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Abstract

Lithium iron phosphate (LiFePO,4) has been recommended as a hopeful cathode material for lithium ion batteries (LIBs) in the
future due to its lots of advantages, such as stable operating voltage, excellent cycle performance, controllable cost, and
environmental protection. However, pure LiFePO, (LFP) shows bad reversible capacity and charge/discharge performance at
high rate. Many methods including decrease of particle size, optimization of coating carbon, introduction of conductive polymer,
and doping of metal or non-metallic element have been developed to improve the electrochemical performance of LFP cathode
material. In this study, LFP/C-P composite cathodes were prepared successfully by a facile sol-gel approach that graphite was
used to generate a carbon network structure and triphenylphosphine was used to greatly facilitate generation of a network
connecting passage. Electrochemical test results show that LFP/C-P composite cathode has achieved a remarkable improvement
in capacity and apparent ascension in rate performance. Compared with LFP, LFP/C, and LFP-P cathode, LFP/C-P composite
material shows the best electrochemical performance with a discharge capacity of 168.8 mAh g ' and a remarkable retention rate

0f' 98.8% over 100 cycles at 0.1 C.
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Introduction

The electrochemical properties and application of lithium ion
batteries (LIBs) are highly restricted by the performance of the
cathode materials, which are the important key parameters
regarding volumetric energy, power density, coulombic effi-
ciency, cycle life, and cost of manufacture [1]. Recently, elec-
tric vehicles and hybrid electric vehicles have been attracted
more attentions because of the rapid consumption of fossil
fuels and greater environmental pollution caused by automo-
biles [2]. Today, LIBs are the main power sources for the
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electric vehicles and hybrid electric vehicles because of the
great reversible capacity, which can be greatly related to the
outstanding cathode material. In addition, LIBs have potential
applications in portable electronics and electric energy storage
equipment. Currently, owing to the increasing demands for
LIBs with high discharge capacity and prominent cyclic sta-
bility, there are tremendous efforts to strengthen the perfor-
mance of electrochemical energy storage equipment [3].
Lithium iron phosphate (LiFePO,4) has been extensively
researched as a most promising cathode material for LIBs
attributed to its excellent cycle performance, superior theoret-
ical capacity (~170 mAh g '), low cost, stable safety, and
nontoxicity [4]. Nevertheless, the extensive application of
pristine LiFePO, (LFP) is restricted by its intrinsic inferior
electronic conductivity (~ 107 S cm ! at RT) and low diffu-
sion coefficient (~107''-10° S cm™" at RT) of Li* through
the structure, which seriously obstructs the high rate capability
of LIBs. To solve these serious defects, a series of modified
measures have been proposed to enhance the performance of
LFP, such as selectively doping with metal and non-metallic
elements, coating with electronically conductive materials on
the surface of LFP, optimizing LFP particle size, and
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controlling LFP crystal morphology [5]. As is known to all,
LFP with a standardized orthorhombic structure belongs to the
olivine family [6]. In addition, the PO, tetrahedron breaks the
chains of FeOg octahedrons, which results in a low electronic
conductivity [7]. Computational and experimental results in-
dicate that LFP material has only one-dimensional (1D) bind
channels resulting in slow Li* migration during the charge-
discharge cycles. In fact, these channels are easily impeded by
many impurities or defects, and thus lead to a lazy Li* diffu-
sion process [8]. However, a successive network with FeOg
cannot be achieved by the above proposed structure that leads
to its low electronic conductivity [9]. On the basis of the spe-
cial structure mentioned, how to overcome those major de-
fects is the key to promote the electrochemical performance
of LFP.

It is a question that how to improve Li* diffusion and en-
hance the electronic conductivity, in order to achieve a high
capability of LFP. The combination of carbon coating and
element doping is used widely in many past research results.
Carbon coating can solve the defects of high impedance of
LFP cathode material [10], because the even carbon layer
aggraded on the surface of LFP can catch almost electrons
from all different directions and boost the diffusion of Li*
easily through the thin carbon layer with less polarization.
Accordingly, some appropriate elements can be introduced
into the lattice in order to decrease the gap between the con-
duction and valence bands [11, 12] and expand Li* diffusion
pathway so that Li* can insert/deinsert easily at high rates. For
instance, some elements (such as Al [13], Zr [14], and Mg
[15]) have been doped into the materials to promote the elec-
trochemical performance of LFP cathode material.
Accordingly, doping phosphorus into the LFP/C mixture in
a simple sol-gel way has led to a remarkable promotion of
both conductivity and electrochemical performance of LFP
material. Reportedly, the phenomenon can be attributed to
the expanded path way of Li* diffusion [16, 17].

