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Abstract
In this study,  LiFePO4/C nanocomposites with higher capacity and cycle performance are synthesized by sol–gel method 
using  FeCl2·4H2O,  H3PO4,  Li2CO3, and Citric acid as the starting materials.  LiFePO4/C cathode materials with different 
grain size and electrochemical properties were obtained by changing the calcination temperature of  LiFePO4/C precursor 
prepared by sol–gel method. Specially, the  LiFePO4/C precursor prepared by sol–gel method was heated to 700 °C for 12 h 
under nitrogen atmosphere, and the nanoparticle structural  LiFePO4/C was obtained. The first discharge specific capacity is 
156.5 mAh g−1 at a charging current of 0.2 C. The first discharge specific capacity is 124.5 mAh g−1 at a charging current 
of 1 C, and after the 250th cycles, the discharge specific capacity is 120.7 mAh g−1, the retention rate of discharge specific 
capacity is 96.9%.

1 Introduction

In the history of secondary batteries, compared with 
lead–acid batteries [1], nickel–cadmium batteries [2], and 
nickel–hydrogen batteries [3, 4], lithium-ion batteries have 
many excellent characteristics, such as high working volt-
age (3–4 V), high energy density, long cycle life, low self-
discharge rate, low pollution and no memory effect [5]. 
Therefore, lithium-ion batteries have become the research 
and application hotspot of secondary batteries in the world 
today. Due to the rapid development of lithium-ion batter-
ies, lithium resources are also facing enormous challenges. 
Scholars have discovered sodium-ion batteries with huge 
resources [6]. However, compared with sodium ion batter-
ies, lithium-ion batteries have great advantages in terms of 
energy density, cycle life and environmental pollution [5].

Since 1997, researchers have discovered that  Li+ can be 
removed and embedded in  LiFePO4, and  LiFePO4 has the 
characteristics of low raw material cost, no pollution to the 
environment, and stable safety performance, which makes 
 LiFePO4 a research hotspot of lithium-ion batteries [7]. LFP 
 (LiFePO4) has a theoretical capacity of 170 mAh g−1 and a 
high voltage platform of about 3.45 V [8]. After years of 
hard work,  LiFePO4 materials have been rapidly applied. 
Due to the nature of its own structure,  LiFePO4 has the 
disadvantages of very low diffusion rate of ions and poor 
conductivity, which hinders the further development of 
LiFePO4 materials [9–11]. At present, researchers mainly 
adopt three methods of ion doping [12–14], surface of coat-
ing material [15] and particle size reduction [16] to improve 
the conductivity and diffusion rate of materials [17–19].

In 2001, Velence proposed a method to solve the low 
electrical conductivity of  LiFePO4, namely carbon coat-
ing and carbothermal reduction technology [20]. after that, 
the A123SYSTEMS technical team discovered ion doping 
and nanotechnology that can improve the conductivity of 
 LiFePO4, so  LiFePO4 material entered the industrialization 
stage. In 2009,  LiFePO4 was designated as a key research 
project by China’s national high-tech research and develop-
ment plan new material technology research field, which 
is China’s “863” Plan, “973” Plan and “十一五” Plan [21, 
22]. The areas supported by high-tech development plan-
ning. At present,  LiFePO4 material has become the most 
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popular cathode material for lithium ion batteries, and is 
widely used in various fields of social life.

Since LFP has defects such as low ionic conductivity and 
low ion diffusion rate, it is possible to increase the diffusion 
rate of ions by reducing the size of the product particles. 
The liquid phase method [23, 24] is easier to carry out than 
the solid phase method [25, 26], and only a lower synthesis 
temperature is required. The diffusion of the components 
in the sol–gel system is in the nanometer range, while the 
component diffusion in the solid phase reaction is in the 
micrometer range, so the reaction is easy to proceed and the 
temperature is low. Therefore, the  LiFePO4/C was prepared 
by the sol–gel method. The second is to improve the elec-
trochemical performance by modifying the cathode material 
with carbon coating, mainly by adding a conductive agent 
on the surface of the particles to improve the conductiv-
ity between the particles [27, 28]. However, compared with 
solid phase method, the sol–gel method has many disadvan-
tages, such as long synthesis time, process cumbersome, a 
large shrinkage of the precursor during drying, poor sinter-
ability of the powder material, and the powder particle size 
is not easily controlled in the sintering process [29].

