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Abstract A vapor-grown carbon fiber/pyrolytic carbon-

coated LiFePO4 (VGCF/PCLFP) composite has been

prepared in one step through a solid-state reaction

accompanied by a gas-phase decomposition process. This

method leads to the formation of a conductive network

composed of pyrolytic carbon layer and in situ vapor-

grown carbon fiber in the composite. The amount of carbon

in the composite has been determined by a modified for-

mula based on thermogravimetric analysis to be around

3.0 wt%. The optimized electrode of VGCF/PCLFP com-

posite can deliver 150 mAhg-1 at 0.5 C rate, 137 mAhg-1

at 1.0 C rate and 132 mAhg-1 at 3.0 C rate. And its dis-

charge capacity loses only *4% at a higher rate of 3.0 C

after 100 cycles. The area-specific impedance of a cell

fabricated with VGCF/PCLFP composite is lower than that

made of only pyrolytic carbon-coated LiFePO4, reported

here for the purpose of comparison. In comparison to the

electrode made of carbon black/LiFePO4 composite

(10 wt% carbon), the charge transfer resistance of the

VGCF/PCLFP composite electrode decreases from 165 to

91 X. This technique presents an attractive way to produce

high-performance LiFePO4 cathode material through a

low-cost high-efficiency process.

Introduction

The ever-growing demand for portable batteries with high

energy density is exerting pressure for the development of

advanced lithium-ion batteries. Conventional cathode

materials for lithium-ion batteries such as layered LiMO2

(M = Co, Ni, Mn) and the spinel LiMn2O4 have been the

basis of most commercial cells [1, 2]. However, both of

these materials have substantial limitations. Cobalt-oxide-

based materials are costly, especially for large-scale

applications such as backup power systems and hybrid

electric vehicles, while cycling stability problems associ-

ated with LiMn2O4 have prohibited its commercial appli-

cation [3]. In 1997, Padhi et al. [4] reported that LiFePO4

(LFP) could be used as an ideal cathode material and

showed it had a theoretical capacity of 170 mAhg-1, little

hygroscopicity and good thermal stability in its fully

charged state. In addition, this material is inexpensive,

nontoxic, and environmentally benign [5, 6]. However, the

electronic conductivity of pure LFP (10-10 to 10-9 S cm-1

[7]) is by several orders of magnitude lower than that

of other important cathode materials (10-3 S cm-1 for

LiCoO2 [8] or 10-4 S cm-1 for LiMn2O4 [9]), which limits

its rate capability in lithium cells. Therefore, extensive

studies have been conducted to overcome the weakness by

using lattice doping [7] and/or surface coating methods

[3, 10–12].

Pyrolytic carbon-coated LFP (PCLFP) composite was

considered to be a novel and useful material by Belharouak

et al. [11]. Their method could deposit pyrolytic carbon not

only on the surface but also in the pores of the LFP par-

ticles. The as-prepared PCLFP composite could deliver

140 mAhg-1 (25 �C) at 0.3 C rate without additional car-

bon black in the electrodes. Their technique could also

reduce the amount of carbon (only 3.4 wt%) in the
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electrodes, which is beneficial to improve the volumetric

energy density and gravimetric energy density of the cell

[13]. Recently, several other works using hydrocarbon gas

as the carbon source have also been reported, where the

gas–solid interface reaction yields carbon deposition on the

particles [14–16]. Therefore, it is shown that the gas–solid

reaction can produce a uniform carbon layer easily and

result in a well-developed electronic conduction with a

small amount of carbon.

Carbon materials have been reported as ideal conductive

fillers in battery systems because of their high electrical

and good corrosion resistance in many electrolytes

[17–22]. Vapor-grown carbon fiber (VGCF), as a typical

representative of advanced carbon materials, has been

characterized in terms of the highly preferred orientation of

their graphitic basal planes parallel to the fiber axis, with an

annular ring texture in the cross section. This structure

gives rise to excellent mechanical properties, very high

electrical and thermal conductivity, and a high graphitiz-

ability of the fibers [23, 24]. Chen et al. reported that the

first discharge capacity of VGCF-enhanced LFP compos-

ites was more than two times of those without VGCF [25].

Nevertheless, ball milling, the most widely used method to

introduce carbon fibers in the mixing process [26–31],

could inevitably increase the contact resistance and is

difficult to ensure the homogenity and dipersity of the

fibers in the eletrodes.