In addition, Wang et al. [18] synthesized LFP@N-doped
carbon nanocomposite sample using polybenzoxazine as a
novel carbon and nitrogen source, which expressed an excel-
lent performance with a reversible discharge capacity of
132 mAh g ! after 180 cycles at 2 C, which is equal to
93.2% of the initial value. For the moment, it has been studied
widely that phosphorus doped into carbon structure improved
the performance of LFP composite with C-O reaction [19, 20].
The research results encouraged the later researchers to inves-
tigate that how the phosphorus doping enhances the conduc-
tivity of the LFP composite with a carbon coating layer, which
promotes a final formation of carbon network structure, thus
ultimately results in LFP cathode material with a superior
electrochemical performance [21].

In this work, several different forms of LFP, LFP-P, LFP/C,
and LFP/C-P composites are synthesized in the sol-gel way to
achieve optimal experiment conditions and obtain the best
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discharge specific capacity and cycling ability. Especially,
the effect of phosphorus doped graphite network structure
on the electrochemical performance of LFP/C-P composite
cathode materials is tested by many different electrochemical
methods, including electrochemical impedance spectroscopy
(EIS) tested through CHI660C electrochemical workstation
(Shanghai, China), charge/discharge cycle processes carried
out on a LAND CT2001A tester (Wuhan, China), and X-ray
photoelectric spectroscopy (XPS) (GG 314-JPS-9200) mea-
sured by X-ray photoelectron spectroscopy techniques.
Moreover, the distribution and content of elements are studied
by EDX and elemental mapping. The crystalline phase and
structure of the synthesized samples are researched by X-ray
diffraction (XRD) performed by X-ray diffractometer (XRD,
Rint-2000, Rigaku, Japan) using CuKa radiation over the 26
range of 10°-80°. And, the surface morphology and structure
are observed by transmission electron microscopy (TEM,
JEM-2100, JOEL, Japan) and scanning electron microscopy
(SEM, JSM-5600, Japan).

Experimental sections
Synthesis

LFP/C-P composites were successfully synthesized via a sim-
ple sol-gel method in this paper. The stoichiometric raw ma-
terials of Li,CO5; (Merck, min. 99%), Fe3(POy,), (Fluka, min.
98%), NH,H,PO, (Merck, min. 99%), and
triphenylphosphine (=99%, Sigma-Aldrich) were dissolved
in deionized water to form a mixed salt solution. A certain
amount of citric acid was added as the complexing agent for
the gel, and 7 wt% graphite was added as the carbon source.
Combination of these different materials can form a multidi-
mensional interconnected conducting carbon network for LIB
cathode and further improve the performance of LFP compos-
ite material. The mixed solutions were sonicated for 3 h in an
ultrasonic processor and stirred vigorously under 80 °C. The
precursor was dried thoroughly and then heat treated in a tube
furnace at 350 °C for 5 h under steadily flowing nitrogen
atmosphere. Afterward, the loose precursors were further
sintered at 700 °C for 10 h in the tube furnace with a stream
of the same atmosphere. A heating rate of 2 °C min ' and a
natural cooling in the furnace were adopted in the calcination
process. LFP/C-P composites were obtained as the tube fur-
nace cooled to room temperature. LFP/C was synthesized
with the same pattern except triphenylphosphine and LFP-P
was manufactured with the same approach deducted graphite.
Pure LFP was prepared by a simple sol-gel reaction method
without adding graphite as the carbon source and
triphenylphosphine as the phosphorus source.

As shown in the Fig. 1 below, it is a schematic diagram of
the synthesized LFP/C-P composite cathode materials based
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Fig. 1 A schematic diagram of the synthesis distribution of LFP/C-P
composite cathode

on phosphorus doped graphite network structure. It can be
shown clearly that the LFP particles are wrapped tightly in
spider net-like membrane networks. Therefore, it just looks
like a passion fruit, and many little LFP particles are seeds
of the watermelon, while the phosphorus just like sarcocarp
of the watermelon which is comparatively dispersive and rule-
less, and carbon generated by graphite vividly like wrinkled
texture and tortuous vein. Then, LFP/C-P composite cathode
materials show an improved electrochemical performance by
in situ phosphorus doped with hierarchical porous graphite-
like mutual inosculating network [22].