In this article, lithium carbonate, phosphoric acid, fer-
rous chloride and citric acid were used as raw materials to 
prepare  LiFePO4/C positive electrode materials by sol–gel 
method [16, 30, 31]. The microstructure and electrochemical 
properties of lithium iron phosphate cathode materials were 
investigated by calcination temperature, Selecting materials 
with good electrochemical properties.

2  Experimental

2.1  Sample preparation and characterization

The  LiFePO4/C positive electrode material is prepared by pre-
paring a precursor by a sol–gel method and then calcining. 
 FeCI2·4H2O,  H3PO4 and  Li2CO3 were used as the main raw 
materials, and the raw materials were weighed according to a 
certain molar ratio (Li: Fe: P = 1.3:1:1). The iron source, the 
lithium source and the phosphorus source compound of the 
same mass are respectively added to the solvent (the solvent 
is anhydrous ethanol added with a mass fraction of 12 wt% 
citric acid) in a certain order, and the mixture is stirred uni-
formly, and the stirring is stopped after the reaction is com-
pleted. The sol was obtained and sealed to allow for conver-
sion to a gel. The gel was transferred to a 60 °C blast oven for 
12 h to allow the gel to dry sufficiently. Part of the sample is 
taken for thermogravimetric and differential thermal analysis 
to determine the reaction temperature range of the material. 
After determining the reaction temperature, the sample is 
transferred into a quartz porcelain boat, and then placed in a 
tubular atmosphere furnace, and a protective atmosphere  N2 

is introduced to prevent the material was oxidized and heated 
to 350 °C at 3 °C/min, after 6 h of constant temperature, the 
temperature was raised to 650 ~ 750 °C at a rate of 3 °C/min, 
and the temperature was kept for 12 h (respectively designated 
as 650 °C-LFP, 675 °C-LFP, 700 °C-LFP, 725 °C-LFP and 
750 °C-LFP). The sample was taken out and ground again, 
and stored in a dry environment.

The X-ray diffraction (XRD, X’Pert PRO MPD, D8, Ultima 
IV) with the Cu–Ka source as the incident beam (λ = 1.5406 Å) 
at a voltage of 40 kV and a current 100 mA was used to char-
acterize the crystal structure of the synthesized samples, and 
scanning the 2θ range of 10°–90° at an interval of 0.04°.The 
scanning electron microscopy (SEM, S-4800, Hitachi, Japan) 
is used as a tool to investigate the surface morphology of syn-
thetic samples.

2.2  Electrode preparation and electrochemical 
characterization

The electrochemical performance of the synthesized samples 
was investigated using a CR2032 coin cell. In the preparation 
of the working electrode, the active material, conductive car-
bon black and polyvinylidene fluoride (PVDF) were mixed at 
a mass ratio of 8:1:1, and the mixed material that coated onto 
copper current collectors was dissolved in N-methyl-2-pyrro-
lidone (NMP) to prepare an electrode. And The electrode disks 
and cells were prepared in an Ar glovebox. The electrolyte was 
1 M LiPF6 in a liquid mixture of ethlylene carbonate (EC), 
dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC) 
(volume ratio 1:1:1).

The galvanostatic discharge–charge and cycling perfor-
mance of  LiFePO4/C electrode materials were tested by LAND 
CT2001A model(Wuhan Jinnuo Electronics Co. Ltd.) at 
potential window of 2.5–4.2 V. Cyclic voltammetry (CV) was 
tested by CHI660E B16506 electrochemical workstation from 
0.05 to 3.0 V with a sweep speed of 0.1 mV s−1–10 mV s−1. 
For electrochemical impendence spectroscopy (EIS), its fre-
quencies ranged from 100 kHz–0.01 Hz.

