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Owing to high safety, low cost, nontoxicity, and environment-friendly features, LiFePO4 that is served as the lithium ion battery
cathode has attracted much attention. In this paper, a novel 3D LiFePO4@C core-shell configuration anchored on carbon cloth
is synthesized by a facile impregnation sol-gel approach. Through the binder-free structure, the active materials can be directly
combined with the current collector to avoid the falling of active materials and achieve the high-efficiency lithium ion and
electron transfer. The traditional slurry-casting technique is applicable for pasting LiFePO4@C powders onto the 2D aluminum
foil current collector (LFP-Al). By contrast, LFP-CC exhibits a reversible specific capacity of 140mAh·g-1 and 93.3mAh·g-1 at
1C and 10C, respectively. After 500 cycles, no obvious capacity decay can be observed at 10C while keeping the coulombic
efficiency above 98%. Because of its excellent capacity, high-rate performance, stable electrochemical performance, and good
flexibility, this material has great potentials of developing the next-generation high-rate performance lithium ion battery and
preparing the binder-free flexible cathode.

1. Introduction

Lithium ion batteries (LIB), as the most important electro-
chemistry energy storage (EES), have attracted great atten-
tion from many researchers in the world and are widely
applied in the portable electronics and electric vehicle
industries due to their long cycle life, high energy density,
and portability [1, 2]. However, their comprehensive per-
formances are still limited by each component of the bat-
tery, especially for cathode. Consequently, cost, safety,
cycle life, and battery capacity may be seriously impacted
[3]. Lithium iron phosphate (LiFePO4) that was taken as
the cathode material had been firstly reported by Padhi

and his coworkers in 1997 [4]. Compared with many lith-
ium compounds, LiFePO4 has lots of advantages, such as
relatively high theoretical energy density (170mAh/g),
high safety, low cost, nontoxicity, and environment-
friendly features [5, 6]. However, its overall capacity cannot
be completely released because of its low electricity and
ionic conductivity [7]. Fortunately, various strategies have
been employed to overcome the abovementioned limita-
tions, such as size reduction [8], conductive surface coating
[9], lattice engineering [10], and surface engineering [11,
12]. In particular, carbon surface coating is proved to be
quite effective for improving the performances of the
LiFePO4 cathode [13]. Xu et al. [14] prepared the monodis-
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persed LiFePO4@C core-shell nanostructure cathode material
synthesized by a solvothermal route with ethylene glycol
(EG), and the reaction medium has a high-rate capacity
and excellent cycle performance. Chen et al. [15] synthesized
the ultrathin LiFePO4/C nanoflakes using an evaporated self-
assembly method, exhibiting the excellent specific capacity
and stable capacity retention.

For the different carbon surface-coating methods, the
citric acid-assist sol-gel method has its huge advantages of
controlling the morphology and particle size. In the sol-gel
process, the effective nanoscale carbon layers are formed in
situ, which can not only control the grain growth of LiFePO4
particles but also offer a fast pathway for ion and electron
transmission [16]. However, the single nanoscale design of
LiFePO4 still has some limitations because the comprehen-
sive performance of the battery may be influenced by the
whole electrode morphology and configuration. Tradition-
ally, slurry casting with binders has some intrinsic shortcom-
ings of electrochemical performance during the electrode
manufacturing process [17], for instance, bulk particle
agglomeration, weakly contact between active materials and
current collector, and increased internal resistance from
binders. Fortunately, the relevant drawbacks can be effec-
tively avoided by the rising binder-free flexible electrode.
With regard to such novel electrode configuration, the active
materials are embedded into 3D flexible current collector
so as to achieve well dispersion and strong combination
between active materials and current collector. Without any
polymeric binder and conductive additive in this kind of elec-
trodes, the loading mass of active materials is apparently
improved for better cycle stability and specific capacity.
However, there is still a lack of low-cost and high-efficiency
methods to prepare the binder-free flexible cathode. The
existing synthesis techniques like hydrothermal [18] and
electrodeposition [19] have the intrinsic drawbacks of low
reproducibility, high cost, and uncontrollable reaction pro-
cess. In order to further develop the flexible cathodes with
potential application value, it is necessary to explore a new
method to prepare the binder-free flexible cathodes.