Cell preparation

The CR2025 coin cells were made to test electrochemical
performance using lithium sheet as the anode material and
the above prepared electrode sample as the cathode material.
The cathode materials of the cells were made from a slurry
containing 80 wt% active phosphate material, 10 wt% con-
ductive acetylene black as a conductive agent, and 10 wt%
polyvinylidene fluoride (PVDF) as a binder dissolved in n-
methyl pyrrolidinone. And, the mixed slurry was evenly
spreading onto an aluminum foil then drying in a vacuum
box at 120 °C more than 15 h. The electrolyte comprises
1 mol L' LiPF¢ in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) with a ratio of 1:1 by volume.
The fastener-like cell was assembled in an argon atmosphere
glove box, where H,O and O, content were not more than
0.1 ppm, and a thin sheet of microporous polyethylene
(Celgard, K-849) separated the anode from the cathode.
Experimental cells were tested charging-discharging perfor-
mance on a LAND-CT2001A tester (Wuhan, China) with
the voltage range of 2.7-4.2 V at room temperature.

Results and discussion

The XRD patterns of LFP, LFP-P, LFP/C, and LFP/C-P com-
posite cathode materials are clearly shown above as Fig. 2.
Obviously, the obvious diffraction peaks of the four samples
can be correctly corresponded to single-phase LFP with an
ordered orthorhombic olivine structure with space group
Pnma. According to the XRD patterns, there is no evidence

for the formation of crystalline or amorphous carbons. It is
clearly found that there is no extra diffraction peak appearance
of a second phase, indicating that all the LFP cathode material
samples have the pure crystallinity and excellent phase purity.
Possibly, a little thin layer of residual carbon on the LFP can-
not be discerned by XRD spectrogram [23]. It is obvious that
doping phosphorus has no obvious effect on the structure of
the samples. Strictly speaking, Fe** will be changed to Fe**
with a smaller radius during de-intercalation, which makes the
channels wider, and thus, the Li* can move across the chan-
nels easily [24]. Moreover, from LFP to LFP/C-P, the diffrac-
tion peaks become wider with the introduction of carbon and
phosphorus. In addition, there are no typical diffraction peaks
of carbon, suggesting that coating carbon exists as an amor-
phous form.

The electrochemical performance of the materials is closely
related to their chemical and physical properties, such as the
particle size, surface topography, structural integrity, and sur-
face distribution of the materials. The SEM images indicate
that all the samples are composed of numerous spherality-like
particles with a diameter of ~ 100 to 200 nm (Fig. 3a—d), and
the interconnected channel distributes evenly around the orig-
inal nanoparticles [25]. Figure 3al, a2 shows the SEM images
of the bare LFP sample. Obviously, the pure LFP shows an
uneven particle size range of 100-200 nm with several clear
block, broad size region, and massive agglomerations, which
maintains the spherical morphology and particle size of
Fe3(POs), precursor [26]. Afterwards, from the SEM images
of LFP-P in Fig. 3b, the spider net-like carbon membrane does
not emerge, and the LFP particles are still tightly agglomerat-
ed by an uneven coating layer. However, doping phosphorus
leads to the smaller LFP particle size and interconnected LFP
particle distribution, which is good for Li* diffusion and cy-
cling performance. Figure 3¢ demonstrates that the interlaced
graphite, embedded and incorporated into the LFP particles
intimately, reduces the agglomeration and particles sizes,
which could significantly strengthen electrical conductivity
of the composite electrode. SEM images of the LFP/C-P com-
posite cathode material are shown in Fig. 3d. Obviously, the
LFP particles are well spread on carbon support network
doped phosphorus. In fact, interconnected channel structure
of LFP/C-P composite particle suggests small diffusion length
and large surface reaction sites for Li*, which can enhance the
Li" intercalation kinetics and improve the electrochemical per-
formance of materials [27]. The interconnected channel struc-
ture is what we anticipated because the small LFP particle
leads to the reduction of diffusion path of Li* and the enhance-
ment of diffusion speed. As a result, the LFP/C-P composites
exhibit an increased electrochemical performance.

