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Abstract
LiFePO4/C composites were prepared via liquid phase method by using sodium ligninsulfonate (SL) as carbon source and 
surfactant. Effects of SL on the morphology and properties of  LiFePO4/C composite were investigated, indicating that SL 
plays an important role in the formation of porous structures by self-assembly of carbon chains. The results illustrated that the 
LFP/Cs-2 (SL 30%) is well confined in the nano-porous of the carbon sheet, exhibiting a stable and high reversible capacity 
of 161  mAhg−1 at 0.1 C and excellent high rate capacity of 135  mAhg−1 at 8 C in CR2032 cells. In addition, the LFP/Cs-2 
with a compaction density of 2.4  gcm−3 shows a remarkably high rate capability of 131  mAhg−1 at 15 C in 18,650 batteries. 
The excellent performance of LFP/Cs-2 is attributed to the high diffusion rate of lithium ion within the nano-porous structure 
and outstanding electronic conductivity of the continuous carbon conductive network.

Keywords Porous  LiFePO4 · Sodium ligninsulfonate · LiFePO4/C composite · Lithium-ion batteries · Electrochemical 
performances

Introduction

Lithium ion batteries (LIBs), including stretchable or fold-
able Li-ion batteries, have been the research focus in the 
academic and industrial communities as reflected in many 
review literatures or articles each year [1–12]. Cathode as 
the most important components of LIBs and the key factor 
for the performance of LIBs also continues to draw atten-
tions, emerging various cathode materials [6]; among the 
compounds of the olivine family  (LiMPO4 with M = Fe, 
Mn, Ni, or Co), only the olivine-structured  LiFePO4 (LFP) 
has become a hot research topic and considered to be one 
of the most promising candidates for power batteries since 

the pioneer work of Prof. Goodenough in 1997 [13], who 
was Nobel Prize Winner in Chemistry in 2019. It has been 
well documented that the LFP has several characteristics 
of stable voltage plateau of 3.5 V vs. Li/Li+, high theoreti-
cal capacity (170  mAhg−1), good cycle stability, thermal 
stability, low raw material cost, environmental friendliness, 
and safety [14–16]. However, although olivine-structured 
LFP has many abovementioned merits, and ultimately, high-
quality LFP materials have been successfully developed 
and commercialized in energy storage and EV, it still exists 
some drawbacks of poor intrinsic electronic and lithium ion 
conductivities originating from the lack of mixed valency 
and the one dimensional lithium ion diffusion, influenc-
ing its high electrochemical performance, especially high 
rate capability, limiting the practical use of LFP in LIBs for 
HEVs and EVs, especially in the so-called next generation 
of lithium-ion batteries.

Therefore, in order to tackle these challenges and improve 
the performance of LFP, several strategies have been pro-
posed, and many efforts have been devoted to improving 
the extremely poor ion diffusion rate and electron con-
ductivity. The electrical conductivity and the diffusion of 
lithium ions can be enhanced by using novel strategies such 
as surface modification using graphite, metal, metal oxide, 

 * Ling-Yong Kong 
 kly2008@126.com

 * Wei Li 
 lwg3@163.com

1 Shenzhen Dynanonic Co., Ltd, Room 223, Shenzhen New 
Energy Innovation Park, No.1, Chuangsheng Road, Nanshan 
District, Shenzhen 518055, People’s Republic of China

2 Faculty of Sciences, Kunming University of Science 
and Technology, Kunming, Yunnan Province 650093, 
People’s Republic of China

/ Published online: 30 November 2022

Ionics (2023) 29:563–572

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-022-04840-9&domain=pdf


1 3

and phosphate; particle size reduction; lattice substitution 
(doping); composition optimization; electrolyte additives; 
controlling morphology; structural engineering; and cath-
ode prelithiation additives, all of which can improve elec-
trochemical performance of LFP [15–23].

