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Abstract A cathode material of an electrically conduct-
ing carbon-LiFePO,4 nanocomposite is synthesized by wet
ball milling and spray drying of precursor powders prior to
a solid-state reaction. The structural characterization
shows that the composite is composed of LiFePO, crystals
and 4.8 wt.% amorphous carbon. Galvanostatic charge/
discharge measurements indicate that the composite
exhibits a superior high energy and high cycling stability.
This composite delivers a discharge capacity of
159.1 mAh g ' at 0.1 C, 150.8 mAh g ' at 1 C, and
140.1 mAh g ' at 2 C rate. The capacity retention of 99%
is achieved after 200 cycles at 2 C. The 18,650 cylindrical
batteries are assembled using the composite as cathode
materials and demonstrate the capacity of 1,400 mAh and
the capacity retention of 97% after 100 cycles at 1 C.
These results reveal that the as-prepared LiFePO4—carbon
composite is one of the promising cathode materials for
high-performance, advanced lithium-ion batteries directed
to the hybrid electric vehicle and pure electric vehicle
markets.
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Introduction

Olivine structure LiFePO, was first studied by Padhi et al.
[1] and has attracted much attention as a promising cathode
material for lithium-ion batteries due to high theoretical
capacity (170 mAh g'), good cycle stability, excellent
thermal safety, low cost, and environmental friendliness
[2, 3]. Nevertheless, LiFePOy, still requires further modifica-
tions to overcome limitations such as poor electronic
conductivity and slow lithium-ion diffusion [4]. Decreasing
particle size and surface coating or mixing with electrically
conductive materials, especially carbon, have been exten-
sively studied to overcome the ionic and electronic transport
limitations [5—-10].

Currently solid-state synthesis has been adopted for the
commercial scaled-up production of LiFePO,4 powders [11].
In general, in the case of solid-state synthesis, the starting
material consists of a stoichiometric amount of iron salt (Fe
(I1) acetate, Fe(II) oxalate), a lithium compound (Li,CO3 or
LiOH), and a phosphorous source (NH4H,PO, or
(NH4),HPO,4) [2, 12-15]. The starting material firstly
decomposes at a low temperature of 300-400 °C to
release the gases, and then some carbon-containing
material is added to the precursor. After being reground,
the precursor is calcined at a high temperature ranging
from 400 to 800 °C to form LiFePO,—carbon composite.
The major disadvantage of solid-state synthesis is uncon-
trollable particle growth and agglomeration. Furthermore,
inhomogeneous distribution of carbon can make it difficult
to realize full utilization of active LiFePO, materials. For
example, in the literature [16], LiFePO4—carbon composite
was prepared by a solid-state method using the glycolic
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acid as a reducing agent and also as a carbon source. The
as-prepared composite presented an irregular particle shape
and a wide range of size distribution. A low capacity of
119.0 mAh g~', accompanied with large overpotential, was
obtained when cycled at 2 C rate.

Wet chemistry approach has an obvious advantage over
solid-state synthesis in achieving better homogeneity and
mixing of the starting compounds on molecular level [2].
Water-soluble carbon-included compounds, e.g., sucrose
[17, 18], glucose [19], or citrate [20], are generally used as
carbon source in wet chemical synthesis of LiFePO,—C
composite. A great challenge in wet chemical route is the
component segregation, especially for carbon-included
compounds in drying process due to density differences
among multiple starting materials. Spray drying is a well-
known continuous method for the preparation of multi-
component powders. Since the solvent can be heated and
evaporate in a very short time by hot carrier gas, as-
prepared powder by spray drying has a uniform compo-
nent distribution [21]. In this study, we report the
synthesis and electrochemical performance of a
LiFePO4—carbon nanocomposite prepared by wet ball
milling and spray drying of precursor powders prior to a
solid-state reaction. It is because of the uniform carbon
distribution that the LiFePO4—C composite shows a
superior high energy and high stability when used as
cathode material in lithium-ion batteries.

