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Abstract
LiFePO4/carbon (LFP/C) composites with different carbon contents are obtained through a carbothermic reduction process 
using glucose as carbon source. The effect of carbon content on the performance of LFP is investigated through structure 
and electrochemical characterization analysis. It is obvious that LFP/C composites significantly enhance the electrochemi-
cal performance compared with the unmodified LFP as the carbon content increases. In particular, LFP/C with 15% carbon 
content (LFP/C-15) exhibits the highest initial discharge specific capacity and the most superior capacity retention rate, 
with a discharge capacity of 160.7 mAh g−1 and a capacity retention rate of 82.1% after 100 cycles at 0.1 C. Moreover, the 
discharge capacity is already very close to the theoretical specific capacity of LiFePO4 (170 mAh g−1). However, when the 
carbon content reaches 20%, the electrochemical performance decreases instead, indicating that excessive carbon content 
has the opposite effect on the improvement of material performance. Hence, the carbon content plays a crucial role in the 
future improvement of the material properties.
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Introduction

In the past few decades, olivine-structured LiFePO4 (LFP) 
has been intensively investigated and it was considered to 
be one of the most promising cathode materials of Li-ion 
batteries since it was initially introduced by Goodenough’s 
research group [1]. LiFePO4 have been widely applied in 
various industries due to high safety, relative high energy 
density, lower cost, non-toxicity, and excellent thermal sta-
bility [2–7]. Nowadays, the growing market of electric vehi-
cles (EV) and hybrid electric vehicles (HEV) has enhanced 
the demand for LiFePO4, so that it has enormous potential 
in the electric vehicle industry [8–11]. The two-phase reac-
tion means that during charging, Li ions are extracted from 
LiFePO4 cathode to the anode (typically, graphite) across 
the electrolyte, and vice versa upon discharging [1]. Based 
on a two-phase reaction, LiFePO4 exhibits a high theoretical 

specific capacity of 170 mAh g−1 and a discharge plateau 
voltage of about 3.4 V [12–15].

In spite of these advantages, it still suffers from some 
problems such as low electric conductivity (∼10−9 S cm−1) 
and slow diffusion of lithium ion across the two-phase 
boundary, which brings big obstacles to the practical appli-
cation [16–20]. To further overcome these limitations and 
improve the performance of LFP, it is of great importance to 
come up with some ways. Recent researches have reported 
that the inherent drawbacks can be remedied by carbon coat-
ing, foreign hetero-atom doping, and hierarchical nano-/
micro-structure assembly. Liu T. [21] et al. investigated 
the effect of three different carbon materials on the depo-
larization effect and electrochemical properties of LiFePO4 
cathode. The results showed that the graphene nano-sheet 
(GN)-modified materials exhibited the best performance, 
with the discharge capacity of LFP/CNs-Al reaching 122 
mAh g−1 at 5 C; however, the discharge capacity of LFP-Al 
was only 49.2 mAh g−1. Zhang K. [22] et al. significantly 
improved the electrochemical performance of LiFePO4 by 
a conformal coating consisting of N-doped carbon and con-
ventional graphene. The specific capacity at 0.1 C reached 
171.9 mAh g−1, which has exceeded the theoretical capac-
ity of the material. And the cycle retention rate reached 
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95.8% after 1000 cycles at 10 C. Ni J. [23] et al. prepared 
Mg-doped LiFePO4 samples using a specially designed 
two-step solid-phase reaction. The dopants were located at 
two different sites, which were named as Li1 − 2xMgxFePO4 
and LiFe1 − xMgxPO4, respectively. The results showed 
that doping in Fe site affords a better capacity delivery and 
reversibility than in Li site in the LiFePO4. Meanwhile, the 
LiFe0.98Mg0.02PO4 exhibits a much higher reversible capac-
ity of 156 mAh g−1 than the undoped one (97 mAh g−1). Liu 
Y. [24] et al. successfully synthesized LiFe1 − xNixPO4/C 
composites by a hydrothermal method and the effect of Ni 
content was investigated. Compared with pure LiFePO4, 
the LiFe0.97Ni0.03PO4/C composite has higher capacity and 
better cycling. The specific capacity was 169.5 mAh g−1 at 
0.2 C and could reach 122.9 mAh g−1 at 5 C. Even at 10 C, 
the capacity retention was 93.9% after 200 cycles. Khan S. 
[25] et al. prepared composite electrodes consisting of nano-
sized LiFePO4 embedded in ordered mesoporous carbon and 
non-nitrogen-doped mesoporous carbon (LFP/MNC-31 and 
LFP/CMK-3). Electrochemical studies reveal that the Li-ion 
diffusion coefficient values in LFP/MNC-31 composite are 
remarkably higher compared to LFP/CMK-3 as well as LFP. 
It shows relatively better electrochemical properties in terms 
of specific capacity, rate capability, and cyclic stability.