Considering that the electrochemical performances can 
be significantly affected by morphology of LFP, the syn-
thesis of LFP with various morphologies and structures has 
been receiving extensive research interest [24]. Among the 
various methods for improving the battery performance of 
LFP mentioned above, compositing the LFP with carbon 
nanomaterials seems to be the most promising procedure 
and is widely applied and studied systemically, because it is 
facile and efficient [25, 26]. It is well known that electrical 
conductivity is one of the key factors affecting the capac-
ity, rate, and low-temperature performance of LIBs [17, 19]. 
For the  LiFePO4/C composite, carbon nanomaterials usually 
serve as a conductive agent to improve the electrical con-
ductivity while increasing the material porosity in which the 
solid-state diffusion distances are significantly shortened. 
 LiFePO4/C composite can be fabricated through carbon 
coating by using different carbon sources, such as biomass, 
polymer, and graphene [27], and MOFs (metal organic 
frameworks) [28–30] via ex situ or in situ method, such as 
solid state reaction method, liquid phase method, sol–gel 
method, hydrothermal method, and spray pyrolysis method 
[6]. However, during carbon coating treatment, there are two 
kinds of carbon attached to LFP surface, namely, graphitic 
carbon  (sp2-hybridized carbon) and amorphous carbon [25, 
26]. It is known that the conductivity of amorphous carbon is 
very poor, the carbon introduced in  LiFePO4/C composites 
is usually also amorphous being formed at the sintering tem-
perature of pure olivine phase, and the graphitization capac-
ity of precursors is often difficult to achieve at high levels, 
resulting in the difficulty of increasing the rate performance 
of LFP cathode material to an ultra-high level. Therefore, 
the utilization of new graphite materials  (sp2-hybridized car-
bon) as carbon sources to modify LFP with a higher degree 
of graphitization is the mainstream of current research on 
carbon coating on LFP. Therefore, theoretically, organic 
compounds with a higher degree of  sp2-hybridized carbon 
atoms can be selected and considered as carbon sources, 
as long as these organic compounds can be transformed to 
a carbon shell with a suitable degree of graphitization. Of 
course, for the liquid phase method, the solubility of the 
carbon precursor is crucial.

Lignosulfonate is a by-product of the pulping industry, 
which is a type of macromolecular surfactant widely used 
as interfacial additive in various industrial fields, and the 
commercial sodium lignosulfonate (SL) is part of a by-
product of sulfite pulping and is water soluble; SL was an 
effective chelating agent which consists of a large number 
of hydrocarbon chains which can be easily converted to 

highly conductivity carbon chains during the sintering 
process. SL is also an anionic surfactant with strong dis-
persing ability, which can make the precursor react uni-
formly. SL was used as the precursor for the synthesis of 
hierarchical porous carbons for supercapacitors with high 
volumetric energy density [31, 32]. However, according to 
literature survey and to the best of our knowledge, there 
is no report regarding the synthesis of LEP/C composite 
using SL as carbon source.

In order to achieve the excellent electrochemical perfor-
mance of  LiFePO4 for practical applications, it is neces-
sary and urgent to develop a simplified and facile synthesis 
process for producing  LiFePO4/C composites with control-
lable particle size and uniform carbon coating layer. We 
have reported a liquid phase method to synthesis  LiFePO4/
graphene using  CH3COOLi•2H2O, Fe(NO3)3•9H2O, 
 NH4H2PO4, and  C6H8O7 as the raw materials. The pre-
pared  LiFePO4/G shows exciting performance with highly 
capacity retention rate after various dis-charge currents, 
indicating that graphene is promising conductive additives 
for high power Li-ion battery electrode materials [33].

