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Abstract
In response to the growing demand for high-performance lithium-ion batteries, this study investigates the crucial role of dif-
ferent carbon sources in enhancing the electrochemical performance of lithium iron phosphate (LiFePO4) cathode materials. 
Lithium iron phosphate (LiFePO4) suffers from drawbacks, such as low electronic conductivity and low lithium-ion diffusion 
coefficient, which hinder its industrial development. Carbon is a common surface coating material for LiFePO4, and the 
source, coating method, coating amount, and incorporation method of carbon have a significant impact on the performance 
of LiFePO4 materials. In this work, iron phosphate was used as the iron and phosphorus source, and lithium carbonate was 
used as the lithium source. Glucose, phenolic resin, ascorbic acid, and starch were employed as carbon sources. Ethanol 
was utilized as a dispersing agent, and ball milling was employed to obtain the LiFePO4 precursor. Carbon-coated LiFePO4 
cathode materials were synthesized using the carbothermal reduction method, and the effects of different carbon sources on 
the structure and electrochemical performance of LiFePO4 materials were systematically investigated. The results showed 
that, compared to other carbon sources, LiFePO4 prepared with glucose as the carbon source not only had a higher discharge 
specific capacity but also better rate cycle performance. Within a voltage range of 2.5–4.2 V, the initial discharge specific 
capacities at 0.1, 0.5, and 1 C rates were 154.6, 145.6, and 137.6 mAh/g, respectively. After 20 cycles at a 1 C rate, the 
capacity retention rate was 98.7%, demonstrating excellent electrochemical performance.
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1  Introduction

Owing to their elevated operating voltage, exceptional 
specific energy, extended service life, absence of memory 
effects, and minimal environmental impact, lithium-ion 
batteries are extensively employed in handheld electronic 
gadgets, such as smartphones, digital cameras, and notebook 
computers [1, 2]. These batteries have also been widely uti-
lized as alternatives to fossil fuels in novel energy automo-
biles and energy storage systems. In lithium-ion batteries, 
the cathode material not only comprises the largest portion 
of the battery’s expense, but its efficiency also significantly 
influences the overall electrochemical performance and 
safety of the battery [3–5]. At present, widely researched 
cathode materials encompass lithium cobalt oxide, lithium 

nickel cobalt manganese oxide, lithium nickel cobalt alu-
minum oxide ternary compounds, lithium manganese oxide, 
and lithium iron phosphate [6–8]. Among these, olivine-
structured lithium iron phosphate (LiFePO4) cathode mate-
rials have emerged as a focal point of research and devel-
opment in numerous nations due to their plentiful supply, 
extended cycling durability, and superior safety [9]. They 
are commonly employed in innovative energy automobiles, 
energy storage systems, uninterruptible power sources, 
and electric appliances, offering a vast market potential. 
However, the low electrical conductivity of pure LiFePO4 
cathode materials limits their rate and cycling performance 
[10]. To address this issue, many researchers have conducted 
modification studies, such as ion doping, surface coating, 
and particle nanosizing [11]. In particular, surface carbon 
coating not only enhances the conductivity of LiFePO4 cath-
ode materials but also suppresses particle growth, attenuates 
electrode polarization effects, and ultimately improves their 
rate performance and extends their cycle life [12, 13].
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It is well known that the intrinsic electrical conductiv-
ity of LiFePO4 is only 10–9 to 10–10 cm2/S, compared to 
the 10–6 cm2/S of carbon anode materials, making this low 
conductivity a bottleneck for its development. Adding an 
appropriate conductive agent or performing effective car-
bon coating during the preparation of LiFePO4 is a crucial 
means of improving its electrical conductivity [14–16]. 
Carbon coating modification generally involves coating the 
exterior of LiFePO4 crystals with a layer of highly conduc-
tive carbon material, which provides an electron tunnel for 
the electron transfer of lithium iron phosphate and weakens 
the polarization effect, thereby improving the corresponding 
electrochemical performance [17–20]. The carbon coating 
process involves the carbonization reaction of carbon source 
materials during high-temperature sintering, causing struc-
tural changes and a certain degree of graphitization, form-
ing a carbon layer tightly wrapped around the exterior of 
LiFePO4 crystals, predominantly resulting in a core–shell 
structure [21–23]. Carbon coating was initially proposed by 
Armand et al. [24], and after the carbon coating, the elec-
trochemical reaction kinetics of LiFePO4 were improved, 
making the actual specific capacity of the pure material at 
room-temperature approach its theoretical specific capac-
ity (170 mAh/g). When designing carbon-based LiFePO4 
cathode materials, the key issue is controlling the amount of 
carbon added, as adding high surface area carbon nanoma-
terials can reduce the tap density and subsequently decrease 
their energy density. Research suggests that the ideal carbon 
content in composite materials is 1% to 3% of the total mass; 
the next consideration is the structure of the nanocomposite 
material, which should balance a reduction in porosity while 
providing sufficient space for lithium-ion diffusion within 
the electrode. Zhao et al. [25] found that when LiFePO4/C 
exhibited a pomegranate-like microspherical structure, 
the battery demonstrated excellent processability and low-
temperature performance. From the perspective of surface 
modification, the impact of carbon coating on the material 
is mainly manifested in the formation of an electron-con-
ductive layer on its surface after coating, which enhances 
the conductivity between particles and within particles, pro-
vides electron tunnels for LiFePO4, reduces battery polari-
zation, compensates for charge balance during lithium-ion 
deintercalation, and improves the conductivity of the active 
material. Carbon materials can reduce Fe3+ to Fe2+ at high 
temperatures, hindering the formation of trivalent iron and 
improving product purity. This process also suppresses grain 
growth, making the particle size more uniform, with mini-
mal agglomeration, effectively controlling particle size and 
enabling nanosizing.