Among various methods, carbon coating has become the 
most effective and inexpensive modification method, which 
effectively enhances the conductivity of LiFePO4 by con-
structing a conduction network. The content of carbon addi-
tives has a significant impact on obtaining LiFePO4/carbon 
(LFP/C) composites with excellent electrochemical proper-
ties. The appropriate carbon additive can form a perfect con-
ductive carbon layer covering the surface of LiFePO4. The 
conductive carbon layer can restrict the size of the particles 
so that the size of the material is more uniform, and it can 
form a good conductive network to improve the conductivity. 
However, excessive carbon additives have the opposite effect 
on the electrochemical properties of the material.

In this work, LFP/C composites with different carbon 
contents are successfully prepared through carbothermal 
reduction using glucose as the carbon source, and the effect 
of carbon contents on the properties of LFP/C is investi-
gated. As a cathode material for LIBs, the as-prepared 
LFP/C remarkably improves reversible specific capacity, 
rate capability and capacity retention rate compared, which 
is attributed to excellent conductive properties of the con-
ductive network formed by carbon coating. Among them, 
the discharge capacity of LFP/C with 15% carbon content 
at 0.1 C is very close to the theoretical specific capacity of 
LiFePO4 and shows excellent cycle efficiency. Therefore, 
carbon coating is a very effective and promising way to 
enhance the performance of LiFePO4. Moreover, the car-
bon content plays a crucial role in the improvement of the 
material performance.

Experimental details

Preparation of materials

LiFePO4 was obtained by using FePO4 as precursor and add-
ing a lithium source. Firstly, stoichiometric amount of 5.60 g 
FeSO4·7H2O in deionized water (~ 15 mL) with constant stir-
ring was dissolved. Of the 98 wt% H3PO4 solution, 0.5 mL 
was dropped into the beaker. In order to dilute the solution 
sufficiently, 15 mL deionized water was introduced into the 
above solution. Then, FeSO4·7H2O solution was slowly 
dropped in H3PO4 solution with stirring. FePO4·2H2O was 
gained after the product was washed, centrifuged, and dried, 
respectively. Finally, FePO4 can be prepared by heating the 
FePO4·2H2O powders at 450 °C. LiFePO4 was prepared 
through a carbothermic reduction process using Li2CO3 and 
as-prepared FePO4 as raw material with a molar ratio of 1:2. 
The carbothermic reduction process was described below. 
FePO4 was added to a mortar and ground for 1 h. Then, 
0.89 g Li2CO3 and 0.72 g C6H12O6 were, respectively, intro-
duced into the mortar and ground for 3 h. Subsequently, after 
heating the above mixture in a tube furnace at 600 °C for 8 h, 
LFP/C composite materials were able to be synthesized. To 
remove the carbon layer from the surface of LiFePO4/C, it 
was fully dissolved in an aqueous solution and ultrasonic 
treatment for 1 h. After drying at 110 °C for 12 h, the black 
LFP powder could be produced.

To investigate the effect of carbon contents on the proper-
ties of LiFePO4/C composites, glucose was added as carbon 
source at different ratios of 0%, 5%, 10%, 15%, and 20%. First, 
1 g LiFePO4 was added in a mortar and ground for 1 h. Then 
0 g, 0.05 g, 0.1 g, 0.15 g, and 0.2 g glucose were, respectively, 
added in the above mortar and ground for 2 h. After drying 
for 2 h, it was putted in a tube furnace and heated to 700 °C 
at 5 °C/min. LiFePO4/C powder was obtained after heating 
for 8 h and cooling to room temperature. The above-prepared 
materials were named as LFP (0 g), LFP/C-5 (0.05 g), LFP/C-
10 (0.1 g), LFP/C-15 (0.15 g), and LFP/C-20 (0.2 g).

Structural characterization

The structural characterization of all active materials was 
identified by a scanning electron microscope (SEM; JEOL 
JSM-7000F, Japan) and X-ray diffraction (XRD) using a 
Rigaku D/Max-2500 X-ray diffractometer with Cu Kα 
radiation (λ = 1.5 Å).