Experimental section

Synthesis of LiFePO,~C composite The LiFePO,~C com-
posite was synthesized using a wet ball milling procedure
followed by a spray drying and a solid-state calcination
synthesis route. Typically, the precursor FePO,2H,O
(Shenzhen SheK Tin, China) was firstly dehydrated by
calcination at 500 °C for 6 h in air atmosphere. The
anhydrous FePO, was mixed with Li,CO; and sucrose by a
wet ball milling process in a basket-type mill equipped with
zirconia balls. Water was used as a ball milling medium.
The rotating speed was fixed at 450 rpm, and the milling
time was 2 h. The molar ratio of Li,CO3z/FePO,/sucrose
was 0.51:1:0.1. After the ball milling, the resulting stable
suspension was dried to form a mixed dry spherical
precursor by a high-speed centrifugal spray dryer. The
suspension was centrifuged in a round disk with some
special shape pores at a high rotating speed of 30,000 rpm
to form small drops, and was immediately dried in the spray
dryer by hot air. The inlet air temperature was 200 °C, and
the exit air temperature was 120 °C. The spray-dried
precursor powders were then placed into a tube furnace
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and heated to 700 °C at a heating rate of 3 °C min ' for
10 h under an argon atmosphere.

Structural characterization A TG/DSC analysis using a
NETZSCH STA 409 PC/PG instrument was used to
determine the water content in hydrated iron phosphate
precursor. XRD measurements were carried out using a
powder X-ray diffraction (D/max-RB) with a filtered Cu
Ko radiation (1.5406 A). Raman measurements were
performed using an RM 2000 microscopic confocal Raman
spectrometer (Renishaw PLC, England) employing a 514-nm
laser beam. A carbon and sulfur analyzer was used to
determine the carbon content in the final LiFePO,-C
composite. The element content in the final composite was
detected by an ICP analyzer (IRIS Intrepid II XSP).
Scanning electron microscopy (SEM; FEI Quanta 200
FEG) was used to investigate the morphology and size of
the LiFePO4—C composite. The specific surface areas of the
powders were measured by a NOVA 4000 high-speed
surface area and pore size analyzer The particle size
distribution was measured in a laser particle size analyzer
(Malvern Mastersizer 2000).

Electrochemical characterization Electrochemical meas-
urements were performed using CR2032 coin cells assem-
bled in an argon-filled glove box. For preparing the
working electrode, a mixture of LiFePO,~C composite,
carbon black, and polyvinylidene fluoride at a weight ratio
of 8:1:1 was pasted on a pure Al foil. Pure lithium foil was
used as a counter electrode. A Celgard 2325 PP/PE/PP
membrane was used as separator. The electrolyte consisted
of a solution of 1 mol L' LiPF, in ethylene carbonate/
dimethyl carbonate/ethyl methyl carbonate. Galvanostatic
cycling of the assembled cells was carried out using a
LAND system in the voltage range of 2.5-4.2 V (vs. Li)

Results and discussion

As Fe/P ratio has a great impact on the electrochemical
performance of LiFePO, product [9], iron phosphate
dihydrate with a fixed Fe/P ratio (1:1) was selected as the
source material of iron and phosphor. Figure 1 shows the
TG-DSC curves of FePO,4-2H,0 precursor when heated in
air from 25 to 550 °C. The first weight loss of ~5% from 25
to 150 °C and the corresponding endothermic reaction peak
centered at 120 °C in DSC curve can be attributed to the
loss of ~0.5 M crystal water in FePO42H,0. The
subsequent weight loss of ~15% from 150 to 250 °C and
the sharp endothermic peak centered at 200 °C in DSC
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Fig. 1 TG-DSC curves of FePO42H,O heated in air