In this work, a vapor-grown carbon fiber/pyrolytic

carbon-coated LiFePO4 (VGCF/PCLFP) composite was

prepared in one step through a solid-state reaction

accompanied by a gas-phase decomposition process. This

method presents a way to form an effective conductive

network composed of pyrolytic carbon layer and in situ

VGCF, which in turn leads to superior electrochemical

performance.

Experimental

The precursor consisting of iron (II) oxalate, ammonium

dihydrogen phosphate, and lithium carbonate in a stoichi-

ometric molar ratio (1:1:1) was dispersed into acetone and

then mixed by ball milling for 24 h. After evaporating the

acetone, the mixture was decomposed at 320 �C for 12 h in

argon, reground, and then heated to 700 �C at a rate of

10 �C min-1 in an oven under argon. Finally, the samples

were sintered at 700 �C for 24 h. It was noted that a

mixture of argon and propylene should be fed into the

furnace chamber as soon as the temperature reaches 550 �C

and then shut off when the mixture had been sintered at

700 �C for 2 h. For comparison, pure LFP was also

obtained under the same conditions with the exception of

gas-phase decomposition utilized in the synthesis process.

In order to determine the exact amount of carbon in the

samples, thermogravimetric analysis (TGA, Q500, TA)

was carried out under a dry air flow. The samples were

heated to 700 �C at a rate of 5 �C min-1.

X-ray diffraction (XRD, D8 ADVANCE, Bruker AXS)

with Cu Ka radiation was used to identify the phases. An

integrated Raman spectroscopy system (inVia Reflex,

Renishaw) was used to analyze the structure and compo-

sition. The excitation wavelength was supplied by an

internal Ar (514.5 nm) 20 mW laser. Field emission

scanning electron microscopy (FESEM, S-4800, HIT-

ACHI) and energy dispersive X-ray spectroscopy (EDS,

EDAX) were used to analyze the morphology and ele-

mentary components, respectively. High resolution trans-

mission electron microscopy (HRTEM, JEM-2100F) was

used to analyze the nanostructure of the samples.

For comparison, two kinds of electrodes were made in

this study, one which contains 92 wt% active material

(VGCF/PCLFP composite) and 8 wt% polyvinylidene

fluoride (PVDF), and the other which consists of 82 wt%

active material (pure LFP), 10 wt% carbon black and

8 wt% PVDF. Both electrodes were prepared by spreading

a slurry in N-methylpyrrolidone onto aluminum foil current

collectors and allowing them to dry. 2032-size coin cells

were assembled in an argon-filled glove box (UNILab2000,

M. Braun) using lithium as a counter electrode and 1 M

LiPF6 in 1:2 ethylene carbonate/dimethyl carbonate (EC-

DMC) as the electrolyte solution. Charge/discharge tests

were performed using an Arbin Instruments (BT2000) at

25 �C.

The area-specific impedance (ASI) measurements were

performed using a 30 s current interruption method every

30 min during the charge/discharge cycling.

The electrochemical impedance spectroscopy (EIS) was

measured with a frequency response analyzer (Solatron

1260) interfaced with a potentio-galvanostat (Solatron

1287). The sinusoidal excitation voltage applied to the cells

was 10 mV rms with a frequency range of between 104 and

10-1 Hz. We analyzed the impedance data to evaluate the

equivalent circuit parameters by using a parameter fitting

program (Scribner Associates, Zplot for Windows).

Results and discussion

Figure 1a shows the XRD plot of the VGCF/PCLFP com-

posite. All intense peaks in the pattern can be attributed to

orthorhombic LFP (JCPDS Card No. 83-2092, space group

Pnma (62), a = 10.334 Å, b = 6.01 Å, c = 4.693 Å)

while the absence of peaks corresponding to graphite indi-

cated that the carbon in the sample was not well crystal-

lized. The Raman spectrum of the as-prepared composite is

shown in Fig. 1b. The bands at 500–100 cm-1 and
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1,120–520 cm-1 correspond to the Raman vibrations of

Fe–O and PO4
3- in LFP, respectively, while the bands in

the range of 1,460–1,170 cm-1 and 1,730–1,470 cm-1 can

be assigned to the disorder-induced phonon mode (D-band)

and the graphite band (G-band) of carbon, respectively

[32, 33]. These results reveal that the as-prepared sample

was mainly composed of LFP and amorphous carbon.