Electrochemical characterization

The electrode materials were prepared by mixing 10 
wt% acetylene black (Tianjin Tianyi Century Chemical 
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Products Technology Development Co., Ltd.), 80 wt% 
active materials, and 10 wt% poly (vinylidenedifluoride) 
(Aldrich Chemical Co., Ltd.) in ethanol. The as-prepared 
slurries were uniformly coated onto the copper foil and 
dried at 80 °C in vacuum for 24 h. Generally, the lith-
ium metal foil played the role of a counter electrode, the 
Celgard 2300 film functioned as a separator, and 1 M 
LiPF6 in a solution of vinyl carbonate (EC) and diethyl 
carbonate (DEC) in a volume ratio of 1:1 was used as 
the electrolyte. The electrochemical properties were 
characterized by galvanostatic charge–discharge (GCD), 

cyclic voltammetry (CV), and electrochemical impedance 
spectroscopy (EIS). The CV data and the EIS data of the 
electrode capacity were recorded on a CHI600E system. 
The electrode capacity was measured on a Land CT2001A 
system. The scan rate of CV test is 0.1 mV·s−1 and poten-
tial range is 2.2–4.2 V. The range of EIS test frequency is 
100 kHz–0.01 Hz and the voltage amplitude is 5 mV.

Results and discussion

The structural and morphological characterization of FePO4 
is shown in Fig. 1. It can be seen that FePO4 has obvious 
characteristic diffraction peaks between diffraction angles of 
20°–24°, which are basically consistent with the diffraction 
peaks of standard XRD. And the characteristic diffraction 
peak is high, which indicates that FePO4 has high degree of 
crystallinity. The SEM image shows that the material has 
a fluffy layered structure, which can shorten the diffusion 
distance of Li+ and ensure that Li+ can enter into the lattice 
system of FePO4 quickly. At the same time, the structure 
can increase the specific surface area and thus improve the 
electrochemical properties of the material.

The X-ray diffraction patterns of all the samples are given 
in Fig. 2. It is evident from the XRD curves that according 
to the standard pattern of JCPDF 83–2092, the five sam-
ples exhibit an olivine structure with no additional reflec-
tion peaks of impurities observed. Furthermore, the peaks 
associated with carbon are not observed in the XRD curves. 
It fully demonstrates that the obtained samples have a high Fig. 1   Structural and morphological characterization of FePO4

Fig. 2   XRD patterns of LFP/C 
composites of different carbon 
contents
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purity and crystallinity. FWHM is usually used to reflect the 
size of particle size. According to the Scheller formula, the 
FWHM is inversely related to particle size. The FWHMs 
of the material at the positions of the sharpest diffraction 
peaks are 0.16098, 0.16384, 0.16591, 0.16803, and 0.16549, 
respectively, which fully demonstrates that the particle size 
of LFP/C-15 is the smallest. Meanwhile, it is clearly indi-
cated in Fig. 2 that the diffraction peaks become more and 
more sharp as the carbon content increases and the peak 
height of the diffraction peaks is maximum when the carbon 
content is 15%, indicating the maximum crystallization of 
the material.

Figure 3 shows the SEM morphologies of the as-prepared 
materials. As shown in Fig. 3, glucose is uniformly dispersed 
on the surface of LiFePO4 particles, showing a sphere-like 
morphology. Compared with LFP, LFP/C-5, and LFP/C-
10, LFP/C-15 shows a significant reduction in particle size 
and a more uniform particle distribution; it is attributed to 
the fact that during the synthesis of LFP/C by carbother-
mal reduction, glucose is decomposed into carbon and thus 
wrapped around the surface of the LFP particles, which well 
prevents the agglomeration of particles. As the carbon con-
tent increases, a thin, homogeneous, and highly graphitized 
carbon film gradually forms, which restricts the increase in 
particle size. Meanwhile, the smaller the size of the sample, 
the greater the surface activity, resulting in greater repulsion 
between the particles, and thus a more uniform distribution 
of particles. However, Fig. 3(e) shows that with the car-
bon content increases excessively, LFP/C-20 has obvious 

particle agglomeration, because the content of active mate-
rial is relatively low with high carbon content, which affects 
the vibrancy density of the material.

When the rate is set at 0.1 mV s−1, the CV profiles of 
the five materials are shown in Fig. 4. Each of these curves 
is relatively similar, with an oxidation peak and a reduc-
tion peak, which correspond to the process of oxidation and 
reduction reactions of Fe2+/Fe3+. The potential separations 
of the prepared materials are 0.406 V, 0.395 V, 0.325 V, 
0.322 V, and 0.400 V, respectively. Compared with other 

Fig. 3   SEM images of (a) LFP, (b) LFP/C-5, (c) LFP/C-10, (d) LFP/C-15, and (e) LFP/C-20

Fig. 4   CV curves of LFP/C composites of different carbon contents
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samples, LFP/C-15 shows a minimum potential separation 
of 0.322 V between the oxidation and reduction peaks, indi-
cating a lower polarization during the electrochemical reac-
tion. Meanwhile, LFP/C-15 exhibits the largest peak current 
and the maximum integral area consisting of the CV curves, 
which indicates that the electrode material by carbon coating 
has better electrochemical capacity and the carbon content 
is the most appropriate.