3  Result and discussion

3.1  Phase structure analysis

The TG-DTA of the LiFePO4 precursor prepared by the 
sol–gel method, the results are showed in Fig. 1. The chemical 
reaction equation for the synthesis of  LiFePO4 powder from 
inorganic compounds  Li2CO3,  H3PO4 and  FeCl2·4H2O is as 
follows.
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It can be seen from Fig. 1 that when the temperature is 
at 83.13 °C, the first endothermic peak appears, mainly due 
to the vaporization of anhydrous ethanol in the dry gel, the 
weight loss rate is about 15.38%; when the temperature rises 
to 347.72 °C, the first exothermic peak appeared, mainly 
due to the chemical reaction of  Li2CO3 and  H3PO4, and the 
elimination of crystal water and carbon dioxide gas. The 
equation is as shown in formula (1), the weight loss rate is 
about 54.40%; when the temperature continues to rise to 
576.53 °C, a second exothermic peak appears on the differ-
ential thermal curve, mainly  FeCl2 and  LiH2PO4 began to 
participate in the chemical reaction and produced  LiFePO4, 
the chemical reaction equation is shown in formula (2). The 
weight loss rate at this stage is mainly the volatilization of 
the reaction product HCl. After 576.25 °C, the TG curve 
remains basically unchanged, indicating that a pure phase 
LiFePO4 battery material can be prepared theoretically after 
576.25 °C.

Figure  2 shows XRD patterns of 650  °C-LFP, 
675 °C-LFP, 700 °C-LFP, 725 °C-LFP and 750 °C-LFP 
with a carbon loading of 12% by weight. Compared with 
the standard map JCPDS (83-2092), the samples obtained 
at different calcination temperatures did form lithium iron 
phosphate, and the main characteristic diffraction peaks also 
appeared. The intensity of the diffraction peak of the sample 
at a calcination temperature of 700 °C is higher than that of 
other temperatures other temperatures, and the main diffrac-
tion peak of 700 °C-LFP is close to the main diffraction peak 
of the standard spectrum, indicating the crystallinity of the 
sample at 700 °C better.

3.2  Micromorphology analysis

As shown in Fig. 3, 650 °C-LFP, 675 °C-LFP, 700 °C-LFP, 
725 °C-LFP and 750 °C-LFP of the carbon were added in 

an amount of 12 wt%, theirs’ microscopic imaging of the 
surface of a substance under an electron scanning micro-
scope. It can be seen from Fig. 3 that after the sample is 
sintered at a high temperature, the shape exhibits a different 
structure. When the calcination temperature is 700 °C, the 
particle distribution of the sample is relatively uniform, the 
particle size is small, and the specific surface area is large, 
which is favorable for the insertion and extraction of lithium 
ions. At calcination temperatures of 650 °C and 675 °C, the 
sample particles were incompletely calcined due to the too 
low calcination temperature, and the particle size was large 
and the crystallinity was low. At calcination temperatures of 
725 °C and 750 °C, the particle size of the sample sharply 
increased and the material agglomerated in large amounts 
because secondary crystallization of the crystal occurred as 
the calcination temperature increased. Excessive growth of 
crystal grains and aggregation of material particles lead to an 
increase in the particle size of the material, which increases 
the migration distance of lithium ions in the charge and dis-
charge process, thereby reducing the utilization rate of the 
active material of the material, which not only deteriorates 
the conductivity but also is not conducive to the insertion 
and extraction of lithium ions.

In order to prove that the carbon layer was coated on the 
surface of the crystal, the sample was subjected to energy 
spectrum test. As shown in Fig. 4, the SEM and EDS dot 
scan test charts of the LiFePO4/C sample prepared by the 
carbon addition amount of 12 wt%, the calcination tempera-
ture of 700 °C, and the holding time of 12 h. In Fig. 4a, 
find 3 points to the point on the surface of the particle to 
make the energy spectrum. As shown in Fig. 4b, the carbon 
element obtained by the EDS point scan when the energy 
spectrum is located at the A and C positions. The content 
is significantly higher than the carbon content at point B, 
indicating that the carbon layer coated with lithium iron 

Fig. 1  TG-DTA of  LiFePO4 precursor prepared by sol–gel method
Fig. 2  XRD patterns of samples at different calcination temperatures
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phosphate is not uniform, but it is proved that the lithium 
iron phosphate material has indeed completed the carbon 
coating, in which the points A and C are insufficient due to 

the thickness. The X-ray penetrating material impinges on 
the material carrier silicon wafer to cause the appearance of 
Si. Since the carbon layer is coated on the outer surface of 

