. Therefore, the influence of CTAB content on the structure and charge-discharge
properties of LiMng 7Feq3PO4/C was investigated firstly in this work. All samples were hydrothermally
synthesized at 180 °C. As shown in Fig.1, the added CTAB amounts exert obvious influence on the
appearance of particles. For the sample with no added CTAB in hydrothermal process, rod-shape and
spindle-shape crystal particles with large size are mixed and agglomerated heavily. Well-dispersed
rod-shape crystal particles with reduced particle size can be observed for the sample with adding of
0.075 g mL™ and 0.150 g mL™ CTAB. The particles appearance is very similar to that reported in
literatures [12,22]. That indicates that CATB plays important role as dispersant and soft template. With
an increase of CTAB content to 0.225 g mL™, the crystal particle size is further reduced, however,
crystal particles dispersion is restrained due to the fact that more crystal particles are close parallel-
piled and easily agglomerated.

Fig. 2 shows the XRD patterns and the 5" charge-discharge curves at 0.2C for
LiMng 7Fep3PO4/C prepared with adding different amount of CTAB. All diffraction peaks of as-
prepared samples can be indexed on the basis of the structure of orthorhombic Pnma olivine phase
(JCPDS card PDF 33-0804).
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Figure 1. SEM patterns of LiMng;Feq3PO4/C prepared by adding different amount of CTAB. (a: 0 ¢
mL?, b: 0.075gmL™?, ¢: 0.150 g mL™, d: 0.225 g mL™)

The reduction of peak intensity in XRD patterns can be observed for the samples with adding
of CTAB, indicating that crystal particles size is decreased. It is consistent with the results shown in
Figure 1. The charge-discharge test reveals that all samples exhibit two charge/discharge plateaus
around 4.0 V and 3.5 V vs. Li/Li* corresponding to the redox couples Mn*/Mn*" and Fe?*/Fe®",
respectively.
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Figure 2. XRD patterns (left) and the 5™ charge-discharge curves (right) of LiMng7Feq3PO4/C
prepared by adding different amount of CTAB
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The 0.2C discharge capacity is 114.8 mAh g*, 157.6 mAh g*, 145.0 mAh g™ and 134.6 mAh
g* for the sample with adding of 0 g mL™, 0.075 g mL™, 0.150 g mL™ and 0.225 g mL™ CATB,
respectively. The sample with adding of 0.075 g mL™ CTAB presents the highest capacity, which can
be attributed to its good nano-particles dispersion.

Next, the influence of hydrothermal temperature on the structural and electrochemical
properties of LiMng7Fey3PO4/C was investigated. Based on above research results, the added CTAB
amount in the hydrothermal synthesis process of LiMng7Feq3sPO4 was chose to be 0.075 g mL™. Fig.3
shows the XRD patterns and the 5™ charge-discharge curves at 0.2C for LiMng7FeosPO4/C prepared at
different hydrothermal temperature. All diffraction peaks of as-prepared samples in XRD patterns are
strong and can also be indexed on the basis of the structure of orthorhombic Pnma olivine phase,
conforming that well-crystalline pure olivine phase samples were prepared. The intensity of peaks
increases gradually with a rising of hydrothermal temperature from 140 °C to 180 °C, indicating that
the crystallinity of as-prepared LiMng7Feq3PO4/C particles is improved. However, it is unclear why
the crystallinity of as-prepared sample decreases again when the hydrothermal temperature is elevated
to 200 °C.
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Figure 3. XRD patterns (left) and the 5™ charge-discharge curves (right) of LiMng7Feq3PO4/C
prepared at different hydrothermal temperature

As shown in the 5" charge-discharge curves at 0.2C for LiMng-Feq3PO4/C prepared at
different hydrothermal temperature, with a rising of hydrothermal temperature from 140 °C to 180 °C,
the discharge capacity of as-prepared sample increase from 127.39 mAh g* to 156.35 mAh g™.
However, the capacity for sample synthesized hydrothermally at 200 °C decrease to 130.32 mAh g™.
Because all samples have same carbon content and similar particle dispersion (Fig.4), the discharge
capacity mainly depends on the crystallinity and particle size. Smaller particle size can shorten the Li*
diffusion path, and better crystallinity can provide higher Li* diffusion coefficient D", therefore, high
crystallinity and small particle size are beneficial for the electrochemical performance of
LiMng7Feq3PO4/C. As shown in Fig.4, the sample prepared at 180 °C has the largest particle size, but
presents the highest capacity. In contrast, the capacity variation tendency is in good consistent with the
crystallinity varation tendency. It can be deduced that the effect of hydrothermal temperature on the
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electrochemical properties of samples is close related to the crystallinity. As far as our knowledge, the
related mechanism about influence of hydrothermal temperature on the electrochemical behavior have
only been reported by Fang [30] for LiMnPO,, who found that the extent of Mn?* disorder on the Li*
sites is affected the reaction temperature, which places a strong influence on the lithium ion diffusion
and electrochemical activity. If so, the crystallinity may be related to the extent of Mn?** of Fe*
disorder on the Li* sites. Further work in this area needs more experimental and theoretical
investigations in future.