curve may be ascribed to the loss of the rest ~1.5 M crystal
water. It is concluded that the dehydration process of
FePO,4-2H,0 in air goes through two different stages. From
TG curve, the total weight loss of FePO4-2H,0 was 19.3%,
corresponding to 2 M crystal water in FePO42H,0 very
well. It means that FePO4-2H,0 can be fully dehydrated in
air to convert to anhydrous FePO,. It is also well known
that FePO, has diversified hydrates with different water
content, e.g., FePO4,xH,O (x=1-4, 8). The conversion
from FePO4xH,O to anhydrous FePO, by calcination in air
can ensure the accuracy of Li/Fe/P ratio in the subsequent
mixing process with Li,CO5 whatever the water content in
FePO,4xH,O precursor, which is especially important for an
engineering purpose, because in that case, it is always hard
to make sure the complete homogeneity of raw materials.
After dehydration, anhydrous FePO, was wet ball milled
with the proper amount of Li,CO3 and sucrose as a carbon
source. In the wet ball milling process, particle size of
FePO,4 was decreased and simultaneously, a homogenous
suspension containing Li, Fe, and P source was achieved.
In order to avoid carbon component segregation in the
drying process, the suspension was dried in an industrial
high-speed centrifugal spray dryer to form a mixed dry
spherical precursor. After a solid-state reaction in high
temperature, LiFePO4,—C composite was eventually
obtained. Figure 2 shows the XRD patterns of the as-
obtained LiFePO4,—C composite and the FePO42H,0
precursor. All intense peaks in the LiFePO4,—~C composite
can be well indexed to orthorhombic LiFePO, (JCPDS
Card No. 40-1499, space group Pnma(62), a=10.334 A,
b=6.010 A, c=4.693 A, a=£3=v=90°). No obvious peaks
can be assigned to graphite in the XRD pattern, indicating
that the carbon in the composite was not well crystallized.
The FePO,42H,0O precursor showed a low crystallinity and
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Fig. 2 XRD patterns of FePO42H,0 and as-prepared LiFePO4,—C
composite

the XRD pattern was indexed to a monoclinic FePO42H,0
(JCPDS Card No. 33-666, space group PI121/nl(14),
a=532 A, b=9.75 A, c=8.65 A, a=v=90°, 3=90.6°).
Figure 3 shows the Raman spectrum of the LiFePO4,—C
composite. The bands in the range of 1,100-1,500 ¢cm '
and 1,500—1,700 cm ' were attributed to the D band and G
band of carbon, respectively. It is well known that the ratio
of the D/G integrated peak intensity (/p/I; ratio) can be
considered as an indicator of the amount of graphene
clusters in the structure [22]. Figure 3 shows that the /p/I;
of the composite is 1.01, meaning clearly that the majority
carbon is amorphous in the composite. An industrial carbon
and sulfur analyzer was used to determine the precise
carbon content in the LiFePO,~C composite. And induc-
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Fig. 3 Raman spectrum of the as-prepared LiFePO,~C composite
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tively coupled plasma spectrum was used to detect the
element content. The results showed the carbon content of
4.8 wt.% and the Li/Fe/P molar ratio of 1.01:1.01:1. All
these results reveal that the composite was composed of
LiFePO, crystals and amorphous carbon.

Figure 4 shows the SEM images of the FePO42H,0O
precursor and the as-prepared LiFePO4,—C composite. As
shown in Fig. 4a, the FePO,-2H,0 precursor was composed
of small crystals with “ribbon” or “flake” -like configura-
tion. It is generally believed that the flake-like crystal is
ideal for LiMPO, olivine materials (M = Fe, Mn, etc.)
because of its 1D channels for Li'-ion motion [23]. As
disclosed in Fig. 4b, c, the regular spherical particles
consisting of LiFePO, sub-micrometer-sized crystals
homogeneously embedded in a carbon matrix were
obtained. In the high-resolution SEM image in Fig. 4d, it
can be found that the particle was completely coated by a
transparent surface as indicated by two white arrows.
Basically, the amorphous carbon in the composite acts as
“glue” to bind together the LiFePO, crystals to form the
spherical particles. According to BET analysis, the
composite has a specific surface area of 25.9 m”> g .
The particle size distribution measurement shows the D10
of 2.7 um, D50 of 12.1 um, and D90 of 38.0 um. The tap

Fig. 4 SEM images of a
FePO42H,0 precursor and b—d
LiFePO4—C composite
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density of the composite powders was measured to be
1.1 gem ™.