In this paper, a facile method is proposed to prepare an
integral composite electrode by taking LiFePO4 as active
materials and carbon cloth as the current collector. Based
on the inherent characteristics of the citric acid in situ
sol-gel method, LiFePO4@C nanoparticles are fixed on the
surface of carbon cloth by in situ encapsulation effect and
citric acid carbonization. This novel electrode structure
has exhibited 3D morphology of monodispersed LiFe-
PO4@C core-shell nanostructure that is coated on the single
carbon fiber of carbon cloth. Meanwhile, a contrast experi-
ment is performed for this integral electrode and traditional
Al foil slurry-casting electrode using the same active mate-
rials of LiFePO4@C nanoparticles. Research results show
that this novel electrode exhibits an excellent low rate
performance (140mAh/g at 1C) and high-rate performance
(93.3mAh·g-1 at 10C). Noticeably, the extremely stable cycle
performance can be exhibited under high rate (no obvious
capacity decay is observed after 500 cycles under 10C) by
comparison to Al foil electrode with only 69.75% capacity
retention under 10C.

2. Experimental Study

2.1. Material Preparation

2.1.1. Activated Carbon Cloth. The pristine carbon cloth pur-
chased from CeTech Co. (TypeWOS1009) was activated by a
typical method. A clean carbon cloth was cut into slices of
1 cm × 1 cm and put into a three-necked flask with nitric
acid. Then, the mixture was heated at 100°C for 24 h under
oil bath condition. Finally, the activated carbon cloth was
flushed with deionized water and ethanol for three times
and dried under vacuum conditions.

2.1.2. LiFePO4@C/Carbon Cloth Composite Electrode.
Figure 1 clearly displays that LiFePO4@C/carbon cloth com-
posite electrode is prepared by a simple impregnation sol-gel
method, with which the novel 3D LiFePO4/C core-shell
nanostructure is established. First of all, LiFePO4 precursor
solution was prepared by mixing citric acid monohydrate
(0.2mol/L), LiNO3 (0.1mol/L), FeSO4·7H2O (0.1mol/L),
and NH4H2PO4 (0.1mol/L) in the beaker. Next, the mixture
was stirred at 80°C until the sol was shaped. And then, the
carbon cloth was soaked in the sol solution for 1 h and dried
for 10 h in the drying oven so as to form the gel layer on the
surface of the carbon cloth. Finally, the dried carbon cloth
was put into the muffle furnace, sintered at 700°C with
5°C/min for 10 h under argon atmosphere and naturally
cooled down to the room temperature.

2.1.3. Pristine LiFePO4@C Nanoparticle. In the contrast
experiment, the pristine LiFePO4@C nanoparticles without
carbon cloth were prepared as the current collector. Except
for soaked carbon cloth, the preparation process was the
same as that in Section 2.1.2. The sol solution was dried for
10 h in the drying oven to shape the xerogel, then sintered
at 700°C with 5°C/min for 10 h under argon atmosphere;
eventually, LiFePO4@C powder was obtained.

2.2. Characterization of Materials. X-ray diffraction (XRD)
patterns were collected from a Bruker D8 ADVANCE dif-
fractometer with Cu Kα radiation (λ = 0:15418nm); then,
the diffraction data was received for 2θ angles from 10° to
70°. The morphology and microstructure were featured by a
scanning electron microscope (SEM, Zeiss GeminiSEM
500) with an acceleration voltage of 15 kV and a transmission
electron microscope (TEM, JEOL JEM-F200) with an accel-
eration voltage of 200 kV. The surface element and structure
were characterized by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher ESCALAB), covering the scan range
from 0 eV to 1200 eV.

2.3. Electrochemical Measurement. In the samples, the elec-
trochemistry performances were assessed with coin cells
(CR2032) and assembled in a glove box under the oxygen
and water concentrations of about 1 ppm. The negative elec-
trode was made up of Li metal and the liquid electrolyte with
1M LiPF6 in the solvent mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1 : 1); meanwhile, a micro-
porous polypropylene film (Celgard 2400) was used as the
separator. Two kinds of samples were used as the working
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Figure 2: XRD patterns of pristine LFP and LFP-CC.
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Figure 1: Schematic illustration of the preparation process and the microstructure of LiFePO4@C/carbon cloth electrode.
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electrode. In sample 1, LiFePO4@C/carbon cloth composite
electrode was chosen with the loading mass of the active
material about 2.5mg/cm2. The so-called LFP-CC could be
directly used as the working electrode. And the mixture of
the active material (LiFePO4@C powder 80wt%), carbon
black (Super P, 10wt%), and polyvinylidene fluoride
(PVDF10wt%) was dispersed in N-methyl-2-pyrrolidone
(NMP). The received slurry was pasted onto an Al foil and
dried at 80°C overnight under vacuum condition. The loading
mass of the active material was about 2.3mg/cm2. In sample 2,
the so-called LFP-Al could be taken as the working electrode.
Besides, LANHE CT2001A system was used to measure the
battery performance in the voltage range of 2.5V-4.2V (vs.
Li+/Li) with different rates at room temperature. Cyclic volt-
ammetry (CV) and electrochemical impedance spectroscopy
(EIS) were conducted on a CHI-660E electrochemical work-
station. CV was implemented in the potential range of 2.5V-
4.2V (vs. Li+/Li) at a scan range of 0.5mV·s-1 while EIS was
carried out in the frequency range from 0.1Hz to 100 kHz.

