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Porous carbon-coated LiFePO4 nanocrystals prepared by in situ
plasma-assisted pyrolysis as superior cathode materials for lithium
ion batteries
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Abstract
The porous carbon-coated LiFePO4 (LFP) nanocrystals synthesized by in situ plasma-assisted pyrolysis are reported. The particle
size of LFP nanoparticles is well controlled through the coating of polyaniline (PANI) on FePO4. The effect of PANI content in
FePO4/PANI on the morphology and electrochemical performance of LiFePO4 particles is extensively investigated. Results show
that the optimized amount of PANI in FePO4/PANI is 10.16% and the corresponding carbon content in activated porous carbon-
coated LiFePO4 (LFP/AC-P4) is 9.27%. The primary particle size of LFP/AC-P4 is 20~50 nmwhich are wrapped and connected
homogeneously and loosely by activated porous carbon. The LFP/AC-P4 composite delivers a capacity of 166.9 mAh g−1 at 0.2
C, which is much higher than carbon-encapsulated LiFePO4 nanocomposite (LFP/C) synthesized without the assistance of
plasma pyrolysis (163.5 mAh g−1). Even at high rate of 5 C, a specific capacity of 128.4 mAh g−1 is achievable with no obvious
capacity fading after 250 cycles.

Keywords In situ plasma assisted pyrolysis . Porous carbon . LiFePO4
. Excellent rate capability . Superior cyclic stability

Introduction

Lithium ion batteries (LIBs) have been widely used in
portable electronic devices in our daily life, such as
handphones, digital cameras, laptops, etc., since they
were first introduced in the 1990s. However, more ef-
forts are still needed to improve the power and energy
density of LIBs for their further applications in electric
vehicles and hybrid electric vehicles. The cathode mate-
rial is the key factor to determine the performance of
LIBs. Since the pioneer ing work repor ted by
Goodenough et al. in 1997, orthorhombic olivine
LiFePO4 has been considered to be a promising cathode
material for LIB due to its high theoretical capacity
(170 mAh g−1), long cycle life, low raw material cost,
high safety, and environmental friendliness [1].
Unfortunately, the intrinsic poor electronic conductivity
(< 10−9 S cm−1) and low ion diffusion coefficient (10−14

to 10−16 cm2 s−1) of LiFePO4 greatly affect its high rate
capability, which limits the commercial potential use in
certain fields [2–4]. Great efforts have been made to
overcome these drawbacks. One effective way is coating
the surface of LiFePO4 particles with conductive mate-
rial, which would effectively facilitate the electronic
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conductivity by allowing electrons to move over the
particle surface. Many kinds of carbon precursors have
been used for coating of LiFePO4 particles, such as
sucrose, glucose, polyethylene glycol, or electrochemi-
cally active polymers [5–7]. Recently, carbon materials
with different dimensions were also adopted to modify
the LiFePO4 particles, such as 1D carbon nanotubes or
carbon fibers [8–10], 2D graphene-based materials
[11–14], and 3D graphene skeleton [15–17]. Based on
the results of the above studies, a critical rule can be
observed. The structure of the coated or modified car-
bon can affect the performance of the resultant cathode
material. Moreover, compared with amorphous carbon,
graphitic carbon is more desirable to enhance the elec-
tronic conductivity, which can influence the final perfor-
mance of the LIBs. The other way is minimizing the
particle size of LiFePO4 to shorten the Li-ion diffusion
path length and increase the ion diffusion coefficient [2,
3]. LiFePO4 particles with controllable sizes and shapes
can be fabricated via various synthetic techniques, in-
cluding hydrothermal processes, solvothermal processes,
sol-gel methods, or solid-state reactions [18–20].
However, coating with carbon is still required for most
of these methods after the formation of crystals, which
is a partial ly coating and complicated process.
Moreover, carbon-modified (such as graphene or carbon
nanotube) LiFePO4 particles can be developed through
an in situ approach, involving the nucleation and growth
of FePO4 or LiFePO4 nanoparticles on carbon-based
materials and final annealing processes [11, 21, 22].
However, the particle size and morphology cannot be
precisely controlled during this procedure, which would
greatly influence the performance of prepared cathode
materials. Therefore, homogeneous coating of carbon
layer on LiFePO4 particles with controlled size can im-
prove both electronic conductivity and ion diffusion co-
efficient, both of which are critical to strengthen the
performance of cathode material.