TEM measurement was utilized for the further observation
of the morphology and microstructure of the as-prepared com-
posites. Figure 4 shows the TEM images of the prevenient
synthesized LFP, LFP-P, LFP/C, and LFP/C-P composites,
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and it is obvious that all the samples were composed of nano-
crystalline particles. As shown in Fig. 4a, the bare LFP ex-
hibits micron-sized bulk morphology with good crystallinity.
Additionally, it is believed that the uniform morphology and
small size of the LFP particles are favorable for the intercala-
tion of Li* [28]. Thus, the decrease of LFP particle size results
in the increased repulsion between Li* and Fe** cations, and
the reduced strength of Li-O bonds results in the lower acti-
vation energy and enhanced conductivity [29].

Figure 4b presents the distribution of LFP grains with dop-
ing phosphorus. It can be seen that the carbon phosphorus
compounds are well dispersed between LFP grains.
However, doping phosphorus does not affect the structure
and pattern of the pure LFP. It has been suggested that prior
synthesized smaller particles of LFP are helpful for the acces-
sibility of Li* to the redox center, resulting in a lower polari-
zation and a higher reversible capacity [30].

LFP/C composite was prepared by only adding graphite as
carbon source. It can be shown in Fig. 4c that the LFP/C
granules were coated with a thin uneven film of the carbon
layers. The conductive carbon coating on the surface of LFP
particles can reduce the massive agglomerations of particles
and the contact resistance of particle to particle evidently, and
enhanced its electrical conductivity significantly [31].

As shown in Fig. 4d, complex carbon exists in the form of
amorphous carbon with excellent conductivity and phospho-
rus doped carbon layer can easily form a new accessible con-
ductive network between particles of materials in a “bridging”
manner. It can ensure the synchronization of charge and dis-
charge state between the electrode surface and the inner par-
ticle effectively, thus avoiding the solution of transition metal
ions caused by local overcharging. This interconnected
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network channel structure of LFP by carbon nanometer canal
is expected to enhance the efficient electron transfer in the
cathode layer [32]. A carbon network organization becomes
clear in the median granulum boundary zone, which could
explain the electrical connection between LFP/C-P grains
and improve its surface electrical conductivity. Meantime,
the inherent electrical conductivity of LFP/C-P is boosted by
the phosphorus doping.

Selecting a point randomly in a TEM image to analyze, the
EDX and elemental mapping of LFP/C-P composite cathode
were performed and the results are presented in Fig. 5, which
shows composition content and distribution of all elements in
the material and three relevant EDX maps of phosphorous,
iron, and oxygen in LFP/C-P composite cathode. Obviously,
it can be seen that all elements have monotonous coincident
distribution in the mapping spectrogram, indicating that the
carbon and phosphorus combined uniformly with LFP gran-
ules and the carbon network interconnected channel structure
is dispersed evenly among the LFP particles [33].

Figure 6 shows the initial charge/discharge extents of the
four samples under a voltage range of 2.7-4.2 Vat 0.1 C. All
samples have a palpable discharge plateaus at 3.4-3.5 V due
to the two phases of FePO, and LFP with redox reaction.
Ordinarily, the sample with higher discharge plateaus and
availability efficiency can lengthen working time for electron-
ic equipments. In the first cycle at 0.1 C, the discharge capac-
ities of LFP, LFP-P, LFP/C, and LFP/C-P composite cathode
material are 121.5, 144.2, 147.0, and 165.3 mAh gfl, and the
capacity retention are 98.5%, 98.7%, 93.6%, and 99.9%, sev-
erally. LFP/C-P composite shows the highest discharge pla-
teau, suggesting that the doped phosphorus into carbon net
can significantly enhance cathode materials with excellent
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Fig. 3 SEM images of LFP (a),
LFP-P (b), LFP/C (¢), and LFP/
C-P(d)

specific capacities and stable coulombic efficiency [34]. It can
be seen that the polarization of LFP/C-P sample is smaller, and
the discharge capacity is higher. The possible reason is that
LFP/C-P particles have the advantages of interconnected
structure by carbon nanometer channel compared with LFP,
which is conducive for the better contact between the electro-
lyte and materials. The full contact between cathode and elec-
trolyte results in the reduced diffusion resistance and shorter
Li* diffusion path. As a result, the acceleration of the trans-
mission of Li* improves ionic conductivity and the utilization
rate of the material [35].