3. Results and Discussion

As shown in Figure 2, the diffraction peaks of two samples
are well indexed for the olivine structure LiFePO4 (PDF No.
40-1499). In particular, three strong lines of (111), (121),
and (131) crystal planes at 25.5°, 29.6°, and 35.5°, respectively,
were obviously observed, indicating high purity and crystal-
linity of prepared LiFePO4. Compared with the pristine
LiFePO4 sample, LFP-CC had the relatively weak characteris-
tic peaks of LiFePO4 because the strong peaks of the carbon

cloth substrate were set around 26° and 43° [20]. However,
no other impurity phase was found in XRD patterns of the
LFP-CC sample, indicating that LiFePO4 with an intact crys-
tal structure was well coated onto the carbon cloth.

Figure 3 shows the 3D nanostructure of the LiFePO4@C/-
carbon cloth composite electrode. As shown in Figure 3(a),
the monodispersed LiFePO4@C nanoparticles were homoge-
neously anchored on the surface of the carbon cloth, offering
the favorable contact between the active materials and cur-
rent collector; every single particle was served as “microbat-
tery” for the release of capacity. Figure 3(b) shows that the
profile of this nanostructure could be observed in an intuitive
manner. It was noteworthy that the bottom of the nanoparti-
cles was wrapped by the carbon layer, which could attribute
to the in situ citric acid carbonization effect, enhance the
bonding strength, form the integrated flexible electrode,
and promote the cycle life of the battery. Figure 3(c) exhibits
the marginal morphology of the LiFePO4@C/carbon cloth
electrode. Also, the marginal positions were coated with
LiFePO4@C nanoparticles, indicating the effective mass load-
ing around the carbon fibers. Figure 3(d) displays the larger
magnification of the images with the diameters of LiFe-
PO4@C nanoparticles in the range of 100nm to 400 nm.
Therefore, the nanoscale structures had effectively shortened
the transmission path of lithium ions and electrons and
improved the specific capacity and rate performance.

TEM investigation was performed to confirm the core-
shell nanostructure of LFP-CC. The test samples were
obtained from the ultrasound LFP-CC in ethanol solution.
Figure 4(a) demonstrates that LiFePO4 nanoparticles are

(a) (b)

(c) (d)

Figure 3: SEM morphology structures of LFP-CC (a–d) based on different image magnifications and profiles.
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homogeneously wrapped by a thin carbon layer of about
3.6nm. Meanwhile, the interplanar crystal spacing of LiFePO4
can be observed clearly with the distance of 0.427 nm, corre-
sponding to the (011) crystal plane of olivine structure
LiFePO4, which coincided with the XRD result. Also, TEM
elemental mapping was conducted to analyze the core-shell
nanostructure of single LiFePO4@C. In Figure 4(b), it was
clearly observed that the diameter of a single LiFePO4@C

nanoparticle was about 50 nm. As shown in Figures 4(c)–
4(g), the element distributions of Fe, P, O, and C were
characterized; that is, Fe, P, and O elements were located
in the interior core, and C elements on the external edge.
Results indicated that the LiFePO4-coated carbon layer of
the core-shell nanostructure was successfully prepared.

X-ray photoelectron spectroscopy (XPS) was applicable
for analyzing the surface structure and element valence

(a) (b)

(c) (d) (e)

(f) (g)