Here, LiFePO4 nanocrystal was fabricated via an in
situ polymerization restriction method. It is the first
time to discover the relationship between the amount
of introduced aniline and the size of wrapped particle.
Then porous carbon-coated LiFePO4 nanocrystals can be
fabricated following an in situ plasma-assisted pyrolysis
process. Interestingly, more desired graphitic structure as
well as the porous structure can be formed during the in
situ plasma-assisted pyrolysis procedure compared with
the normal calcination process without the assistance of
plasma, which is critical to improve the performance of
resultant cathode material. At the same time, the effect
of the PANI content in FePO4/PANI on the morphology
and electrochemical performance of LiFePO4 particles is
extensively investigated in the following sections.

Experimental procedure

Preparation of LiFePO4 nanocomposite coated
with porous carbon nanosheets by plasma-assisted
pyrolysis

The prepared FePO4/PANI precursors (Detailed preparation
process is described in the Supporting information) with dif-
ferent amounts of PANI coating (the content of coated PANI
were 0, 3.11, 5.21, and 10.16%, respectively, synthesized
from the FePO4/PANI (x) (x = 0, 5, 10, and 15)), and equimo-
lar of CH3COOLi were mixed with a certain proportion of
sucrose (32 wt.% vs. LiFePO4), which were further grinded
uniformly and compressed into a sheet. The fabricated sheet
was then sintered at 400 °C for 2 h by plasma discharge under
N2 (5% H2) gas protection. After the sample is cooled, it was
grinded and pressed again. The regained sheet was then
sintered at 600 °C for another 4 h by plasma discharge under
N2 (5% H2) gas protection to obtain the LFP@AC nanocom-
posites, which should have a core-shell structure. In this work,
the LFP@AC nanocomposites coated with different amounts
of porous carbon nanosheets, which were synthesized from
the FePO4/PANI (x) (x = 0, 5, 10, and 15)) as precursor during
the plasma pyrolysis process, were synthesized. The carbon
content for prepared LFP@AC nanocomposites was 4.93,
6.84, 8.28, and 9.27%, which was signed as LFP@AC-P1,
LFP@AC-P2, LFP@AC-P3, and LFP@AC-P4, respectively.
The in situ plasma-assisted pyrolysis procedure was complet-
ed in a plasma pyrolysis reactor as illustrated in Fig. 1a.

For comparison, a nanocomposite LFP/C using FePO4/
PANI as precursor (the content of coated PANI was 10.16%)
was also prepared under the same preparation parameters
without the assistance of plasma. The carbon content of resul-
tant nanocomposite was 8.37%, marked as LFP/C.

Physical characterization

Hitachi S4800 field emission scanning electron micros-
copy was used to observe the morphology of the sam-
ples. Transmission electron microscopy (TEM) observa-
tions were carried out on a JEOL, JEM-2100F (Japan)
electron microscope. The phase analysis and crystal
structure characterization of the material were carried
out by a Bruker D8 Advance X-ray powder diffractom-
eter, which used CuKα radiation (λ = 1.5418 Å) operat-
ed at voltage 40 kV and current 250 mA at a scan rate
(2θ) of 2° min−1. The carbon content of the synthetic
products was determined by CS800 high-frequency in-
frared carbon and sulfur analyzer. Raman spectra were
acquired on a Raman spectrometer (Renishaw, RM-1000
Invia) with a 2.41-eV excitation energy. Fourier trans-
form infrared spectrometer (FTIR) spectra were collect-
ed by a Bruker IFS-66V/S spectrometer.
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Electrochemical characterization

Electrochemical performances of LFP@AC and LFP@C
samples were evaluated using CR2032-type coin cells.
Laminated electrode was prepared as follows: the active
material with acetylene black and polyvinylidene fluoride
(PVDF) in a weight ratio of 85:10:5 were mixed and dis-
solved in N-methyl-2-pyrrolidinone (NMP) to form a slur-
ry with the assistance of ultrasound. Then the above-
prepared slurry was coated onto the Al foil homogeneous-
ly. The load quality of fabricated electrode was about
2 mg cm−2, which was further dried at 120 °C for 24 h
under a vacuum atmosphere. The button cell was assem-
bled in an argon-filled glove box with the above electrode
as cathode, lithium metal as anode, polypropylene film as
separator, and 1 mol L−1 LiPF6 in EC/DEC (1:1, volume
ratio) solution as electrolyte. At room temperature, the
galvanostatical charge-discharge cycling test was carried
out in the LAND battery test system. The charge-
discharge current rates were 0.2, 0.5, 1, 2, 5, 10, and 20
C, respectively, over a potential range of 2.5–4.2 V (vs.
Li/Li+). The electrochemical impedance spectra and cyclic
voltammograms (CVs) were recorded on Zahner IM6e
electrochemical workstation. The electrochemical imped-
ance test was performed over a frequency range of 1 ×
105~0.01 Hz with an applied amplitude of 5 mV. The CV
measurement was carried out between 2.5 and 4.5 V.