Figure 4. SEM patterns of LiMng 7Feo 3PO,4/C prepared at different hydrothermal temperature

In order to further verify the influence of hydrothermal temperature on samples, AC-impedance
analysis was carried out, and the results are shown in Fig.5. The spectra of all samples have similar
profiles which are composed of a semicircle in the high-to-medium frequency region and an inclined
line in the low frequency region. The semicircle is approximately related to the charge transfer process,
and the inclined line is associated with the Li* diffusion. For sample prepared at 140 °C, 160 °C, 180
°C and 200 °C, the charge transfer resistance R are simulated to be 162.8 Q, 137.3 Q, 65.8 Q and
149.5 Q respectively, and the Li* diffusion coefficient D.;* are calculated to be 3.26x10™ cm? s,
3.97x10"° cm? s, 1.23x10™° cm? s and 3.32x10™° cm? s™ respectively based on the low frequency
line data [31]. With an increase of hydrothermal temperature from 140 °C to 180 °C, as-prepared
samples show a decreased charge transfer resistance R and an elevated Li* diffusion coefficient D",
which agrees well with an improved crystallinity and an increased capacity shown in Fig.3. Consistent
with decrease of capacity for the sample synthesized at 200 °C, the R value increases and the Li*
diffusion coefficient D\;" decreases again. Based on the results, it can be speculated that hydrothermal
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temperature exerts remarkable influence on the crystallinity and the extent of Mn?* of Fe®* disorder on
the Li" sites, thus affects the electrochemical performance. The sample prepared at 180 °C exhibits the
best crystallinity, leading to the smallest charge transfer resistance R, the highest Li* diffusion
coefficient Dy;* and discharge capacity.
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Figure 5. EIS patterns of LiMng 7Feo3PO4/C prepared at different hydrothermal temperature
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Figure 6. Rate performance of LiMng;Fe3PO4/C prepared at different hydrothermal temperature

The rate performance of LiMng7Feq3PO4/C prepared at different hydrothermal temperature was
also investigated. As shown in Fig.6, the sample prepared at 180 °C not only shows the highest
capacity, but also exhibits the best rate capability and cycling stability. The discharge capacity reaches
156.3 mAh g at 0.2C, 151.5 mAh g* at 1C, 146.1 mAh g* at 2C and 132.3 mAh g™ at 5C. Its 0.2C
capacity retention after 30 cycles remains 96.1%. It can also be seen from the discharge curves in Fig.6
that at higher discharge rate, the voltage plateau corresponding to the redox couples Mn?*/Mn**
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become shorter, and the voltage plateau corresponding to the redox couples Fe**/Fe** become longer,
which leads to a capacity maintenance at high rate. It can be attributed to the fact that the reaction of
redox couples Mn?*/Mn*" is accelerated by the nucleation enhancer of Fe-doping [32]. Fe-doping
combined with carbon coating make great contribution to the improvement of rate capability of
LiMnPO,.

4. CONCLUSION

Well-dispersed LiMng;Feq3PO4/C nanocrystalline cathode materials were successfully
prepared by hydrothermal process followed by carbon-coating. In the hydrothermal process, the added
surfactant CTAB exerts no influence on the structure, but can reduce the crystal particle growth and
improve the particle dispersion of as-prepared samples. The hydrothermal temperature presents
remarkable impact on the crystallinity. The sample with higher crystallinity exhibits smaller charge
transfer resistance and higher Li* diffusion coefficient, and then better electrochemical performance.
The sample synthesized hydrothermally at 180 °C with adding of 0.075 g mL™ CTAB displays high
capacity and excellent rate capability. Its capacity reaches 156.3 mAh g™ at 0.2C, and still remains
132.3 mAh g at 5C, implying that it is a very promising cathode material for EV Li-ion batteries.
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