Figure 4: TEM images (a, b) and elemental mapping images (c–g) of LFP-CC.
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states. According to the XPS spectrum in Figure 5(a), Li, P, O,
and C elements were observably present in the LFP-CC sam-
ple while the impurity elements N and S might be derived
from the precursor materials of LiNO3, FeSO4·7H2O, and
NH4H2PO4. From Figures 5(b)–5(e), the core-level spectra
of C 1s, Fe 2p, O 1s, and P 2p of LFP-CC were displayed,
respectively. The fitted lines of Fe 2p spectra showed two obvi-
ous characteristic peaks at BE of 710.3 eV and 723.8 eV,
which were assigned to Fe 2p3/2 and Fe 2p1/2 [21, 22]. The
transition of metal ions with partially filled orbit was featured
by two satellite peaks at higher BE of 713.8 eV and 727.6 eV
because of the multiple splitting of Fe ion energy levels [23,
24]. The positions of main peaks and satellite peaks were well
matched with the literature reports [25, 26], indicating the
presence of Fe2+ ion in the LFP-CC sample. The fitted lines
of C 1s spectra demonstrated obvious sp2 and sp3 peaks at
284.6 eV and 285.6 eV [27], respectively, and the carbon layer
was wrapped with LiFePO4 nanostructures in short-order
sp2-coordinated and sp3-coordinated existing ways [28].
For the functional groups absorbed on the sample surface,
two additional peaks were C-O and C=O at 287.9 eV and
289.8 eV, respectively [29–32]. The fitted lines of O 1s spectra
showed the lattice oxygen at 531.0 eV; meanwhile, two addi-
tional peaks at 531.9 eV and 533.0 eV were also derived from
C-O and C=O, respectively, in the surface functional groups
[31, 32]. The fitted lines of P2p revealed the main peak at
133.8 eV, which was attributed to the structure of the PO4

3-

group [21].
Figure 6(a) shows the initial cycle charge-discharge curve

of LFP-Al and LFP-CC in the range of 2.5V-4.2V at 1C. Both
samples exhibited the stable charge-discharge plateau voltage
at approximately 3.4V, indicating a two-phase redox reac-
tion between FePO4 and LiFePO4 [33, 34] as well as the
reversible specific capacity of 140mAh·g-1. Compared with
LFP-Al, the narrowed voltage gap of LFP-CC had been
increased, suggesting that the polarization level in the
LFP-CC sample was lower than that in the LFP-Al sample
during the charge-discharge process. This phenomenon
could be attributed to the carbon cloth current collector
with a more effective 3D conductive network and mono-
dispersed LiFePO4@C nanoparticles. Figure 6(b) exhibits
the charge-discharge curves of LFP-CC at the different C
rates. The obvious characteristic plateau voltage was grad-
ually disappeared with the increases of the C rate. In addition,
the stable and symmetric curve could be obtained with a larger
C rate, indicating that LFP-CC had excellent rate performance
at a large C rate. In order to further confirm the rate perfor-
mance of LFP-CC, a contrast experiment about the cycle rate
performance between LFP-CC and LFP-Al was conducted,
which is shown in Figure 6(c). With the increasing C rate, both
of the samples revealed a slight capacity decay from 1C to 5C,
but the capacity was obviously decreased from 10C to 20C.
LFP-CC had released the discharge specific capacity of
93.3mAh·g-1 and 83.3mAh·g-1 at 10C and 20C, respectively.
In contrast, LFP-Al had a lower capacity of 68.4mAh·g-1 and
31.3mAh·g-1 at 10C and 20C, respectively. Figure 6(d) shows
the capacity retention and coulombic efficiency of LFP-CC
and LFP-Al for 500 cycles at 10C. The LFP-CC sample exhib-
ited the outstanding capacity retention and coulombic effi-

ciency; after 500 cycles, no obvious capacity decay could be
observed with coulombic efficiency above 98%. For its inset,
it was shown that the capacity decay of LFP-Al was obviously
displayed with just 69.75% initial capacity after 500 cycles.
Meanwhile, the coulombic efficiency (above 90%) of LFP-Al
was still lower than that of LFP-CC. Although the same active
materials were taken in the experiment, the rate performance
could be changed with the different current collectors. This
was because of the difference between 3D binder-free inte-
grated electrode and a typical 2D plate electrode with
binders. In the binders, mechanical and electrochemical deg-
radation could easily occur, especially for a large charge-
discharge current [35].

Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) were conducted to analyze the kinet-
ics process of the electrode at the initial state and after 500
cycles at 10C. Figure 7(a) shows CV curves of LFP-CC. A pair
of symmetric redox peaks with positive and negative direc-
tions could be observed, indicating the reversible deintercala-
tion and intercalation process of lithium ion [36]. After 500
cycles, the curve was well matched with that of the fresh sam-
ple, indicating the excellent reversibility and stability of lith-
ium ion insertion and extraction at a large rate. However,
Figure 7(b) shows that in the LFP-Al sample, the potential
gap was apparently changed from 0.68V to 0.76V, which
was larger than 0.3V in the LFP-CC sample. Results sug-
gested that LFP-CC had a better kinetics process and stability
than LFP-Al. Nyquist plots of the electrochemical impedance
spectroscopy (EIS) were shown in Figures 7(c) and 7(d). All
of plots consisted of a partially overlapped semicircle in the
high-frequency region and a slope in the low-frequency
region. The semicircle corresponded to the charge transfer
resistance (Rct); the slope represented Warburg impedance
(Zw) associated with lithium ion diffusion in the bulk phase
of the electrode [37]. Figure 7(c) shows the initial sample of
LFP-Al and LFP-CC. The Rct value in LFP-CC (57.4Ω) was
significantly lower than that in LFP-Al (500.3Ω). That is to
say that the interface reaction kinetics and charge transfer
of LFP-CC were remarkably improved due to the introduc-
tion of carbon cloth current collector and nanostructure
carbon-wrapped LiFePO4. As it is shown in Figure 7(d), the
Rct value in LFP-CC (44.3Ω) was significantly lower than
that in LFP-Al (271.1Ω) after 500 cycles, indicating a better
reaction kinetics and charge transfer after a long cycle at a
large C rate. Based on the slope in the Warburg region,
the lithium ion diffusion coefficient (DLi+) was calculated
as follows [38]:

DLi+ =
R2T2

2A2n4F4C2σ2 , ð1Þ

where R is the gas constant, T is the absolute temperature,
A is the surface area of the electrode, n is the number of
transferred electrons per molecule during the electrochemical
reactionprocess (n = 1wasobtained forLiFePO4), F is theFar-
aday constant, C is the concentration of Li+ (7:69 × 10−3
mol·cm-3 was obtained for LiFePO4 [36]), and σ is the War-
burg factor associated with Zre (Zre ∝ σω−1/2). According to
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Figure 5: XPS spectra images of LFP-CC (a–e).
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the linear fitted line betweenZre and the inverse square root of
angular frequency in the Warburg region, Warburg factor σ
was obtained through the following equation [38]:

Zre = Re + Rct + σω−1/2, ð2Þ

where Re is the resistance of the electrolyte and electrode.
The lithium ion diffusion coefficient (DLi+) was calcu-

lated through Equations (1) and (2). The DLi+ values of ini-
tial LFP-Al, LFP-CC, 500th LFP-Al, and LFP-CC were
obtained, namely, 3:745 × 10−14, 1:837 × 10−13, 1:114 ×
10−13, and 7:996 × 10−13, respectively. Results showed that
DLi+ in LFP-CC was 4.9 times and 7.2 times as high as that
in LFP-Al at the initial stage and after 500 cycles, respec-
tively. Proofs revealed that the electrochemical reaction

kinetics and lithium ion diffusion rate were dramatically
improved while the carbon cloth was taken as the current
collector rather than the Al foil. When the active materials
were directly coated on the surface of the carbon cloth
through the sol-gel mechanism of gel coating, the 3D struc-
ture formed the multidimensional transmission path for
lithium ions and electrons without inactive matter hin-
drance. The difference was that the typical 2D plate electrode
configuration composed of the active materials; conductive
additive and binders had to solve the agglomeration prob-
lems of active materials.

4. Conclusions

In summary, the monodispersed LiFePO4@C core-shell
nanostructures anchored on the 3D carbon cloth have been
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successfully synthesized through a simple impregnation sol-
gel method. Through the combination of many carbon fibers
and well-distributed LiFePO4 with a nanocarbon layer, this
3D electrode configuration can effectively avoid the conduc-
tive additives and polymeric binders. Consequently, the elec-
trolyte can be fully immersed while the active materials
hardly fall off from the current collector anchored on the
carbon cloth. Compared with the LFP-Al sample, the LFP-
CC sample shows the remarkably improved specific capac-
ity, rate performance, and capacity retention, especially for
large rate performance and long cycle capacity retention.
Research findings reveal that 3D electrode configuration
without binders has more potentials than the typical 2D
electrode configuration with binders at a large rate and long
cycle lifespan. Eventually, our carbon cloth-based composite

electrode is seen as a promising cathode material for high-
rate performance lithium ion battery, providing a brand
new pathway of preparing the integral electrode of binder-
free system.
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Figure 7: (a) Cyclic voltammogram curves of LFP-CC. (b) Cyclic voltammogram curves of LFP-Al. (c) Nyquist plots of fresh LFP-Al and
LFP-CC and their plots (inset) of impedance as a function of the inverse square root of angular frequency in the Warburg region. (d)
Nyquist plots of LFP-Al and LFP-CC after 500 cycles and their plots (inset) of impedance as a function of the inverse square root of
angular frequency in the Warburg region.
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