Results and discussion

Control the particle size of PANI-wrapped FePO4

A different amount of aniline monomer was introduced during
the synthesis process of polyaniline (PANI)-coated FePO4

(FePO4/PANI) precursor as mentioned in the experimental
part. And the obtained FePO4/PANI precursor was denoted
as FePO4/PANI (x) (x = 0, 5, 10, 15, 30, and 47), where x
represents the mass of added aniline monomer. The TGA/
DSC images of FePO4/PANI precursors with different coating
contents of PANI are shown in Fig. 1b, c. The weight of
sample FePO4/PANI (0) (Fig. 1b), synthesized without the
addition of aniline monomer, decreased by 16.73 wt.% from
room temperature to 800 °C, which is mainly due to the loss of
adsorbed and crystal water of FePO4 [7]. Based on the result
of Fig. 1b, it can be concluded that the weight loss of precur-
sors FePO4/PANI (5), FePO4/PANI (10), FePO4/PANI (15),
FePO4/PANI (30), and FePO4/PANI (47) were 19.84, 21.94,
26.89, 27.05, and 27.02%, respectively. Combined with the
weight loss of precursor FePO4/PANI (0), it can be summa-
rized that the weight percentage of coated PANI in precursors
FePO4/PANI (5), FePO4/PANI (10), FePO4/PANI (15),
FePO4/PANI (30), and FePO4/PANI (47) were 3.11, 5.21,
10.16, 10.29, and 10.32%, respectively. It is easy to note that
when the quality of introduced aniline reaches 15 g, the con-
tent of coated PANI in precursors FePO4/PANI (30) and

Fig. 1 a In situ plasma-assisted
pyrolysis reactor. b TGA and c
DSC images of FePO4/PANI pre-
cursor with different coating con-
tents of PANI
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FePO4/PANI (47) were similar as that in FePO4/PANI (15),
which did not increase with the further increase of added an-
iline monomer as in samples FePO4/PANI (5) and FePO4/
PANI (10). Because, the oxidization polymerization of aniline
was initiated by the Fe3+ ions on the outer surface of precip-
itated FePO4 particles [13]. Therefore, once the FePO4 parti-
cles are completely coated with a layer of PANI, the polymer-
ization of aniline will be prevented. It can be concluded that
the coating content of PANI in FePO4/PANI composite has a
maximum value.

Serious agglomeration and uneven particle size distribu-
tion can be found in Fig. 2a, which shows the SEM image
of prepared FePO4 nanoparticles without coated PANI. On
the contrary, when PANI is coated on the surface of FePO4

nanoparticles, the particle size of FePO4 becomes uniform
as shown in Fig. 2b–f. Moreover, the particle size de-
creased with the increase of introduced aniline monomer
from 5 to 15 g, and each agglomerated cluster contains a
large number of FePO4 nanoparticles interconnected by
PANI. However, when the amount of aniline monomer
reaches 15 g, the particle size of resultant FePO4 nanopar-
ticles are no longer further reduced (Fig. 2d–f). This is
because the polymerization of aniline is blocked after the
FePO4 particles are completely coated with a layer of PANI
[7, 13].

Figure S1 shows the EDX result of FePO4/PANI nanocom-
posites with different amounts of coated PANI. Only O, P, and
Fe elements can be found for FePO4/PANI (0) in Fig. S1a,
indicating the absence of PANI. Different from FePO4/PANI
(0), element N can be found for samples FePO4/PANI (5),
FePO4/PANI (10), FePO4/PANI (15), FePO4/PANI (30), and
FePO4/PANI (47) as shown in Fig. S1b–f, which could further
prove the success coating of PANI on the surface of FePO4

nanoparticles. It can be summarized from Fig. S1b–f that the
N content of corresponded samples increased with the in-
crease of the added aniline monomer. However, when the
amount of aniline monomer reached 15 g, the N content of
obtained FePO4/PANI nanoparticle remained constant. This
discovery could further confirm our previous speculation that
the polymerization of aniline will be stopped after the synthe-
sized FePO4 nanoparticles are completely coated with a layer
of PANI.

