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Abstract

Lithium iron phosphate composite (LiFePO,/C) with uniform carbon coating was synthesized by wet ball-milling, microwave drying,
and carbothermal reduction using xylitol-polyvinyl alcohol (PVA) as complex carbon sources. The fused xylitol with the certain
viscosity is readily coated on the surface of ferric phosphate (FePO,) during ball-milling. The PVA hydrogel can maintain the
precursors stable during the drying process, and the hydrogel also can be transformed into carbon coating around the LiFePO, during
calcination as the additional carbon source. The unique properties of the complex carbon sources result in uniform carbon coating all
over the fine spherical particles with an average primary particle size of 350 nm. The particles are connected by a network of
filamentous conductive carbon, which provides a channel for Li* conduction. As a result of this unique structure, the synthesized
LiFePO,/C exhibits high electronic and ionic conductivities, which contributes to excellent electrochemical performance.
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Introduction

As one of the most promising cathode materials, the olivine-
structured LiFePO, has been widely used in the fields of pure
electric vehicles (EVs), plug-in hybrid vehicles (PHEVs), and
energy storage systems (ESS) [1-4]. Since the first reported
by Goodenough in 1997, it has been widely studied due to
high specific capacity (170 mAh g "), high thermal stability,
low cost, and environmental friendliness [5-9]. However, the
main obstacles inhibiting its practical application are low in-
trinsic electronic conductivity (10 °~107'° S cm™") and low
Li* diffusion coefficient (10'*~107'® cm s™") [10, 11]. To
solve these problems, the most promising approach is carbon
coating, which can enhance electronic conductivity, inhibit
crystal growth, and provide channels to facilitate Li*
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intercalation/deintercalation [12—14]. Furthermore, carbon
source is one of the key factors of the carbon coating technol-
ogy. The carbon layer on the particle surface has a significant
influence on the electrochemical performance of LiFePOy,
which is closely related to the electronic conductivity and
structure of carbon [15-20]. Moreover, the uniform distribu-
tion of carbon facilitates the electrode reaction kinetics due to
the full contact of active particles with each other [21-25].
Good electrical contact allows Li* and electrons to be simul-
taneously obtained at the same position during charging/
discharging process [26-31]. Therefore, the choice of carbon
source is particularly significant.

In recent years, various organics have been used as carbon
sources for LiFePO,/C composites, such as sucrose, glucose,
and citric acid [32-34]. Among the various studies reported,
the organics are decomposed into carbon under the inert gas
protection of high temperature, which not only increases the
electronic conductivity of LiFePOy,, but also acts as a reduc-
tant [11, 35-37]. Moreover, various polymers have been re-
ported as carbon sources of LiFePO,/C composites, such as
polyvinyl alcohol (PVA) [38, 39], polystyrene (PS) [40], and
polyethylene glycol (PEG) [37]. On one hand, H, and carbon
are produced by pyrolysis of polymers, which can be used as a
reductant from Fe** to Fe**. On the other hand, carbon coating
on the surface of LiFePO, increases its electronic conductivity
and inhibits the growth of LiFePO, crystallites [37—40]. Wang
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and co-workers have reported that PVA was used as carbon
source for the carbothermal reduction of LiFePO,/C compos-
ites. It was found that the best electrochemical performance
was achieved when the PVA content was 4% [38].
Nevertheless, the whole performance improvement is still
confined, and the industrial applications still face severe chal-
lenges. Moreover, Zou and co-workers have reported that
PVA gel has been used as carbon source in synthesis of
LiFePO,4/C composites [39]. The synthesis process was sim-
ple and commercially feasible in large-scaled production;
however, the discharge capacities are still poor. Up to now,
one of the most common synthesis methods of LiFePO,/C is
carbothermal reduction with wet-mixing method. However,
using this method should add lots of volatile organic com-
pounds to obtain good mixing at the cost of serious pollution
and high cost [41-43]. Although the simple operation and low
cost using water as medium, there must be a drying process,
thus resulting in bad mixing due to different density and sol-
ubility of various components [37]. After calcination, the syn-
thesized of LiFePO,/C composites exhibit low electronic con-
ductivity and poor electrochemical performance. Therefore,
we need to find a way to solve these problems.