Figure 2a shows an FESEM photograph of the VGCF/

PCLFP composite. The average size of irregularly shaped

particles was around 500 nm and they were mainly com-

posed of Fe, P, O, and C element (Fig. 2d). Combined with

the XRD and Raman analyses above, these particles are

likely to be pyrolytic carbon-coated LFP. In addition, many

needle-like fibers formed at the surface of those particles,

some of which were oriented arrangement parallel or per-

pendicular to the surface of the particles (indicated by

arrows in Fig. 2a). More interesting is their in situ growth

mode which can be seen in the further magnified image

shown in Fig. 2b. The HRTEM image indicates that the in

situ fibers exhibited typical VGCF microstructure which

was reported in detail by Endo et al. [18, 19]. The as-

prepared VGCF had an average diameter of about 25 nm,

which is indicative of their excellent electrical conductivity

and mechanical strength [19]. The selected area diffraction

patterns (SADP) of the composite are given in Fig. 2e and

f. The vapor-deposited pyrolytic carbon layer homoge-

neously covering the surface of LFP particles had a uni-

form thickness of less than 2.5 nm and formed an effective

conductive network together with VGCF in the composite.

Both the pyrolytic carbon layer and VGCF resulted from

the decomposition of propylene, and the formation of

VGCF may have been assisted by the catalytic action of

iron and/or iron compounds during the process [18, 19].

However, there was no evidence that they existed in the as-

prepared composite, which may echo previous studies

regarding the preparation of VGCF without any catalysts

[34, 35], though further research is still needed.

The products after the TGA experiment performed on

the VGCF/PCLFP composite can be indexed to

Li3Fe2(PO4)3 and Fe2O3 (Fig. 3a), which is consistent with

the report of Belharouak et al. [11]. As a result, the weight

change with respect to the oxidation of the VGCF/PCLFP

composite in the TGA curve may take place according to

the Eq. 1:

nC� LiFePO4 þ
1

4
O2 " þnO2 " �!

1

3
Li3Fe2ðPO4Þ3

þ 1

6
Fe2O3 þ nCO2 " ð1Þ

As a consequence, the amount of carbon in the VGCF/

PCLFP composite is calculated to be around 3.0 wt%

according to the Eq. 2:

%carbon ¼ MLFP �MC�LFPð Þ � d ð2Þ

where MLFP and MC-LFP are the weight gain of pure LFP

and VGCF/PCLFP composite after TGA experiments

performed at a temperature range of 25–700 �C, and the

variable, d, is defined according to the Eq. 3:

d ¼ 1

1þMLFP

ð3Þ

Here MLFP and MC-LFP are equal to 5.03 and 1.9 wt%

(from Fig. 3b), respectively. This formula is more accurate

than that proposed by Belharouak et al. [11] because of the

consideration of variable (d).

Figure 4 shows the initial charge/discharge curves of

VGCF/PCLFP composite at different rates. In the potential

range of 2.5–4.2 V, the composite delivered 155 mAhg-1

with 95% cycle efficiency at 0.2 C rate in the first cycle,

and it delivered 150 mAhg-1 at 0.5 C rate, 137 mAhg-1 at

1.0 C rate, and 132 mAhg-1 at 3.0 C rate. For comparison,

Chen and Dahna reported that the discharge capacity of

C/LFP was 110 mAhg-1 at 2 C rate when the carbon

content was 7% [13], and Belharouak et al. reported that

Fig. 1 a XRD plot and b Raman spectrum of VGCF/PCLFP

composite
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PCLFP released 140 mAhg-1 at 0.3 C rate when the car-

bon content was 3.4 wt% [11]. Thus, the electrochemical

property of the cathode material obtained by our technique

is notably improved. It is known that lithium ion inter-

calation/deintercalation reactions depend on electronic

conduction [36]. In this study, the conductive network

composed of pyrolytic carbon layer and VGCF enabled

active material to transport lithium ions and electrons in

mass at a fast rate. Furthermore, the diffusion of lithium

ions, which is considered to be the slowest process,

depending on the porosity of the electrode to a certain

extent, can also be improved by the formation of VGCF.