Performance optimization of activated porous
carbon-coated LiFePO4 by in situ plasma-assisted
pyrolysis

The above-obtained PANI-wrapped FePO4 nanoparticles,
coated with different amounts of PANI (0, 3.11, 5.21, and
10.16%), were mixed with equimolar CH3COOLi and a

Fig. 2 SEM images of FePO4/
PANI composites with different
coating contents of PANI: a
FePO4/PANI (0), b FePO4/PANI
(5), c FePO4/PANI (10), d FePO4/
PANI (15), e FePO4/PANI (30),
and f FePO4/PANI (47)
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certain amount of sucrose, which acted as the carbon precursor
(32 wt.% vs. LiFePO4). Then activated porous carbon-coated
LiFePO4 (LFP@AC) nanocomposites were fabricated
through in situ plasma-assisted pyrolysis process. Due to the
plasma-assisted pyrolysis reaction, the coated activated po-
rous carbon was expected to be further graphitized. The car-
bon content of synthetic products donated as LFP@AC-P1,
LFP@AC-P2, LFP@AC-P3, and LFP@AC-P4 were 4.93,
6.84, 8.28, and 9.27%, respectively, which were detected by
CS800 high-frequency infrared carbon and sulfur analyzer.
For comparison, FePO4/PANI with the coated PANI content
of 10.16% was chosen as a contrast, which was further coated
with carbon through high-temperature pyrolysis reaction but
without the assistance of plasma. The total carbon content of
resultant carbon-encapsulated LiFePO4 nanocomposite was
8.37%, which was recorded as LFP/C.

Figure S2 shows the EDX images of LFP/AC nanocom-
posites coated with porous carbon slices and LFP/C nanocom-
posite fabricated without the assistance of plasma pyrolysis.
As can be seen from the EDX images, elements C, O, P, and
Fe exist in all synthesized samples, including LFP/AC and
LFP/C nanocomposites. And the atomic ratios of P and Fe
for all resultant samples are close to 1:1, similar with that in
LiFePO4, suggesting the successful synthesis of carbon-
coated LiFePO4 nanocomposites. Figure 3a–d shows the
SEM images of activated carbon-coated LiFePO4 nanoparti-
cles prepared by in situ plasma-assisted pyrolysis process. As
can be seen from Fig. 3a–d, it can be concluded that the par-
ticle sizes for resultant LFP/AC nanocomposites became
smaller following the increase of coated carbon content.
Results show that the optimized amount of carbon in LFP/
AC-P4 is 9.27%, and the corresponding particle size of
LiFePO4 is 20~50 nm, which are wrapped and connected
homogeneously and loosely by activated carbon. As men-
tioned above, when the surface of the FePO4 particles are
completely covered by PANI, the polymerization will termi-
nate, because the exposed Fe3+ ions is the initiators for poly-
merization. So it can be concluded that too little PANI cannot
completely coat the resultant FePO4 particles; however, the
amount of PANI coating has an upper limit. Both the coated
PANI on the FePO4 particles surface and later introduced su-
crose provided the carbon source for the plasma-assisted py-
rolysis process. Therefore, samples LFP/AC-P3 and LFP/AC-
P4 have the relatively higher carbon content (8.28, and 9.27%,
respectively) due to the higher PANI coating content. As is
known, carbon sheets will be formed during the high-
temperature calcinated process with the pyrolysis of coated
PANI and sucrose. The resulting carbon sheets could form
graphite and amorphous carbon by ordered or disordered
alignment [23, 24]. Combined with the in situ plasma treat-
ment, which can effectively etch the carbon sheets on the
surface of the coated carbon to produce porous structures
and edges without destroying the core of the fabricated

particles, the porous carbon structure can be formed [25–27].
Therefore, the obvious porous structure can be found in the
coated activated carbon, especially for samples LFP/AC-P3
and LFP/AC-P4, which possessed relatively higher content
of coated carbon. On the contrary, the porous carbon structure
cannot be searched for sample LFP/C. Therefore, it can be
assumed that the plasma-assisted pyrolysis process is a neces-
sary condition for the generation of porous carbon structure.