In order to investigate the rate capability of LFP, LFP-P,
LFP/C, and LFP/C-P composite cathode, the cells were
charged/discharged at various rates from 0.1 to 5 C rates,
progressively. Figure 7 represents the site-dependent charge/

100nm
-

discharge curves of LFP, LFP-P, LFP/C, and LFP/C-P samples
at different cycle rates. The discharge capacities of LFP/C-P
sample were 165.6 mAh g ™', 154.7mAh g ', 1453 mAh g ',
128.5 mAh g ', and 106.4 mAh g ' when it was discharged
under 0.1 C, 0.5 C, 1.5 C, 3 C, and 5 C, respectively. The
higher discharge capacity of LFP/C-P material can be illus-
trated as that phosphorus doping is conducive to form a new
efficient conductive network between particles of materials by
building an amount of interconnected “bridges” [36]. The
refined structure would be effective for reducing the diffusion
distance of Li*; thus, the Li* diffusion speed and discharge
capacity would be strengthened. And, apparently, with the
increase of rate, the capacity attenuation of all samples decay
obviously and the capacity retention of LFP/C-P are better
than the others [37]. The results show that the electrochemical

@ Springer



932 lonics (2019) 25:927-937

Fig. 4 TEM images of LFP (a),
LFP-P (b), LFP/C (c), and LFP/
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Fig. 5 EDX and elemental mapping for the particles of the LEP/C-P composite cathode
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Fig.6 First charge-discharge profile of LFP, LFP-P, LFP/C, and LFP/C-P
at0.1 C

few cycles is usually attributed to slow penetration of electro-
lyte into micro-particles. Obviously, the LFP/C-P electrode
represents a lower capacity fading and a better cycle stability
at 0.1 C compared with other three samples. The capacity
fading of the LFP, LFP/C, and LFP-P is attributed to the slug-
gish diffusion of Li* and the larger polarization [38]. The
reticulated particle distribution of LFP/C-P sample, showing
little polarization, not only achieved higher initial discharge
capacity but also kept more cycle retention. In addition, the
LFP/C-P shows outstanding reversal capacity performance
with little diminution of capacity at each current density,
which also confirms the results of XRD and TEM mentioned
above with the phosphorus-doped carbon network structure
[39].

EIS was applied to further investigate the efficacy of alien
metal occupied site on the electrode impedance. The complex
impedance plots are obtained with electrodes based on all the
four samples upon EIS experiments performed at discharged
state that have been analyzed by fitting the curves to a model.
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Figure 9 shows the Nyquist plots of discharged LFP, LFP-P,
LFP/C, and LFP/C-P samples after 3 cycles, where R indi-
cates the electrolyte solution resistance, R represents the
charge transfer resistance on account of the diameter of the
semicircle at high frequency, and the Warburg resistance (R,,)
corresponds to the inclined line [40]. It can be seen that each
plot consists of a semicircle at the high frequency region and a
sloping line at the low-frequency area. The semicircle in the
high-frequency region corresponds to the impedance of
charge transfer (R, due to the diffusion of Li* ion in the
electrode/electrolyte interface via the SEI layer, and the semi-
circle at mid frequency region is the charge-transfer resistance
[41]. Moreover, the straight line in low-infrequency region
represents the Warburg impedance due to the diffusion of
Li" in the surface of electrode materials. The cell impedance
mostly depends on R, and the values of R are 35.5 2 for
LFP/C-P and 68.2 2, 152.3 , and 371.8 2 for LFP, LFP-P,
and LFP/C, severally. It can be seen that the R, of LFP/C-P is
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Fig. 9 Electrochemical impedance spectra (EIS) of LFP, LFP-P, LFP/C,
and LFP/C-P
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smaller than others, indicating that LFP/C-P is favorable to the
charge transfer due to its stable interconnected bridges struc-
ture [42]. On the basis of previous research reports, it can be
concluded that the LFP/C-P samples have the optimal electro-
chemical performance. The lithium ion diffusion coefficients
(D) are calculated according to the following equation:

R2T?
D=—s"iss
20°n* F*C* o2

where R is the gas constant, 7'is the absolute temperature, A
is the surface area of the cathode, » is the number of electrons
per molecule during oxidization, F is the Faraday constant, C
is the concentration of lithium ion, and o is the Warburg factor
which is relative with reciprocal square root of frequency in
the low-frequency region. The calculated lithium ion diffusion
coefficients of LFP, LFP-P, LFP/C, and LFP/C-P are 9.73 x
107 1.13x 107", 1.56x 107", and 1.78 x 107" em® 57,
respectively, suggesting that the phosphorus-doped sample
LFP/C-P is more flexible for the diffusion of lithium ions
and thus has a better electrochemical performance than other
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Fig. 10 XPS spectra of P 2p of LFP, LFP-P, LFP/C, and LFP/C-P
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samples. Therefore, the EIS analysis further confirms that the
phosphorus-doped carbon coating is effective in improving
the electrical conductivity of LFP.