Fig. 3  SEM image of samples at 
different calcination tempera-
tures. a for 650 °C-LFP, b for 
675 °C-LFP, c for 700 °C-LFP, 
d for 725 °C-LFP, e for 
750 °C-LFP

Fig. 4  SEM and EDS diagram of prepared  LiFePO4/C sample with calcination temperature of, 700 °C, holding time of 12 h and carbon content 
of 12 wt%
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the lithium iron phosphate particles, a separator is formed, 
thereby limiting the agglomeration and secondary growth of 
the crystal, and is advantageous for improving the electro-
chemical performance.

3.3  Electrochemical analysis

Rate performance is an indispensable part of testing the 
electrochemical performance of lithium-ion batteries. As 
shown in Fig. 5a, the batteries prepared by using lithium 
iron phosphate cathode materials having different calcina-
tion temperatures have the rate performance at current densi-
ties of 0.2 C, 0.5 C, 1 C, 2 C, 5 C and 10 C, respectively. As 
can be seen from Fig. 5, when the calcination temperature 
is 700 °C (700 °C-LFP), the specific capacity of the battery 
at 0.2 C to 10 C is higher than that of other calcination tem-
peratures. The specific discharge capacities at each magnifi-
cation were 156.5 mAh g−1, 140.2 mAh g−1, 121.6 mAh g−1, 
95.6 mAh g−1, 76.3 mAh g−1 and 70.9 mAh g−1, respec-
tively. The discharge specific capacity decreases with the 
increase of current density, and the discharge specific 
capacity decline rate is relatively stable at a magnification 
of 0.5 ~ 10 C. When the calcination temperature is 700 °C 
(700 °C-LFP), the current density decreases from 10 C to 
0.2 C, and the specific discharge capacity is 156.9 mAh g−1, 

which is slightly higher than the first current density of 
0.2 C, it may be that the electrode material is activated as 
the charge and discharge progress, resulting in a certain 
increase in battery capacity. By comparing with the results 
of other scholars, the effectiveness of this experiment is 
demonstrated, as shown in Table 1.

In order to better understand the degree of attenuation of 
the discharge specific capacity of  LiFePO4/C cathode mate-
rial, the constant current charge and discharge performance 
test of the battery prepared for different calcination tempera-
ture samples at a current density of 0.2 C is shown in Fig. 6. 
It can be seen from Fig. 6 that the discharge platforms of 
different samples all appear around 3.4 V, and the charging 
platforms are all around 3.5 V, of which 700 °C-LFP has 
the widest charge and discharge platform, and the discharge 
specific capacity is up to 156.5 mAh g−1. By observing the 
curves of 650 °C-LFP and 675 °C-LFP, there are two charg-
ing platforms. The voltage of the first charging platform is 
close to 3.5 V, and the voltage of the second charging plat-
form is close to 4.1 V, it is indicated that when 650 °C-LFP 
and 675 °C-LFP is charged, lithium ions in the deep layers of 
the particles are also exchanged, but when discharging, the 
lithium ions embedded in the deep portions fail to extract, 
resulting in the reduction in discharge capacity. The results 

Fig. 5  Specifc charge and discharge capacities at various current rates 
of samples at different calcination temperatures

Table 1  LFP/C with different 
electrochemical properties

Structural formula Nano-structural Platform 
potential (V)

Capacity (mAh g−1) Ref

LiFePO4/C Particles 3.4 159.3 at 0.1 C [26]
LiFePO4/C Meso-porous structure 3.3 166.7 at 0.2 C [25]
C/LFP/MWCNTs 3D layered pore structure 3.4 169.6 at 0.1 C [32]
LiFePO4/C Particles 3.4 156.5 at 0.2 C This work

Fig. 6  Electrochemical performance of initial charge–discharge 
curves at different current rates of samples at different calcination 
temperatures
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of the constant current charge and discharge performance 
test are consistent with those obtained in the rate perfor-
mance (Fig. 5).