From the transmission electron microscope (TEM) images
of LFP/AC-P3 (Fig. 4), it can be seen that the obtained LFP/
AC-P3 nanocomposite material was composed of LiFePO4

particles and coated carbon materials. It is worth noting that
the synthesized LiFePO4 particles were homogeneously coat-
ed with introduced carbon, which has a clear porous structure,
and acting as a network to connect the prepared LiFePO4

particles together. Therefore, it can be expected that the ho-
mogeneous coated porous carbon network would facilitate the
fast transport of electrons and to control the volume deforma-
tion of LiFePO4 nanoparticles during charging and
discharging processes. However, the desirable porous carbon
network has not been found in sample LFP/C (Fig. 4a). As
shown in Fig. 4e, the lattice fringe of LFP/AC-3 with a space
of 3.69 Å corresponding to the (011) plane of orthorhombic
LFP crystal can be found [19, 28]. And combined with the
SAED pattern in Fig. 4d, it can be deduced that the porous
carbon-coated LiFePO4 particles are polycrystalline with
small particles [29].

Figure 5a shows the XRD patterns of LFP/AC and LFP/C.
All samples show the same peaks, which can match the pat-
tern of orthorhombic olivine phase well (JCPDSNo. 83-2092)
[20, 30]. The lattice parameter for a, b, and c is 1.0329, 0.601,
and 0.4694 nm, respectively, and the cell volume is
0.291 nm3, all of which is consistent with the literature report
[1]. Moreover, the impurity peaks located at 2θ = 43.8° and
51° representing Li3Fe2(PO4)3 are not found in the XRD spec-
tra, indicating that the synthesized LFP/AC and LFP/C have
very high purity. At the same time, the diffraction peaks of
crystalline or amorphous carbon were not observed in the
XRD spectra, which is due to low carbon content in LFP/
AC and LFP/C as well as the relatively low sensitivity of X-
ray diffraction to graphitic materials. In this work, the precur-
sor FePO4/PANI was produced through the in situ polymeri-
zation of PANI coating method. Based on the above investi-
gation result, it can be concluded that this preparation method
canmake the precursor to nanoscale mixing and achieve better
uniformity, which can effectively avoid the formation of
Fe3O4, FeO, Li3PO4, and other unfavorable impurity [19,
31]. This is very critical for the preparation of LFP/AC and
LFP/C nanocomposites with high purity. Therefore, it is nec-
essary to strictly control the feeding order, the feeding speed,
and the amount of introduced PANI. At the same time, the
introduced carbon precursor (sucrose) cannot only inhibit the
formation of Fe3+ but also prevent the crystallization of larger
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particle size, which is helpful to control the particle size of
LiFePO4 under 50 nm. The small particle size can greatly
improve the ion diffusion rate of cathode materials.

Figure 5b shows the FTIR spectra of LFP/AC and LFP/C. It
can be seen from the FTIR spectra that with the increase of
coated PANI in the precursor FePO4/PANI, two obvious peaks

Fig. 3 SEM images of activated
porous carbon-coated LiFePO4

nanocomposites: a LFP/AC-P1, b
LFP/AC-P2, c LFP/AC-P3, and d
LFP/AC-P4. e Carbon-
encapsulated LiFePO4 nanocom-
posite (LFP/C) synthesized with-
out the assistance of plasma
pyrolysis

Fig. 4 TEM images of a LFP/C
and b, c LFP/AC-P3; d SAED
pattern of LFP/AC-P3; eHRTEM
image of LFP/AC-P3
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located at 1626 and 1552 cm−1 can be found for correspond-
ing LFP/AC nanocomposites, which corresponded to sp2 hy-
brid carbon layer structure. However, this sp2 hybrid carbon
layer structure did not show up in LFP/C, which was synthe-
sized without the assistance of plasma pyrolysis. Therefore, it
can be assumed that the plasma-assisted pyrolysis could
strengthen the graphitization degree of coated carbon in fab-
ricated LFP/AC nanocomposites. This assumption can be fur-
ther confirmed by the Raman spectra in Fig. 5c. The carbon
materials formed from the decomposition of PANI and su-
crose are composed of sp2 and sp3 hybrid atomic bonds, which
represent ordered graphite phases and disordered amorphous
phases, respectively. And the conductivity of ordered graphite
phase is greatly higher than that of disordered amorphous
phases. This principle was introduced into the study of carbon
coating by Doeff et al. [32]. It is considered that the peak
height or peak area ratio of the D peak and the G peak in the
Raman spectrum can represent the proportion of graphitiza-
tion of the carbon structure [33, 34]. Therefore, larger value of
peak height or peak area ratio of the D peak and the G peak
indicates higher degree of graphitization, which should led to
higher electrical conductivity of target carbon material. The
peak height ratios of the D peak and the G peak for LFP/AC

are obviously higher than that of LFP/C based on the Raman
spectra in Fig. 5c, suggesting higher degree of graphitization
of coated carbon in samples LFP/AC [34, 35]. Therefore, it
can be concluded that the conductivities of prepared LFP/AC
nanocomposites are higher than that of LFP/C nanocomposite.
And the improved conductivity could significantly improve
the rate performance of electrode materials.