In this work, high-performance LiFePO,/C composites were
synthesized by wet ball-milling, microwave drying, and
carbothermal reduction with xylitol-PVA as complex carbon
sources. The PVA is dissolved in water to form a hydrogel,
and the precursors remain stable during the drying process with-
out sedimentation and small deformation. Effects of the complex
carbon sources on morphology, electronic conductivity, and elec-
trochemical performance were analyzed by characterizations of
X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscope (TEM), physical performance
tests, and electrochemical techniques. High-performance
LiFePO,/C cathode material has been realized with this method.
At the same time, using xylitol as a monomer carbon source in
the same synthesis as a control group.

Experimental
Materials synthesis

For comparison, the xylitol powders (AR, Beisitian, Tianjin)
were fused as a monomer carbon source at 95 °C in an elec-
tronic multipurpose furnace. The fused xylitol, stoichiometric
amounts of nano-scale FePO,4 (AR, Qixing, Sichuan), and
lithium carbonate (Li,CO3 AR, Zhongli, Sichuan) at molar
ratio of 0.09:1:0.51 were ball-milled in a planetary mill with
deionized water at 300 rpm for 1 h. The zirconia ball with a
diameter of 0.8 mm was used for ball-milling and the ratio of
ball to material was 6:1. The obtained slurry was subjected to
microwave rapid drying (frequency, 2450 MHz), and then the
precursor was transferred to a tube furnace at 750 °C for 4 h
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under the flowing nitrogen protection with a heating rate of
8 °C min ! to synthesize LiFePO,/C composites, which was
marked as LFP-1.

LiFePO,/C composites were synthesized through the meth-
od using the complex carbon sources as follows: Firstly, a
solid content of 5 wt% PVA hydrogel was obtained by the
PVA powders (Wanwei, Anhui, 1788) dissolved in deionized
water at 90 °C in water bath. A slurry containing the precur-
sors to the LiFePO,/C composites were synthesized by mixing
the stoichiometric nano-scale FePO,, Li,COj3, and carbon
sources at the same molar ratio in a planetary mill at
300 rpm for 1 h. Especially, the molar ratio of the fused xylitol
and the PVA hydrogel is 3:1. For simplicity, the LiFePO,/C
composites were synthesized by the same method, which was
marked as LFP-2.

Material characterization

The crystalline structures were analyzed by XRD (D8 FOCUS
Bruker AXS, Germany) with Cu K« radiation in the 26 scan-
ning range of 10-80°. The surface morphology and micro-
structure were observed using SEM (FEI, Hong Kong) and
TEM (JEOL, Japan). The carbon content was tested by the
carbon sulfur tester (Eltra CS800). The particle size distribu-
tion was analyzed by the Laser Particle Sizer (LS609). The
electronic conductivity was measured by two-point probe
method. The specific surface area was measured using a
B.E.T. apparatus (JW, Beijing, China).

Electrochemical measurements

The electrochemical measurements of the samples were mea-
sured using CR2032 coin-type half cells. The active material
(LiFePO,4/C), the conductive agent (acetylene black, AR,
Xinlian, Henan), and the binder (polytetrafluoroethylene,
AR, Chenguang, Sichuan) were uniformly mixed according
to the weight ratio of 80:15:5 in absolute ethyl alcohol. After
ultrasonic dispersion, a positive electrode film with a thick-
ness of 0.14 mm was rolled. Finally, 10-mm diameter films
were dried at 120 °C for 12 h under vacuum conditions. With a
lithium foil as the counter and reference electrodes, CR2032
coin-type cells were assembled with a solvent mixture of 1 M
LiPF¢/ethyl carbonate (EC) + diethyl carbonate (DEC) (1:1,
v/v) as the electrolyte (AR, Jinniu, Tianjin) under argon circu-
lation protection in glove box. The galvanostatic charge/
discharge tests were performed at the voltage range from 2.3
to 4.2 V (vs. Li/Li") on a battery test system (LAND
CT2001A, Wuhan, China) at 25 °C. Low-temperature electro-
chemical tests were performed in a high-low temperature box
(Ronglixin Shenzhen, China) as follows: Firstly, after the ini-
tial two charge and discharge cycles at 0.2 C and 25 °C and
fully charging, then the cells were placed in the set low-
temperature environment (—20 °C) for 15 h. Finally, the
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low-temperature discharge (cut-off voltage is 2.0 V) tests were
at 0.2 C and 0.5 C. The cyclic voltammetry (CV) tests were
performed at a scanning rate of 0.1 mV s ' between 2.3 and
4.2 Von a CHI660C electrochemical workstation (Chenhua,
Shanghai, China) at 25 °C. After two charge and discharge
cycles at 0.2 C and 25 °C, the cells were charged to 50% DOC
for electrochemical impedance spectroscopy (EIS) tests over
the frequency range 0.1~1 x 10° Hz on the electrochemical
workstation at 25 °C.