As shown in Fig. 7a, the cyclic voltammetry curves of 
samples of 675 °C-LFP and 700 °C-LFP were observed, 
and the redox peak symmetry was high, and the sample 
curve potential interval of 700 °C was shown. At 0.275 V, 
the degree of polarization decreases and the reversibility 
increases, thereby improving conductivity. When the calci-
nation temperature is 650 °C, the redox peak of the synthe-
sized sample is very poor in symmetry compared with the 
samples of 675 °C and 700 °C, and the width is large, and the 
peak difference is large because the reaction is still Incom-
plete, the polarization of the crystal form is not complete and 
the polarization is severe. When the calcination temperature 
reached 725 °C (725 °C-LFP) and 750 °C (750 °C-LFP), 
no significant redox peak was observed, and as the calcina-
tion temperature increased, The degree of polarization is 
gradually increased, and the conductivity is lowered again. 
This is because the temperature increases and the agglom-
eration increases, which hinders the diffusion of lithium 
ions and reduces the electrochemical performance of the 
material. As shown in Fig. 7b, the AC impedance curves of 
lithium iron phosphate at different calcination temperatures, 
The ohmic resistances at different calcination temperatures 
are 2 Ω cm−2(650 °C-LFP), 6.029 Ω cm−2(675 °C-LFP), 
2.129 Ω cm−2(700 °C-LFP), 4.677 Ω cm−2(725 °C-LFP) and 
1.764 Ω cm−2(750 °C-LFP).The curve in the high frequency 
region is semicircular, and the diameter of the semicircle 
represents the transfer impedance of the charge. The larger 
the radius, the larger the transfer impedance of the charge 
and the worse the conductivity. In the low frequency region, 
the θ angle is the largest at 650 °C-LFP, the diffusion resist-
ance is small, and the conductivity is the best, while the 
700 °C-LFP also exhibits good electrical conductivity.

As shown in Fig. 8, the calcination temperature is a cycle 
performance of a lithium iron phosphate cathode material 
obtained at different calcination temperatures at 1 C. As can 
be seen from Fig. 8, the number of cycles is 250, and the 
discharge specific capacity of 700 °C-LFP is higher than 
that of other materials. The specific discharge capacity of 
the second cycle was 124.5 mAh g−1, and the specific dis-
charge capacity at the 250th cycle was 120.7 mAh g−1, and 
the discharge specific capacity retention rate was 96.9%. 
When the calcination temperature is 750 °C, the specific 
discharge capacity is below 43.3 mAh g−1, and the SEM 
image (Fig. 3) at different calcination temperatures shows 
that the calcination temperature is 750 °C. When tempera-
ture is too high, the excessive temperature causes the exces-
sive growth of crystal grains and the aggregation of material 
particles, which leads to the increase of the particle size of 

Fig. 7  Cyclic voltammogram and AC impedance plot of samples at different calcination temperatures

Fig. 8  Sample cycle performance curves of samples at 1 C rate at dif-
ferent calcination temperatures
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the material, increases the migration distance of lithium ions 
in the charge and discharge process, and hinders the diffu-
sion of lithium ions, resulting in poor material properties.

4  Conclusions

In short, we have successfully developed a lithium iron 
phosphate cathode material with better electrochemical 
performance by sol–gel method. By changing the calcina-
tion temperature of  LiFePO4/C precursor, cathode materi-
als with different grain size and properties were obtained. 
It was observed by SEM and EDS that when the lithium 
iron phosphate carbon containing composite material is 
calcined at a temperature of 700 °C for 12 h under nitro-
gen atmosphere, the carbon layer is uniformly coated on the 
surface of the crystal grains, and the particle size is small 
(about 80–120 nm), the distribution is relatively uniform, 
the specific surface area is large, which reduces the migra-
tion path of lithium ion in the charge–discharge process, 
thus improving the utilization rate of active material. The 
material not only has good conductivity, but also is condu-
cive to the insertion and removal of lithium ions. The first 
discharge specific capacity at a charging current of 0.2 C 
was 156.5 mAh g−1. The first discharge specific capacity 
was 124.5 mAh g−1 at a charging current of 1 C. After 250 
cycles, the specific discharge capacity was 120.7 mAh g−1, 
the capacity retention rate was 96.9%, and the electrochemi-
cal performance was excellent. The increase in performance 
stems from structural optimization and may be a promising 
cathode material for lithium ion batteries for commercial 
use.
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