A systematic study of the effect of carbon content on the 
material properties is also investigated. Figure 5(a) exhib-
its the initial charge/discharge curves for all samples at 
0.1 C. As noted, the initial discharge specific capacities of 
the prepared materials are 121.5, 137.6, 147.8, 160.7, and 
137.7 mAh g−1, respectively, and the coulombic efficiency 
of 101.0%, 99.5%, 100.1%, 99.5%, and 96.2%, respectively. 
It is obvious that LFP/C-15 shows the best performance and 
its initial discharge specific capacity is close to the theoreti-
cal specific capacity of LFP.

The cycle performance of all samples for 100 cycles 
at 0.1 C rate is presented in Fig. 5(b) and Table 1. Com-
pared with the primitive LFP, the initial discharge capac-
ity of LFP/C composite materials gradually rise with the 
increase of carbon content, due to forming a protective cover 
on the surface of LFP to prevent the chemical interaction 
with electrolyte. LFP/C-15 showed the highest discharge 
capacity of 131.5 mAh g−1. When the carbon content is less 
than 15%, the charge and discharge performance decreases, 
which is attributed to the carbon content is too low and the 
effect of carbon coating is insufficient; the conductivity of 

LFP/C composite electrode material cannot be effectively 
improved. However, with the increase of carbon content, 
the cycle retention of the electrode materials decreases, due 
to the accumulation of carbon, which affects the capacity 
retention of the electrode materials.

Figure 5(c) and Table 2 present the rate performances 
of all samples at different rates from 0.1 to 2 C. It can be 
observed that the trend is opposite when the discharge 
capacity varies with the current density and the trend of 
downward is particularly significant under high current rate. 
The discharge capacity increases with the increase of carbon 
content, but the discharge capacity decreases significantly 
when the carbon content exceeds 15%. The composite mate-
rial with 15% carbon content displays the highest capac-
ity. It can achieve a capacity of 164.5, 160.7, 152.1, 141.7, 
and 124.9 mAh g−1 at 0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C, 
respectively.

Fig. 5   Electrochemical perfor-
mance of LFP/C composites of 
different carbon contents. (a) 
The first charging and discharg-
ing profiles of LFP/C at 0.1 
C. (b) Cycle performance of 
LFP/C at 0.1 C. (c) Rate perfor-
mance of LFP/C at 0.1 C. (d) 
Nyquist plots

Table 1   Cycling performance of LFP/C samples with different car-
bon contents

Samples Initial discharge spe-
cific capacity (mAh 
g−1)

Final discharge spe-
cific capacity (mAh 
g−1)

Cycle 
retention 
(%)

LFP 122.9 105.8 86.1
LFP/C-5 137.8 115.1 83.5
LFP/C-10 151.8 125.6 82.7
LFP/C-15 160.1 131.5 82.1
LFP/C-20 142.7 116.1 81.4

4583Ionics (2022) 28:4579–4585



1 3

To further investigate the electrochemical properties of 
the samples, the electrochemical impedance spectroscopy 
(EIS) of the samples are shown in Fig. 5(d). It is visual-
ized from the Nyquist curves that each curve is composed 
of a depressed semicircle and a straight line, represent-
ing the process of charge transfer and Warburg diffusion, 
respectively. According to the fitting results, the values of 
the charge transfer resistance (Rct) of all samples are 557 
Ω, 432 Ω, 392 Ω, 304 Ω, and 355 Ω, respectively. Due to 
the improved electrical conductivity by carbon coating, 
compared with primitive LFP, the semicircular arc radius 
of other samples is smaller and the slope of other samples 
is higher. It is obvious that the semicircular arc radius of 
the LFP/C-15 is the smallest and the slope is the highest. 
Therefore, it shows that the internal resistance of LFP/C-15 
is the smallest and the ion exchange behavior during charge 
and discharge is the fastest. However, the Rct of LFP/C-20 
increases in contrast due to the agglomeration of particles.

Conclusion

In this work, we successfully prepared LFP/C composites with 
different carbon contents by carbothermal reduction method, 
and demonstrated that proper carbon content can signifi-
cantly enhance the material properties. As the carbon content 
increases, the effect on the material varies. The morphological 
characterization shows that the particle size of LFP/C-15 is 
smaller and the particle distribution is more uniform. Mean-
while, electrochemical characterization indicates that LFP/C-
15 exhibits the highest specific discharge capacity as well as 
the best cycling stability among all samples. The discharge 
capacity of LFP/C-15 was 160.7 mAh g−1 after 100 cycles 
at 0.1 C, with a capacity retention rate of 82.1%. The perfor-
mance of the material decreases in contrast when the carbon 
content exceeds 15%. The above results show that the proper 
amount of carbon forms a good conductive layer, which limits 
the size of the particles and greatly improves the electrical 
conductivity. It also proves that the carbon content is a very 
critical factor in improving the material properties.
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