The cycling performance of the VGCF/PCLFP com-

posite is given in Fig. 5. The capacity fading on cycling

VGCF/PCLFP composite at 0.2 C rate was negligible after

100 cycles, and the capacity lost only *4% at 3.0 C rate

after 100 cycles.

Figure 6 shows the ASI curves of PCLFP reported by

Belharouak et al. [11] and VGCF/PCLFP composite pro-

duced by our process. For the cells made of VGCF/PCLFP

composite with *3.0 wt% carbon, the ASI is obviously

lower than that of PCLFP composite electrode. This

implies that the combination of pyrolytic carbon layer and

VGCFs can improve the conductivity of the electrode

effectively. It is worthy of special mention that the excel-

lent properties of VGCF may play an even greater role

despite its little quantity [19].

Figure 7 compares the electrochemical impedance

spectra of the VGCF/PCLFP composite electrode (3.0 wt%

carbon) and the carbon black/LFP composite electrode

(10 wt% carbon). The interpretation of the impedance

spectra is based on the equivalent circuit shown in Fig. 7.

Where Rs represents the sum of the ohmic resistance of the

research system, CPE (constant phase element) represents

Fig. 2 a FESEM photograph of

VGCF/PCLFP composite,

b higher magnification FESEM

image of VGCF/PCLFP

composite, c HRTEM image of

VGCF/PCLFP composite,

d EDS analysis of spot 1,

e selected area diffraction

pattern (SADP) of spot 2, and

f SADP of spot 3
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the double layer capacitance, and the SEI (solid electrolyte

interface) film capacitance instead of a capacitor to com-

pensate for nonhomogeneity in the system, Rct is a charge

transfer resistor which is related to the electrochemical

reaction at the electrode–electrolyte interface and particle–

particle contact and Zw is the finite length Warburg with a

short circuit terminus [37–39]. Some of the parameters

obtained by fitting are listed in Table 1. In the high-

frequency region, the charge transfer resistance of the

VGCF/PCLFP composite electrode and the carbon black/

LFP composite electrode is 91 and 165 X, respectively.

This change could be attributed to the replacement of

carbon black by the conductive network wired by pyrolytic

carbon layer and VGCF. In the low-frequency region, the

impedance slope of VGCF/PCLFP composite electrode is

bigger than that of carbon black/LFP composite electrode,

indicating that vapor-deposited pyrolytic carbon layer and

VGCF were able to enhance the electrochemical activity of

LFP more effectively than carbon black.

Fig. 3 a XRD plot of the resulting products after TGA of VGCF/

PCLFP composite performed under dry air and b TGA curve of

VGCF/PCLFP composite

Fig. 4 Charge/discharge curves of VGCF/PCLFP composite elec-

trode at the cutoff voltage of 2.5–4.2 V versus Li/Li? at different rate

in 1 M LiPF6/EC-DMC (1:2) at 25 �C

Fig. 5 Plots of discharge capacities of VGCF/PCLFP composite

electrode as a function of the cycle number in the first 100 cycles at

the cutoff voltage of 2.5–4.2 V versus Li/Li? at different rate in 1 M

LiPF6/EC-DMC (1:2) at 25 �C

Fig. 6 ASI curves of the different LFP cathode materials
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Conclusions

A VGCF/PCLFP composite has been prepared in one step

through a solid-state reaction accompanied by a gas-phase

decomposition process. The olivine structure (LiFePO4,

Pnma (62)) was not affected using our technique. The

amount of carbon in the composite was determined to be

around 3.0 wt% using a modified formula based on TGA.

The electrode fabricated with VGCF/PCLFP composite

delivered a discharge capacity of 150 mAhg-1 at 0.5 C

rate, 137 mAhg-1 at 1.0 C rate and 132 mAhg-1 at 3.0 C

rate. The ASI of the cell fabricated with VGCF/PCLFP

composite was lower than that made of single pyrolytic

carbon-coated LiFePO4. Additionally, compared to the

electrode made of carbon black/LiFePO4 composite (10

wt% carbon), the charge transfer resistance of the VGCF/

PCLFP composite electrode decreased from 165 to 91 X.

The improvement of electrochemical properties was

mainly attributed to the formation of an effective conduc-

tive network composed of vapor-deposited pyrolytic car-

bon layer and in situ VGCF. This study provides a feasible

way to achieve high-performance LiFePO4 cathode mate-

rial through a simple low-cost high-efficiency process.
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