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One of the most important factors that limits the use of LiFePO, as cathode material for lithium ion batteries is its low electronic
conductivity. In order to solve this problem, LiFePO, in situ vapor-grown carbon fiber (VGCF) composite cathode material has
been prepared in a single step through microwave pyrolysis chemical vapor deposition. The phase, microstructure, and electro-
chemical performance of the composites were investigated. Compared with the cathodes without in situ VGCF, the initial dis-
charge capacity of the composite electrode increases from 109 to 144 mA h g™ at a 0.5-C rate, and the total electric resistance
decreases from 538 to 66 Q. The possible reasons for these effects are proposed.
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LiFePO, (LFP) can be used as cathode material for lithium
ion batteries [1]. It has a relatively large theoretical capacity
of 170 mA h g, good thermal stability in fully charged
states and exhibits little hygroscopic behavior. In addition,
this material is inexpensive, nontoxic, and environmentally
benign [2,3]. However, the electronic conductivity of pure
LEP (10"°t0 10 S cm™ [4]) is several orders of magnitude
lower than that of other important cathode materials (~10~
S em™ for LiCoO, [5] or 10* S cm™ for LiMn,O4 [6]).
Therefore, lattice doping [4] or surface coating methods
[7-10] have been attempted to overcome this weakness.
Vapor-grown carbon fiber (VGCF) has been reported as
ideal conductive filler in electrodes, because of their excellent
mechanical properties and high electrical and thermal conduc-
tivity [11-13]. The first discharge capacity of VGCF enhanced
LFP composites was more than two times of those without
VGCEF [14]. Nevertheless, ball milling, the most widely used
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method to introduce conductive additives in the mixing proc-
ess, could inevitably damage their initial structure and increase
the contact resistance between additives [14—16].

Higuchi et al. were the first to apply microwave in the
preparation of LFP [17]. Microwave can ensure uniform
and fast heating through a self-heating process based on
direct microwave energy absorption by the materials [18].
Microwave pyrolysis chemical vapor deposition (MCVD)
has ever been used to obtain VGCF in our previous work
[19]. In this paper, MCVD technology was developed to
synthesize in situ network-like VGCF-improved LFP cath-
ode with enhanced electronic conductivity.

1 Experimental
1.1 Synthesis

FeC,0,42H,0, NH4H,PO,4, and LiOH-H,O ina 1:1:1 molar
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ratio were dispersed into 75 wt% (compared to the raw ma-
terials) alcohol, and then 5.4 wt% carbon black (SuperP
Erachem, Maryland, USA) was added to the mixture. The
mixture was mixed with a ball mill at 300 r min™" for 6 h.
After being dried under vacuum at 120°C for 12 h, the sam-
ples were placed in a home-made quartz reactor installed in
the MCVD equipment [20] (Figure 1). After the chamber
was with argon, the MCVD equipment was operated at 2.45
GHz, with an output power of 800 W. One kind of samples,
designated as “VC/LFP”, was prepared at a temperature
range of 550-800°C. When the temperature reached the
setting value, the quartz reactor was exposed to a propylene
flow of 90 sccm for 10 min, and then the MCVD equipment
was closed. For comparison, another test sample, “C/LFP”,
was also obtained at the same conditions, but there was no
propylene used in the synthesis process.

1.2 Characterization

X-ray powder diffraction (XRD, D8 ADVANCE, Bruker
AXS) with Cu Ko radiation was used to identify the phases.
An integrated Raman spectroscopy system (inVia Reflex,
Renishaw) was used to analyze the structure and composi-
tion. The excitation wavelength was supplied by an internal
Ar (514.5 nm) 20 mW laser. A field emission scanning
electron microscope (FESEM, S-4800, HITACHI) and en-
ergy dispersive X-ray spectroscopy (EDS, EDAX, New
Jersey, USA) were used to analyze the morphology and
elementary components, respectively.

1.3 Electrochemical properties

The cathodes containing 95 wt% active materials and 5 wt%
polyvinylidene fluoride (PVDF) were prepared by spreading
a slurry in N-methylpyrrolidone (NMP) onto aluminum foil
current collectors and allowing them to dry. 2032-size coin
cells were assembled in an argon-filled glove box, using
lithium as a counter electrode and 1 M LiPFg in 1:2 ethylene
carbonate/dimethyl carbonate (EC/DMC) as the electrolyte
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Figure 1 Sketch of the MCVD reactor.
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solution. Charge—discharge tests were performed using an
Arbin Instruments’ BT2000 (Texas, USA) at 25°C. Electron
impedance spectroscopy (EIS) was measured with a fre-
quency response analyzer (Solatron 1260, California, USA)
interfaced with a potentio-galvanostat (Solatron 1287).