Electing an appropriate carbon source during the carbon 
coating modification process has a significant impact on 
the improvement of LiFePO4 electrochemical performance. 
The properties of different carbon sources affect the shape, 

structure, and coating conditions of the carbon layer during 
the carbonization process, making the selection of carbon 
source types and understanding the carbonization charac-
teristics of different carbon sources particularly important. 
In the process of carbon coating, prevalent carbon sources 
can be categorized into inorganic carbon sources, organic 
carbon sources, and organic polymer carbon sources. Inor-
ganic carbon sources encompass various forms of carbon 
materials such as carbon black, carbon nanotubes, and gra-
phene; organic carbon sources involve organic compounds 
like sucrose, glucose, starch, and citric acid; organic polymer 
carbon sources consist of polymer carbon sources created 
through in situ polymerization of organic monomers, includ-
ing polyaniline, polyacrylic acid, and polyvinyl alcohol. In 
this research, iron phosphate served as the iron and phos-
phorus source, lithium carbonate functioned as the lithium 
source, and a carbon source was incorporated, using alco-
hol as a dispersing agent to produce the lithium iron phos-
phate precursor via ball milling. Carbon-coated lithium iron 
phosphate cathode materials were fabricated employing a 
carbothermal reduction technique, and the influence of car-
bon sources on the structure and electrochemical properties 
of lithium iron phosphate materials was comprehensively 
examined.

2 � Experimental

Lithium carbonate (purity > 99%), iron phosphate 
(purity > 98%), and the selected carbon sources (glucose, 
phenolic resin, ascorbic acid, and starch) were used in 
this study. The lithium carbonate and iron phosphate were 
sourced from Lingchuan Xianke Chemical Co. Ltd. Lithium 
carbonate, iron phosphate, and carbon source were weighed 
according to stoichiometric proportions and placed in a 
ball mill jar. Anhydrous ethanol was added, with a ball-
to-powder mass ratio of 4:1 and a solid content of 45%. 
The mixture was ball milled at 500 rpm for 10 h, and then 
dried at 80 °C to obtain the precursor. The ground precursor 
was placed in a tube furnace and heated under a nitrogen 
atmosphere to 600 °C for 6 h and then to 800 °C for 5 h 
to synthesize carbon-coated lithium iron phosphate cathode 
materials (LFP/C), controlling the carbon content in the final 
lithium iron phosphate product to (2.5 ± 0.1)%. The carbon 
sources used here were glucose, phenolic resin, ascorbic 
acid, and starch, denoted as LFP/G, LFP/P, LFP/A, and 
LFP/S, respectively.

X-ray diffraction analysis was performed on the samples 
using an X’Pert PRO X-ray diffractometer with a CuKα 
radiation source, graphite monochromator, tube voltage of 
40 kV, tube current of 0.2 A, scanning rate of 8 (°)/min, 
and scanning range of 10°–70°. The sample morphology 
was characterized using a Sirion200 field emission scanning 
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electron microscope. High-precision Neware battery test sys-
tem (5 V/5 mA) was used for charge–discharge testing of the 
battery at different rates, with a voltage range of 2.5–4.2 V. 
Cyclic voltammetry and electrochemical impedance spec-
troscopy were performed using an Ivium Stat electrochemi-
cal workstation, with a cyclic voltammetry scanning volt-
age range of 2.5–4.2 V and scanning rate of 0.1 mV/s, and 
an impedance frequency range of 105 to 10–2 Hz. Carbon 
content was measured using an HH2200A high-frequency 
infrared carbon–sulfur analyzer. All tests were conducted at 
room temperature.