Results and discussion
Sample characterization

Under the sintering conditions of this study, both precursors
have been successfully converted to an olivine structure, as
shown in Fig. 1. Both samples exhibit the ideal orthorhombic
olivine structure (JCPDS card number: 83-2092) without any
impurity phase. The lattice parameters of the two samples are
close to the standard parameters (¢ =1.0329 nm, b=
0.6011 nm, ¢=0.4699 nm, V=0.29103 nm3). The strong
and sharp peaks indicate a high crystallinity of the synthesized
LiFePO,. Additionally, the carbon contents of the two sam-
ples are approximately 2.6 wt%, respectively, but no diffrac-
tion peak of carbon is found due to its existence in an amor-
phous form, which indicates that the presence of carbon has
no effect on the crystal structure of LiFePO,4. Furthermore,
with the ratio of peak 1;1,/;5; of the two samples changing,
it is found that the ratio of LFP-2 sample increases to 0.8667
because of the complex carbon sources. The peak intensity
ratio I;11/I131 (R) can be used to measure the degree of cation
mixing in the material. The higher the R value, the lower the
degree of cation mixing in the material, which indicates good
electrochemical performance of the material [44]. The R
values of LFP-1 and LFP-2 samples are 0.8082 and 0.8667,
respectively, implying the lower cation mixing degree of LFP-
2 sample, which is beneficial to electrochemical performance.

LFP-1
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Fig. 1 XRD patterns of LiFePO,/C composites

The distribution of carbon has a significant effect on the
morphology and microstructure of LiFePO,/C, as shown in
Figs. 2 and 3. SEM observation shows that LFP-1 sample
synthesized by xylitol as a monomer carbon source displays
mostly irregular polygonal particles, and the average diameter
of primary particle is 500 nm (Fig. 2a, b). The particle agglom-
eration may be prejudiced the electrochemical performance.
However, LFP-2 sample obtained by xylitol and PVA as com-
plex carbon sources exhibits spherical or spheroidal (Fig. 2c,
d). The morphology of the particles is more regular without
agglomeration. Moreover, the average size of primary particle
is 350 nm, which is filled with a network-filamentous conduc-
tive carbon to enhance the electronic conductivity effectively
among the particles. TEM observation shows that the
LiFePO, particles are surrounded by amorphous carbon, indi-
cating that the carbon sources have been completely converted
to amorphous carbon by pyrolysis (Fig. 3). LFP-1 sample is
partly coated with carbon from xylitol, resulting in low elec-
tronic conductivity and excessive growth of crystal, as shown
in Fig. 3a. However, LFP-2 sample is completely coated by
carbon. Obviously, the amorphous carbon is uniformly distrib-
uted between LiFePO, particles, which forms an effective
conductive network to improve the diffusion of electrons
and Li ions between the particles in Fig. 3b. Furthermore,
the electronic conductivity was measured by a two-point
probe method, which is 3.7 x 102 and 1.5x 10" S cm™" for
LFP-1 and LFP-2, respectively. The carbon-coated LiFePO,/
C demonstrates ~ 10 '—10"* increase compared to pure
LiFePO, (~10° S cm ). Furthermore, compared with LFP-
1 sample, the electronic conductivity of LFP-2 sample dem-
onstrates an order of magnitude improvement due to the PVA
may provide more graphitic carbon [45]. The specific surface
area was measured by the B. E. T. analysis, and LFP-2 sample
exhibits the largest specific surface area of 19.738 m? g "' and
increased by 17.3% compared with that of LFP-1
(16.329 m? g ). The higher specific surface area can be at-
tributed to the smaller grain size. It is understandable that high
specific surface area can facilitate its interfacial contact with
the electrolyte, thus shortening the diffusion distance of Li*
and lowering the concentration polarization in the electrode
[46]. The LiFePO,/C synthesized with the complex carbon
sources features small grain size, high specific surface area,
and superior electronic conductivity, which will thereby con-
tribute to a superior electrochemical performance.