The electrochemical performance of the as-prepared
LiFePO4—C composite was investigated in half cells using
Li foil as anode. Figure 5 shows the charge—discharge
profiles of the composite at the currents of 0.1, 0.5, 1, 2,
and 2 C at the 200th cycle (1 C=170 mA g "), respectively.
The specific capacity is based on the composite masses
including both LiFePO, and carbon. The cell exhibits the
typical voltage plateau along 3.5 V (vs. Li) associated with
the Fe?"*" redox process. The voltage profiles also show a
narrow gap between charge and discharge, indicating very
low electrode resistance. It is believed that the uniformly
distributed carbon in the composite accounts for the electrode
high electronic conductivity. The first charge and discharge
capacity at 0.1 C (17 mA g ') is 166.8 and 159.1 mAh g ',
resulting in a high initial efficiency of 95.4%. After 3 cycles
at 0.1 C, the cells were charged and discharged at 0.5 C for
10 cycles and then at 1 C for 10 cycles, finally at 2 C for
200 cycles. The discharge capacity at the current of 0.5, 1,
and 2 C is 155.8, 150.8, and 140.1 mAh g, respectively.
And in the case of 2 C, the discharge voltage plateau
decreases to 3.3 V (vs. Li). The discharge profile at 2 C
almost overlaps with that after 200 cycles. The residual
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Fig. 5 Charge/discharge profiles of the LiFePO,~C composite-based
cells

capacity after 200 cycles at 2 C is 138.8 mAh g ', equal to
99% of the initial capacity at 2 C, indicating a very stable
cycling performance as shown in Fig. 6.

These results demonstrate that the LiFePO,—~C composite
of this work has a high specific capacity and stable cycle
life. The amorphous carbon in the composite plays a very
important role for the highly desirable properties. As
discussed in other publications [3, 24-26], the amorphous
carbon serves as a mixed conducting 3D nano-network,
enabling both lithium ion and electron to migrate and reach
each active LiFePOy, crystal, hence realizing full utilization
of active materials. Another important feature of the
amorphous carbon is believed to be its barrier effect,
preventing the LiFePO, crystals from the union particularly
in the calcination process.
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Fig. 6 Cycling performance of the LiFePO,~C composite-based cells

An 18,650 cylindrical battery (dimension, diameter
18 mm and height 65 mm) was assembled using the as-
prepared LiFePO4—C composite as cathode and MCMB as
anode. The battery demonstrates a capacity of 1,400 mAh
and an internal resistance of 34.1 mS) with the voltage of
3.2 V. The cathode electrode pressed density was measured
to be 2.0 g cm . As shown in Fig. 7, a high capacity
retention (97%) was delivered after 100 cycles at 1 C
(1,400 mA).

Conclusion

The LiFePO,—carbon nanocomposites were successfully
prepared by wet ball milling and spray drying of
precursor powders prior to a solid-state reaction. With
the advantages of wet ball milling on homogeneous
mixing of the starting compounds and spray drying on
fast dryness and uniform component distribution, the as-
prepared LiFePO4—C composite exhibited a superior
electrochemical performance, delivering discharge capac-
ities of 159.1, 150.8, and 140.1 mAh g ! at rates of 0.1, 1,
and 2 C, respectively. The capacity retention of the
composite was 99% after 200 cycles at 2 C rate. The
18,650 cylindrical battery with the composite as cathode
materials presented the capacity of 1,400 mAh g ' and the
capacity retention of 97% after 100 cycles at 1 C. The
superior properties were ascribed to the homogeneous
coating of the 4.8 wt.% amorphous carbon, which
prevented the union of LiFePO, crystals in calcination
process, leading to a greatly enhanced electronic conduc-
tivity. It is hoped that this work can contribute to the
development of LiFePO, material for high-performance,
advanced lithium-ion batteries for HEVor EV.
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Fig. 7 Cycling performance of 18,650 cylindrical battery using as-
prepared LiFePO4,~C composite as cathode material
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