In order to examine the electrochemical performance of
LFP/AC and LFP/C, the coin cells were assembled and their
charge and discharge performance was tested at room temper-
ature. Figure 6a, b and Fig. S3 show the initial charge/
discharge curves of resultant LFP/AC and LFP/C nanocom-
posite at the cutoff voltage of 2.5–4.2 V vs. Li/Li+ at different
rates in 1 M LiPF6/EMC-DEC (1:1 in v/v) at 25 °C. All the
samples exhibit a flat voltage plateau at around 3.45 V, corre-
sponding to the Li+ insertion and extraction process between
Fe3+ and Fe2+ [36]. With the increase of wrapped PANI, the
corresponding LFP/AC nanocomposites (LFP/AC-2, LFP/
AC-3, LFP/AC-4) still exhibit an obvious flat voltage plateau,
suggesting a higher capacitance than that of LFP/AC-1 under
high charging-discharging rate. Moreover, the voltage differ-
ence (ΔV) between the flat charge and discharge plateaus was
related to the polarization of the assembled coin cell system,

Fig. 5 a XRD patterns, b FTIR spectra, and c Raman spectra of LFP/AC and LFP/C
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which was caused by slow lithium diffusion in the electrode
material and increases in the resistance of the electrolyte fol-
lowing the increase of the charging-discharging rate [7]. It is
obvious to see that the ΔV of synthesized LFP/AC nanocom-
posites decreased with the increase of wrapped PANI, indicat-
ing that the kinetics of the electrode material was improved
[17]. Because the wrapped LiFePO4 particle size decreased
with the increase of introduced PANI (as mentioned in the
SEM analysis), which could accelerate the lithium diffusion
in the electrode material. Moreover, the lower electrochemical
polarization suggested an enhanced conductivity, which
should be due to the well-connecting carbon network deduced
from the homogeneous coated carbon with the increase of
wrapped PANI. As illustrated in Fig. 6c, the rate capabilities
of the all-prepared samples were assessed by charging-

discharging process at rates varying from 0.2 to 20 C in con-
tinuous cycling at room temperature. As can be seen from Fig.
6c, the electrochemical property of the LFP/AC-P1 prepared
by the FePO4 precursor without PANI coating is the worst.
This is because the particle size of synthesized LiFePO4 grew
bigger without the control of wrapping PANI, which would
slow down the lithium diffusion inside the LiFePO4 particles.
Moreover, no coating of PANI on prepared FePO4 particles
led to the absence of homogeneous carbon coating on the
resultant LiFePO4 particles, which is critical to improving
the electronic conductivity of the insulate LiFePO4 particles.
The electrochemical performance of LFP/AC nanocomposites
(LFP/AC-P2, LFP/AC-P3, LFP/AC-P4) is improved with the
increase of the introduced PANI, wrapping on the surface of
the precursor FePO4, and LFP/AC-P4 shows the best
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Fig. 6 The initial charge/
discharge curves of a LFP/AC-P4
and b LFP/C at the cutoff voltage
of 2.5–4.2 V vs. Li/Li+ at different
rates in 1 M LiPF6/EMC-DEC
(1:1 in v/v) at 25 °C. c Rate capa-
bilities and cycle performance of
the LFP/AC and LFP/C. d
Discharge capacity at different
rates of LFP/AC and LFP/C
nanocomposites. The data present
in figure d are the average value
of ten times’ discharge at corre-
sponding rates. e Cycling perfor-
mance of LFP/AC and LFP/C
under the charge/discharge rate of
5 C. f The cyclic voltammograms
(CV) curves of LFP/AC and LFP/
C at a scan rate of 0.1 mV s−1
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performance. The same trend can be found for the average
value of ten times’ discharge at corresponding rates in Fig.
6d. The LFP/AC-P4 composite delivers a capacity of
166.9 mAh g−1 at 0.2 C. Most impressively, the LFP/AC-P4
exhibits an outstanding rate capability with reversible capaci-
ties of 166.8, 163.4, 159.4, 143.3, 114.3, and 57.4 mAh g−1