LFP/C as the cathode active material, acetylene black 
(battery grade) as the conductive agent, and polyvinylidene 
fluoride (battery grade) as the binder were mixed in a mass 
ratio of 8:1:1. The mixture was combined with N-methylpyr-
rolidone (battery grade) to form a slurry, uniformly coated at 
approximately 7 mg/cm2 onto a 20 μm-thick aluminum foil 
(battery grade), cut into 12 mm-diameter discs, and vacuum 
dried at 80 °C for 12 h. A CR2016 button cell was assembled 
using metallic lithium (battery grade) as the anode, Celgard 
2400 as the separator, and 1 M LiPF6 in ethylene carbon-
ate + dimethyl carbonate (volume ratio 1:1, battery grade) 
as the electrolyte, all in a glove box filled with argon gas.

3 � Results and discussion

Figure 1 exhibits the XRD patterns of LiFePO4/C synthe-
sized using different carbon sources. From the figure, it can 
be observed that the main diffraction peaks of LiFePO4/C 
synthesized with different carbon sources are consistent with 
the standard lithium iron phosphate card (JCPDS #40-1499) 
[26]. No impurity peaks are present, and the peak shapes are 
sharp, indicating good crystallinity. This suggests that pure-
phase lithium iron phosphate can be prepared using different 

carbon sources [27]. The absence of diffraction peaks for 
carbon in all four samples implies that carbon exists in an 
amorphous form [28].

Figure 2 exhibits the first charge–discharge curves of lith-
ium iron phosphate prepared using different carbon sources 
at a 0.1 C rate (1 C = 170 mA/g) within the voltage range of 
2.5–4.2 V. All four samples exhibit good charge–discharge 
plateaus with very gentle voltage variations. The lithium 
iron phosphate prepared with glucose as the carbon source 
has a charge plateau at 3.462 V and a discharge plateau at 
3.398 V, with a voltage difference (ΔE) of 0.036 V, indicat-
ing no significant electrochemical polarization. In contrast, 
the sample prepared with starch as the carbon source exhib-
its more significant polarization, possibly due to the longer 
molecular chains of starch. The carbon generated during 
thermal decomposition may not uniformly coat the lithium 
iron phosphate material, which could increase the material’s 
electronic conductivity on one hand but might also decrease 
the ionic conductivity and lead to increased polarization 
on the other hand. At a 0.1 C rate, the charge capacities of 
LFP/G, LFP/P, LFP/A, and LFP/S are 164.5, 147.3, 162.6, 
and 157.1 mAh/g, respectively, while their discharge capaci-
ties are 154.6, 136.4, 155.8, and 148.0 mAh/g, respectively.

Figure 3 shows the cycling performance of lithium iron 
phosphate prepared using different carbon sources at dis-
charge rates of 0.1, 0.2, 0.5, 1, and 3 C. Within the volt-
age range of 2.5–4.2 V during cycling, the LFP/G sample 
prepared with glucose as the carbon source has discharge 
capacities of 154.6, 152.0, 145.6, 137.6, and 121.9 mAh/g 
at 0.1, 0.2, 0.5, 1, and 3 C rates, respectively. After 20 cycles 
at 1 C rate, the capacity retention is 98.7%, demonstrating 
excellent electrochemical performance. The LFP/P sample 
prepared with ascorbic acid as the carbon source shows an 
initial increase in capacity during the first few cycles, reach-
ing 156.7 mAh/g after five cycles, and a 1 C rate discharge 

Fig. 1   XRD patterns of LFP/G, LFP/P, LFP/A, and LFP/S
Fig. 2   Initial charge and discharge curve of LFP/G, LFP/P, LFP/A, 
and LFP/S
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capacity of 135.8 mAh/g, with a capacity retention of 98.0% 
after 20 cycles. The cycling performance of lithium iron 
phosphate materials prepared with glucose and ascorbic acid 
as carbon sources at different rates is superior to those pre-
pared with starch and phenol–formaldehyde resin as carbon 
sources.