Electrochemical performances of LiFePO,/Li

To demonstrate the excellent electrochemical performance of
the carbon-coated LiFePO,/C, the electrochemical tests of
LFP-2 were compared with those of LFP-1. The initial
charge/discharge curves of both samples at 0.2 C are shown
in Fig. 4a. The first specific discharge capacity of LFP-2 sam-
ple reaches 162.2 mAh g ' (the coulombic efficiency is
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Fig. 2 SEM images of LiFePO,/
C composites a, b LFP-1 and ¢, d
LFP-2

97.5%), while the specific discharge capacity of LFP-1 sample
is 156.4 mAh g ' (the coulombic efficiency is 94.5%). As
shown in the inset of Fig. 4a, the polarization between
charge/discharge platform at 0.5 Li insertion/extraction of
LFP-1 and LFP-2 is 94.5 and 89.6 mV, respectively, indicating
that the kinetics is optimal for the LiFePO,/C synthesized with
the complex carbon sources [47]. Figure 4b shows the charge/
discharge curves of both samples in the voltage range of 2.3—
4.2 Vat different rates 0f0.2 C,0.5C,1C,2C,5C,and 10 C.
As the discharge current density increases, the specific dis-
charge capacity of the material decreases. Under various
charge/discharge rates, LFP-2 sample shows significant
higher discharge capacities than LFP-1 sample at various
rates. As shown in Fig. 4b, the specific discharge capacity of
LFP-1 sample decreased sharply from 156.4 mAh g ' at 0.2 C
to 109.1 mAh g " at 10 C, which may be attributed to its larger
grain size and non-uniform carbon coating. However, LFP-2
sample shows superb rate capability with the specific dis-
charge capacities of 162.2, 157.5, 152.9, 147.1, 134.5, and
1197 mAh g ' at 02 C,0.5C, 1 C,2C, 5 C, and 10 C,
respectively. From 0.2 to 10 C, the discharge capacity loss

Fig. 3 TEM images of LiFePO,/
C composites a LFP-1 and b LFP-
2
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of LFP-2 sample is only 26.2% (30.2% for LFP-1 sample),
indicating that there is less polarization inside the electrode for
the complex carbon sources sample, and the advantage be-
comes even apparent as the charge/discharge rates increases.
The charge/discharge curves for both samples are similar, with
flat platforms corresponding to the lithium extraction and in-
sertion reactions, but they vary in platform potentials. As
shown in Fig. 4c, the discharge platform potential of LFP-2
sample is 3.39, 3.37, 3.35, 3.31, 3.17, and 2.93 V at different
current densities from 0.2 to 10 C, respectively, much higher
than LFP-1 (3.38, 3.36, 3.34, 3.30, 3.15 and 2.91 V, respec-
tively), indicating the lower polarization. These results can be
attributed to the higher electronic conductivity, the smaller
crystallite, and the higher specific surface area of the complex
carbon sources.

Figure 4d compares the rate performances of the samples at
different current densities. It can be seen that both samples
exhibit rather reproducible capacities during 5-cycle test at
each current rate. The specific capacity can be retrieved when
the lower current rate (0.2 C) is applied again. This result
confirms that the synthesized of LiFePO,/C exhibits stable.
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Under various charge/discharge rates, LFP-2 sample shows
significant higher specific discharge capacities than LFP-1
sample at various rates. From 0.2 to 10 C, the specific dis-
charge capacities of LFP-1 and LFP-2 samples are decreased
by 30.2% and 25.6%, respectively. As the current rate turns
back to 0.2 C, the specific discharge capacities quickly reach
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capability of LiFePO,/C electrodes; e cycling performance curves at
5 C/5 C; f low-temperature performance at —20 °C at 0.2 C and 0.5 C