In addition, the XPS spectra of LFP, LFP-P, LFP/C, and
LFP/C-P samples were tested to determine the state of phos-
phorus existed in the electrode material compound. As shown
in Fig. 10, the pure LFP, uncoated LFP-P, and undoped LFP/C
samples all present two peaks approximately at 131.58 +
0.2 eV and 132.48+0.3 eV, which suggests the bijection of
the P-O and P=0O chemical bonds. However, a new small
unique peak just emerged at 131.98 ¢V for LFP/C—P, which
proved the emerging of P-C chemical bonds. Neither the LFP-
P sample prepared by adding phosphorus alone nor the LFP/C
sample prepared by adding carbon alone has this special peak
in the XPS spectra, which means that P-C bond can only be
formed by the combination of additional phosphorus and
graphite [43].

Figure 11 shows the cyclic voltammetry (CV) curves of the
samples after several cycles. It can be observed that the oxi-
dation peaks and reduction peaks of the materials are approx-
imately symmetrical, which means great reversibility of the
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Li* insertion/extraction. Furthermore, the potential gaps
(AV =0.115 V) of LFP/C-P is much smaller than that of
others, indicating a lower polarization owing to the addition
of carbon and phosphorus. LFP/C-P sample exhibits sharpest
oxidation and reduction peaks, displaying best kinetic proper-
ties during the redox process of the four samples.

TGA of LFP and LFP/C-P is conducted to estimate the
carbon and graphene content under a flowing air atmosphere,
and the curves are shown in Fig. 12. For LFP, the TGA curve
reveals a weight gain of approximately 1.9 wt%. This can be
explained by the following oxidation reaction:

1 1 1
LiFePOy + 7 O0,— §Li3Fez(PO4)3 + EF6203

However, the increase in the LFP of approximately 1.9% is
below the theoretical increase of 5%, which may arise from
the presence of oxalate and carbonate in the precursors,
resulting in a carbon residue in the solid phase reaction. The
weight of LFP/C-P IS lost owing to the oxidation of carbon
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Fig. 12 TGA curves of LFP and LFP/C-P samples

under a flowing air atmosphere. The weight change of LFP/C-
P is approximately 1.6%. Therefore, the amount of carbon
coated on LFP for LFP/C-P is approximately 3.5%.

Therefore, it can be concluded that both the carbon network
and doped phosphorus on the LFP particles are critical for the
success of the LFP/C-P composite cathode, and no one can be
omitted. On one hand, the carbon network not only enhances
the decentralization of phosphorus in the LFP particles but
also provides a beneficial electronic contact between the oxide
particles and current collector. On the other hand, doping
phosphorus promotes the final formation of carbon network
linking LFP particles with a large number carbon nanometer
channel [44]. However, it is still unclear what form of phos-
phorus is present in the composite and it is also one of the key
points that continuing to study in depth.

Conclusions

In summary, a lower energy-consumption and easy scaled-
up procedure has been developed for fabricating LFP/C-P
composite cathode material with great electrochemical per-
formance for lithium ion batteries. The optimal LFP/C-P
composite cathode material shows a high capacity of
168.8 mAh g ' at 0.1 C and still keeps predominant cy-
cling stability after 100 cycles. The remarkable electro-
chemical behavior is attributed to the unique spider net-
work structure, where the three-dimensional carbon network
channel serves as an efficient link media for electron trans-
port. The enhanced electrochemical performance of LFP/C-
P composite cathode material could be mainly attributed to
the synergetic effect of bridging graphite nanometer nets
and forming an interconnected conducting network with
cross linking between many neighboring LFP particles.
This special network could improve the cycle stability of
the LFP composite and accelerate the exchange movement
during charge/discharge cycling.

The modification of LFP/C-P composite cathode material
by carbon and phosphorus conductive network can overcome
the disadvantage of long Li* transport path caused by large
particles and further promote the specific capacity, rate perfor-
mance, and structural stability of the cathode material. In ad-
dition, it is also necessary to continue to study in depth the
mechanism and influence of carbon and phosphorus in the
conductive network, such as the type, calcination temperature,
time, and atmosphere of the raw materials.
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