Figure 4 shows the SEM images at 50,000 × magnification 
of lithium iron phosphate prepared using different carbon 
sources. From the images, it can be observed that all four 
samples exhibit some degree of aggregation. The lithium 
iron phosphate material prepared using glucose has a pri-
mary particle size of approximately 300 nm, with a well-
defined morphology and a quasi-spherical shape [29]. This 
may be attributed to the even distribution of conductive car-
bon, both internally and externally, within the lithium iron 
phosphate during the pyrolysis of glucose under a nitrogen 
atmosphere, which effectively inhibits the growth of lithium 

iron phosphate, resulting in a more uniform particle-size 
distribution [30]. In comparison, LFP/A also has a smaller 
particle size, but the distribution is not very uniform; the 
agglomeration phenomenon in LFP/P and LFP/S is more 
severe.

Figure 5 shows the cyclic voltammograms of lithium iron 
phosphate prepared using different carbon sources, with a 
voltage range of 2.5 to 4.2 V and a scan rate of 0.1 mV/s. 
The voltammograms clearly depict a pair of relatively sym-
metric redox peaks for each sample, corresponding to the 
deintercalation of Li+ ions and the conversion process 
between Fe2+ and Fe3+, which are indicative of typical two-
phase reaction characteristics [31]. In cyclic voltammetry, 
the peak potential difference |Ep|= EPc−EPa and the peak cur-
rent ratio |iPc/iPa| serve as important criteria for assessing the 
reversibility of the charge–discharge process in the material. 
Figure 6 presents the peak potential differences and peak 
current ratios for each sample, revealing that LFP/G has the 
smallest Ep value of 0.28 V and the highest iPc/iPa value of 
88.5% [32]. This indicates that lithium iron phosphate pre-
pared using glucose as a carbon source exhibits the least 
polarization and excellent reversibility.

Figure 7 displays the EIS plots of lithium iron phosphate 
prepared using four different carbon sources. The imped-
ance spectra can be observed to consist of the impedance 
(Rs) associated with Li+ migration on the cathode surface 
film, the semicircle representing the charge transfer resist-
ance (Rct) controlled by electrochemical steps [33], and the 
straight line indicating the Warburg impedance (Zw) aris-
ing from Li+ diffusion in the solid phase. The Rs values 
for lithium iron phosphate prepared using the four carbon 
sources do not differ significantly, suggesting good stabil-
ity of the cathode surface film. Notably, the lithium iron 
phosphate prepared using glucose as the carbon source 
exhibits the smallest Rct value of 62.66 Ω, indicating mini-
mal impedance for Li+ deintercalation and intercalation. 

Fig. 3   Cyclic performance of LFP/G, LFP/P, LFP/A, and LFP/S at 
different rates

Fig. 4   SEM images of A LFP/G, B LFP/P, C LFP/A, and D LFP/S Fig. 5   CV curves of LFP/G, LFP/P, LFP/A, and LFP/S
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Simultaneously, it has the largest i0 value, implying the 
lowest resistance to electrode reactions and a more facile 
reaction process [34].

In comparison with previous works in this field, the study 
investigated the effects of different carbon sources on the 
performance of carbon-coated LiFePO4 cathode materials. 
The results demonstrated that LiFePO4 prepared with glu-
cose as the carbon source exhibited superior electrochemi-
cal performance, with a higher discharge specific capacity 
and better rate cycle performance compared to LiFePO4 

materials prepared using other carbon sources, such as phe-
nolic resin, ascorbic acid, and starch [35–37].

4 � Conclusion

In summary, carbon-coated lithium iron phosphate compos-
ite materials were synthesized using iron phosphate as the 
iron and phosphorus source, lithium carbonate as the lithium 
source, and glucose, phenolic resin, ascorbic acid, and starch 
as carbon sources, respectively. The results demonstrate that 
all obtained products are olivine-type lithium iron phos-
phate, with glucose as the carbon source yielding materials 
with smaller and more uniformly distributed particle sizes. 
Compared to other carbon sources, lithium iron phosphate 
prepared with glucose as the carbon source not only exhib-
its a higher discharge specific capacity but also better rate 
cycling performance. In the voltage range of 2.5–4.2 V, the 
initial discharge specific capacities at 0.1, 0.5, and 1C rates 
are 154.6, 145.6, and 137.6 mAh/g, respectively. Notably, 
after 20 cycles at a 1C rate, the capacity retention is 98.7%, 
indicating excellent electrochemical performance.
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