observed when charged/discharged at the current rates of 0.5,
1, 2, 5, 10, and 20 C, as shown Fig. 6c. Similar with the
preparation of LFP/AC-P4, LFP/C was prepared without the
assistance of the in situ plasma-assisted pyrolysis. It shows in
Fig. 6c that the sample LFP/AC-4 exhibits higher capacitances
under the same charge/discharge rates than those of the sample
LFP/C (163.5 mAh g−1 at 0.2 C). LFP/C exhibits the revers-
ible capacities of 156.4, 152.4, 146.3, 134.0, 112.7, and
40.2 mAh g−1 when charged/discharged at the current rates
of 0.5, 1, 2, 5, 10, and 20 C, as shown Fig. 6c. Figure 7a shows
that the LFP/AC-4 exhibits even better rate capacity (below 10
C) and cycling stability thanmost other carbon-integrated LFP
cathodes reported previously (More detailed comparisons are
given in Table S1) [37–55].

This may be due to two main reasons. First, the in situ
plasma-assisted pyrolysis can strengthen the graphitization
of coated carbon in LFP/AC-P4, which should improve the
conductivity of prepared LFP/AC-P4. And the improved

conductivity could significantly improve the rate performance
of electrode materials. Second, LFP/AC-P4 shows obvious
porous structure caused by the plasma-assisted pyrolysis pro-
cess, which would facilitate the penetration of electrolyte in
electrode material to decrease the resistance of the electrolyte
[56, 57]. However, the porous carbon structure cannot be
found for sample LFP/C. Figure 6e shows the cyclic perfor-
mance of LFP/AC and LFP/C under the charge/discharge rate
of 5 C at the cutoff voltage of 2.5–4.2 V vs. Li/Li+. From the
cycle performance test, it can be found that the charge/
discharge stability of LFP/AC-P4 is the best. Even at high rate
of 5 C, a specific capacity of 128.4 mAh g−1 is achievable,
with no obvious capacity fading after 250 cycles. Because the
higher amount of wrapped PANI on the precursor FePO4

would produce the smaller controlled particle size, which will
facilitate the diffusion of Li+. Furthermore, the higher amount
of introduced PANI is helpful for the homogeneous carbon
coating on the final produced LiFePO4 particles, which acts
as a carbon network to speed up the electronic conductivity by
allowing electrons to move over the particle surface. Figure 6f
shows the CV curves of LFP/AC and LFP/C measured at a
scanning rate of 0.1 mV s−1 in the potential window range of
2.5 to 4.5 V vs. Li+/Li. Cyclic voltammetry (CV) is a useful
technique for investigating the phase transformation and ionic
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diffusion process during electrode reactions. All the CV
curves exhibit a pair of symmetrical anodic/cathodic peaks,
which corresponds to the oxidation/reduction transformation
between Fe2+ and Fe3+. However, the potential difference be-
tween two peaks is relatively larger compared with the poten-
tial difference of reversible redox peak for the ideal one elec-
tron (0.059 V), suggesting the occurrence of voltage hystere-
sis [34]. The reason should be due to the low conductivity of
LiFePO4, which causes the slightly smaller area of the reduc-
tion peak compared with the oxidation peak. Because the peak
area of the CV curve reflects the quantity of electricity ex-
changed by the oxidation and reduction reaction of the elec-
trode active material, therefore the areas of the oxidation and
the reduction peaks indicate the polarization state of the elec-
trode and the utilization ratio of electrode active material [14,
22, 58]. Compared with the other three curves, LFP/AC-
P4 and LFP/AC-P3 show sharper redox peaks, bigger
peak areas, and smaller voltage hysteresis than LFP/
AC-P1, LFP/AC-P2, and LFP/C, implying higher capac-
ity, better electrode kinetics, and smaller polarization
degree. This result is consistent with the conclusions
obtained from the initial charge/discharge curves and
the cycling performance curves.