155.8 and 160.6 mAh g{1 for LFP-1 and LFP-2 samples,
respectively. The superior rate capability of LFP-2 sample
can be ascribed to the improved electronic conductivity and
the shortened ion diffusion distance in the composite. The
result indicates that LFP-2 sample exhibits high electrochem-
ical reversibility and structural stability, which are consistent
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Fig. 5 CV curves of LiFePO,/C electrodes

with the CV measurement results (Fig. 5). Figure 4e demon-
strates the cycle performance of LFP-1 and LFP-2 samples at
5 C and room temperature (25 °C). It can be seen that the
initial specific discharge capacity of LFP-1 sample is
126.6 mAh g ', and it still hosts the specific discharge capac-
ity of 120.4 mAh g~ (95.1% retention rate) after 500 cycles.
Compared to LFP-1 sample, LFP-2 sample exhibits the higher
initial specific discharge capacity (133.1 mAh g ') and higher
retention rate (approximately 100.0% retention rate) after
500 cycles, suggesting that the complex carbon sources can
not only improve the specific discharge capacities at various
rates, but also elevate the cycle performance of the materials.

The low-temperature performance has been one of the vital
challenges for LiFePO, to demonstrate high electrochemical
performance in practical applications. It mainly depends on
the conductivity of electrolyte at low temperature, the inter-
face properties of electrode, and the diffusion ability of Li* in
the cathode material [48, 49]. Figure 4f demonstrates the dis-
charge curves of both samples at 0.2 C and 0.5 C under low
temperature of —20 °C. As the discharge rate increases, the
corresponding median potential at —20 °C reduces dramati-
cally. The discharge median potential of LFP-2 sample is ap-
proximately 3.3 V (3.2 V for LFP-1)at0.2 Cand 3.2V (3.1 V
for LFP-1) at 0.5 C. Obviously, the discharge median potential
increases when the complex carbon sources were used. It can
be seen that the specific discharge capacities of LFP-1 sample

Fig. 6 a Nyquist plots of both a

decreases from 105.6 to 73.7 mAh g ', corresponding to
57.5% at 0.2 C and 48.6% at 0.5 C under 25 °C. In contrast,
the specific discharge capacities of LFP-2 sample are
120.3 mAh gf1 at 0.2 C and 96.7 mAh g{1 at 0.5 C, corre-
sponding to 74.2% at 0.2 C and 61.4% at 0.5 C under 25 °C,
which exhibits better low-temperature performance. These re-
sults indicate that the synthesized LiFePO,/C by xylitol-PVA
as complex carbon sources exhibits better low-temperature
performance due to the higher electronic conductivity, high
specific surface area, and smaller crystallite with the homoge-
neous carbon coating. Additionally, the conductive carbon
filaments are closely connected between the particles, which
shortens the diffusion distance of Li* to enhance the mutual
conversion between LiFePO, and FePO,.

To investigate the property, mechanism, and electrode ki-
netic parameters of the electrode reaction, CV measurements
were conducted at a scan rate of 0.1 mV s ' over a voltage
range of 2.3-4.2 V, as shown in Fig. 5. Each sample shows a
set of peaks around 3.4 V, consisting of an oxidation peak
(charge) and a reduction peak (discharge), which corresponds
to Li* intercalation/deintercalation. The CV profile of LFP-2
sample presents more symmetric and sharper redox-pair peaks
than LFP-1 sample. Furthermore, LFP-2 sample exhibits a
much lower redox peak potential difference @ (249 mV) than
LFP-1 (329 mV), which indicates better reversibility. This
suggests that LFP-2 sample exhibits significantly enhanced
redox kinetics, which may be attributed to the regular fine
particles, the uniform carbon coating, the reduced diffusion
distance, and the improvement of electronic conductivity
and high specific surface area. This indicates that LFP-2 sam-
ple exhibits excellent electrode kinetics and lower electrode
polarization.

To analyze the diffusion dynamics, EIS tests of the half
cells were carried out, and the corresponding Li* diffusion
coefficient was calculated by software fitting. The results are
demonstrated in Fig. 6 and Table 1. Figure 6a shows the
Nyquist plots for both samples and the inset is an equivalent
circuit. Furthermore, the Nyquist plot is composed of a semi-
circle in high-frequency region and a straight line in low-
frequency region. The intercept of the plot and the real axis
Z’ represent the ohmic resistance (R.) of the cell, mainly at-
tributed to the electrolyte and the module of the cell.