2 Results and discussion

The XRD spectrum shown in Figure 2(a) of VC/LFP can be
attributed to a major phase of orthorhombic LFP (JCPDS:
83-2092) and a minor phase of rhombohedral graphite-3R
(JCPDS: 26-1079), except for several weak diffraction
peaks of orthorhombic Li;PO, (JCPDS: 15-0760). The
mean crystallite size of LFP is ~72 nm, which was calcu-
lated from the widths of the major diffraction peaks of
(200), (101), and (311) using Scherrer’s formula. The dif-
fraction peaks of graphite result from the carbon black
mixed in the raw materials. The phase content of LFP, C,
and Li;POy, are calculated using the semiquantitative
method of relative intensity to a reference and are ~84 wt%,
~14.5 wt%, and ~1.5 wt%, respectively. The Raman spectra
of the VC/LFP and carbon black used in the raw materials
are shown in Figure 2(b) and (c). The bands at 500-100
cm™ and 1120-520 cm™ correspond to the Raman vibra-
tions of Fe—-O and PO,* in LFP, respectively [21], but
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Figure 2 (a) XRD spectrum and (b) Raman spectrum of VC/LFP synthe-
sized via MCVD at 650°C; (c) Raman spectrum of the carbon black used
as a raw material.



1834 DengF, et al.

the bands in the range of 1460-1170 cm™ and 1730-1470
cm™ can be assigned to the D-band (disorder-induced pho-
non mode) and G-band (graphite band) of carbon, respec-
tively. Compared with the Raman spectrum of the pure
carbon black used as a raw material, the ratio of the D/G
integrated peak intensities much greater.

The typical FESEM morphology shown in Figure 3(a)
and EDS analyses (not shown here) of the VC/LFP indicate
that the VC/LFP is composed of sphere-like LFP, flaky
graphite, and network-like fibers. From Figure 3(b), it can
be seen that most VGCF grows on the surface of the graph-
ite particles, and from further magnified image shown

" Y00 pm

500 nm

mm =50.0k SE 1.00 pm

60 nm
—

3.1 mm *150k SE T a0 nm

Figure 3 (a) FESEM image of VC/LFP synthesized via MCVD at 700°C;
(b) the FESEM morphology of VGCF observed on the surface of graphite
particles in VC/LFP obtained via MCVD at 600°C; (c) higher magnifica-
tion.
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in Figure 3(c), an in situ growth mode can be seen. The in
situ formation of VGCF can be attributed to the pyrolysis
and deposition of propylene under the effects of microwave
heating and/or the self-catalytic action of the raw materials
(e.g. FeC,04-2H,0). In addition, the turbostratic graphite
formed near the surface of the VGCF [13] may give some
clues to the proper interpretation of the weak D-band in the
Raman spectrum (see Figure 2(b)).

The electrochemical performance of the VC/LFP cath-
odes, which is shown in Figure 4, is better than that of
C/LFP cathodes. The initial discharge capacity of the
VC/LFP cathodes are 148 mA h g' and 144 mA h g' at a
0.1-C rate and a 0.5-C rate, respectively, which are slightly
better than those of some other materials [14]. Furthermore,
the cycling capacity fading in VC/LFP cathodes is negligi-
ble.

The impedance spectra of C/LFP and VC/LFP cathodes,
which are shown in Figure 5, are both combinations of a
depressed semicircle at high frequencies and a straight line
at low frequencies. In the high-frequency region, the inter-
cepts with the real impedance [Z',.] axis, which correspond
to electron jumping, vary from 538 to 66 Q. The decrease in
total electric resistance could be ascribed to the in situ for-
mation of VGCF networks in the cathodes. In the low-
frequency area, the slope of the impedance of VC/LFP is
greater than that of C/LFP, indicating that the network-like
VGCF improves the electrochemical activity of LFP effec-
tively.

3 Conclusions

In situ network-like VGCF-improved LiFePO, composite
cathode material for lithium ion batteries has been synthe-
sized using a MCVD method in the temperature range be-
tween 550°C and 800°C. As a result of the in situ growth
mode of the network-like VGCF formed on the graphite par-
ticles, the composite cathodes show satisfactory rate behavior
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Figure 4 (a) Discharge curves and (b) cycling performance of VC/LFP
and C/LFP (both obtained via MCVD at 650°C). The cathode’s perform-
ance was measured at different rates at 25°C.
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Figure 5 (a) EIS traces for VC/LFP and C/LFP (both obtained via
MCVD at 650°C) composite cathodes and (b) enlarged EIS trace for
VC/LFP of the elliptic dashed zone shown in (a); the symbols R, R, Zy,
and CPE denote the solution resistance, the charge-transfer resistance, the
Warburg impedance, and the constant phase angle element, respectively.

and cycling life. This study shows that it is possible to syn-
thesize high-performance VGCF-improved LiFePO, cath-
ode material through a simple low-cost high-efficiency pro-
cess.

This work was supported by the National Natural Science Foundation of
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