Figure 7b displays the electrochemical impedance spec-
troscopy (EIS) spectra, which are used to further study the
reaction kinetics of electrode materials. A depressed semicir-
cle in the high-frequency region and a sloping line in the low-
frequency region can be found in all resultant Nyquist plots.
The semicircle in the high-frequency region interprets the
charge transfer resistance on the electrolyte/oxide electrode
interface. And the sloping lines in the low-frequency region
represent the typical Warburg impedance, which is attributed
to the diffusion of Li+ in the cathode material [59, 60]. The
impedance spectra can be reasonably fitted to the inserted
equivalent circuit in Fig. 7b. In this circuit, Rs represents the
ohmic resistance and CSEI and RSEI represent the relax capac-
itance according to the high-frequency region of the semicir-
cle in the Nyquist plots and the SEI film resistance.Cdl and Rct
refer to the double-layer capacitance according to the
medium-frequency region of the semicircle in the Nyquist
plots and the charge transfer resistance. Moreover,W indicates
the Warburg resistance. According to the fitting results, the
charge transfer impedances (Rct) decreased with the increased
of wrapped PANI as shown in Table 1. Moreover, with the
same amount of wrapped PANI, the in situ plasma-assisted
pyrolysis is helpful to depress the value of Rct. The lower Rct
is beneficial to overcome the kinetic limitation during charge/
discharge process, which could improve the embedded depth
of lithium in electrode material and prevent the distortion of
the crystal structure in the LiFePO4 particles [61].

Based on the inclined line in the Warburg region, the Li+

diffusion coefficient (D (cm2 s−1)) can be calculated using the
following equation:

D ¼ R2T2=2A2n4F4C2σ2
w ð1Þ

ZRe ¼ Re þ Rct þ σwω
−1=2 ð2Þ

where R is the gas constant, T is the absolute temperature, A is
the surface area of the cathode electrode, n is the number of
electrons per molecule during the electrochemical reaction, F is
the Faraday constant, C is the Li+ concentration (7.69 ×
10−3 mol cm−3), and σw is the Warburg impedance coefficient
of resultant LiFePO4 nanocomposites [7, 12]. Figure 7c shows
the relationship between ZRe and square root of frequency (ω

−1/

2) in the low-frequency region. From Eq. 2, the Warburg factor
σw can be obtained by linearly fitting the plot between ZRe and
ω−1/2 as shown in Fig. 7c, and the result is listed in Table 1. As
listed in Table 1, the LFP/AC-P4 nanocomposite demonstrates
the highest Li+ diffusion coefficient and lowest impedance,
which are attributed to the shortened ion diffusion route from
the smaller wrapped LFP nanoparticles, the decreased electro-
lyte resistance caused by the constructed porous structure and
the improved electronic conductivity by the assistance of in situ
plasma process. Both of the reduced charge transfer resistance
and increased Li+ diffusion coefficient of LFP/AC-P4 nano-
composite greatly favor its high capacitance, excellent rate ca-
pability, as well as superior cyclic stability.

Conclusion

In summary, the porous carbon-coated LiFePO4 nanocrystals
were successfully synthesized by in situ plasma-assisted pyrol-
ysis. The homogeneous coating of PANI on precursor FePO4 is
helpful for controlling the size of final produced LFP particles.
And the smaller particle size indicates the shorter ion diffusion
route in the carbon-wrapped LFP nanoparticles. Moreover, the
coated PANI can also act as a carbon network after pyrolysis
process to speed up the electronic conductivity by allowing
electrons to move over the particle surface. With the adoption
of in situ plasma-assisted pyrolysis process, porous structure
could be introduced into the carbon slice-coated LFP particles
and the graphitization degree of coated carbon could be
strengthened, which can decrease the electrolyte resistance
and improve the electronic conductivity, respectively.

Table 1 Electrolyte resistance, charge transfer resistance, and diffusion
coefficient of lithium ion for LFP/AC and LFP/C

Samples Rs (Ω) Rct (Ω) D (cm2 s−1)

LFP/AC-P1 2.84 93.36 4.76 × 10−12

LFP/AC-P2 3.82 86.15 5.81 × 10−12

LFP/AC-P3 3.33 57.08 8.72 × 10−12

LFP/AC-P4 3.86 41.57 1.01 × 10−11

LFP/C 9.64 73.86 7.92 × 10−12
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Therefore, compared with LFP/AC-P1 prepared without the
introduction of PANI and LFP/C fabricated without the assis-
tance of plasma, LFP/AC-P4 exhibits reduced charge transfer
resistance and increased Li+ diffusion coefficient, both of which
favor its high capacitance, excellent rate capability, as well as
superior cyclic stability. It delivers a capacity of 166.9 mAh g−1

at 0.2 C and exhibits an outstanding rate capability with revers-
ible capacities of 166.8, 163.4, 159.4, 143.3, 114.3, and
57.4 mAh g−1 observed when charged/discharged at the current
rates of 0.5, 1, 2, 5, 10, and 20 C. Even at high rate of 5 C, a
specific capacity of 128.4 mAh g−1 is achievable, with no ob-
vious capacity fading after 250 cycles.
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