LiFePO,/C electrodes; b variation
and fittings between Z’ and the
reciprocal square root of the
angular frequency in the low-
frequency region

AV

b 140
120
B
G
= 804
N

@ Springer




lonics (2019) 25:1567-1575

1573

Table 1  Charge transfer resistance R., Warburg factor o and Li*

diffusion coefficient Dy;

Samples R/ aQ)sV Dyjem? s
Q 2

LFP-1 40.8 33.67 335x107"

LFP-2 20.2 5.87 121 107"

Moreover, the semicircle in the high-frequency regions corre-
sponds to the charge transfer impedance (R.) due to the im-
pedance caused by the migration of charge between the pos-
itive electrode material and the electrolyte interface. The
straight line in the low-frequency region represents the
Warburg impedance (W), which is caused by the diffusion
of Li* inside the LiFePO,/C cathode material [50, 51].

The plots fitting were performed based on the equivalent
circuit using Z/view software. It can be seen from Fig. 6a that
the charge transfer resistances of LFP-1 and LFP-2 samples
are 40.8 and 20.2 €2, respectively. It is clear that LFP-2 sample
exhibits lower charge transfer resistance than LFP-1 sample,
indicating that the complex carbon sources can reduce surface
resistance and increase electronic conductivity. This clearly
demonstrates that the homogeneous carbon coating and the
regular fine particles not only form a highly efficient electron
conduction network, but also effectively reduce SEI layer for-
mation [52]. In addition, the lithium-ion diffusion coefficient
is closely related to the Warburg coefficient (o) is calculated
according to the following formula:

Dy = R°T*2A%n* FAC?o? (1)

where R represents the ideal gas constant, 7 represents the
absolute temperature, A is the active area of the electrode, n
is the number of electrons lost or reduced in each molecule, F'
is the Faraday constant, and C is the molar concentration of
Li* intercalated in the cathode material. Moreover, o is the
Warburg coefficient which is obtained by fitting a straight line
composed of the low-frequency regions Z’ and w™ "/, The
slope of the fitted straight line is the Warburg coefficient o
of the discharge state, and w is the angular frequency of the
low-frequency region. The relationship between Z” and w ™"
displayed under the formula [2].

Z =R+ Ry +ow /2 (2)

Under the assumptions of negligible kinetic limitation as-
sociated with electrode resistances, the Warburg coefficient o
of LFP-1 and LFP-2 samples are 33.67 and 5.87 () 571/2,
respectively. Furthermore, Li* diffusion coefficients of LFP-
1 and LFP-2 samples can be calculated to be 3.35 x 10" and
1.21x 107" ¢m? s_l, respectively, as shown in Table 1. In
contrast, LFP-2 sample shows two orders of magnitude higher
than LFP-1 sample, which is attributed to regular fine particles

and high specific surface area to shorten Li* diffusion dis-
tance. Importantly, homogeneous carbon coating and carbon
network among particles can enhance the electronic conduc-
tivity. Overall, these findings indicate that the synthesized
LiFePO,/C exhibits excellent rate performance, cycle stabili-
ty, and low-temperature performance.

Conclusions

In summary, the LiFePO,/C composite with uniform carbon
coating was successfully synthesized by wet ball-milling, mi-
crowave drying, and carbothermal reduction using xylitol-
PVA as complex carbon sources. It is found that the complex
carbon sources yielded a pronounced effect on the morpholo-
gy, microstructure, and the electrochemical performance of
the LiFePO,/C. Specifically, the fused xylitol is readily coated
on the surface of ferric phosphate, and the PVA hydrogel can
maintain the precursors stable during the drying process, and
the hydrogel also can be transformed into carbon coating
around the LiFePO, during calcination as the additional car-
bon source. The synthesized LiFePO,/C featured micron-
sized particles, large specific surface area, and high electronic
conductivity, which facilitated the ion/electron diffusion in the
electrode and thereby yielded the excellent electrochemical
performance. The synthesized LiFePO,/C exhibits high spe-
cific discharge capacities of 162.2 mAh g ' at 0.2 C and
119.7mAh g ' at 10 C, as well as an excellent capacity reten-
tion approximately 100% at 5 C after 500 cycles. More strik-
ingly, the specific discharge capacities at low temperature (—
20 °C) are 120.3 and 96.7 mAh gfl at 0.2 C and 0.5 C, re-
spectively. The approach of this study is simple and environ-
mentally friendly, providing a broad prospect for large-scale
commercial production.
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