Herein, the synthesis of LFP/C was carried out via an 
improved liquid phase method based on the abovemen-
tioned literature by using citric acid, and mixture of citric 
acid and sodium ligninsulfonate (SL) as carbon sources, 
and SL was used to modify the morphology and improve 
the conductivity of LFP. The effect of SL addition con-
tent on the morphology and electrochemical performance 
of the  LiFePO4/C were investigated. LFP nanoparticles 
were coated by conductivity carbon layers (3–6 nm), 
which significantly improved the electrochemical reac-
tivity and reversibility of LFP nanoparticles. It was found 
that the LFP material prepared by the improved liquid 
phase method using SL (30 wt%) as carbon source and 
surfactant would result in the formation of porous struc-
tures by self-assembly of carbon chains, greatly improv-
ing the conductivity of the material and limit the growth 
of the particles. It exhibited outstanding high rate perfor-
mance and stable capacity retention of low temperature 
property.

Experimental section

Materials

LiOH·H2O, Fe(C2H3O2)2,  NH4H2PO4,  NH4NO3, citric 
acid   (C6H8O7),  C2H5OH, and sodium lignosulfonate 
 (C20H24Na2O10S2, SL) were purchased from Sigma-
Aldrich (Shanghai, China) and used without further 
purification unless stated otherwise. All chemicals were 
analytical grade reagents.
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Synthesis of LFP/C composite

The synthesis of LFP/C was carried out via an improved liq-
uid phase method based on the literature we published pre-
viously [33] as described below: LiOH·H2O, Fe(C2H3O2)2,, 
 NH4H2PO4, and  C6H8O7 were used as the raw materials at 
a molar ratio of 1.05:1:1:1. The distilled water and ethanol 
were used as solvent. The mixed solution was stirred at room 
temperature for 1 h and then dried at 80 °C. Finally, the dried 
precursor was heated to 700 °C at a heating rate of 5 °C·min–1 
under the  N2 atmosphere and maintained at this temperature 
for 6 h and finally was cooled slowly to obtain LFP/C.

Synthesis of LFP/CS composite using SL as a carbon 
source and surfactant

The synthesis method of LFP/CS was basically the same as 
that of LFP/C. The difference was that SL was also added as 
a carbon source and surfactant. The weight ratios of  C6H8O7 
to SL were 1:0.1 (10 wt% of the  C6H8O7), 1:0.3 (30 wt% of 
the  C6H8O7), and 1:0.5 (50 wt% of the  C6H8O7); and the 
obtained composites were labeled as LFP/Cs-1, LFP/Cs-2, 
and LFP/Cs-3, respectively.

The synthesis process is schematically illustrated in 
Fig. 1.

Material characterization

The crystal structures of the samples were characterized by 
X-ray diffraction (XRD) using a Bruker D8 ADVANCE dif-
fractometer with Cu-Kα1,2 radiations at a voltage of 40 kV 

and a current of 40 mA. The scans were performed in the 2θ 
range from 10° to 90° with a scanning step width of 0.02° 
and 1 s time per step for each sample. Raman analysis was 
performed on a JY HR800 Raman spectrophotometer. Ther-
mogravimetric analysis (TGA) was performed on a 209 F3 
Thermogravimetric Analyzer (TG 209 F3 NETZSCH Ger-
many), which was carried out from temperature to 750 ℃ 
under  N2 atmosphere at the rate of 5 ℃min−1. Scanning 
electron microscopy (SEM) was performed using a Hitachi 
S-4800 microscope operating at 5 kV. Transmission electron 
microscopy (TEM) was performed with a Hitachi H-7000 
microscope at an acceleration voltage of 100 kV. The accu-
rate content of carbon in the LFP composite was measured 
by HCS-140 high frequency infrared carbon–sulphur ana-
lyzer. Tristar II3020 surface area analyzer was used to meas-
ure the surface area of materials. The resistivity of materials 
was measured by RTS-8 four-probe tester.

Electrochemical measurements

Electrochemical measurements were performed by using 
CR2032 coin cell with Li metal as the anode and Column 
18,650 lithium ion batteries with graphite as the anode. 
The working electrode was prepared by mixed 85 wt% of 
active materials (LFP/C and LFP/Cs-2), 10 wt% of acety-
lene black, and 5 wt % of polyvinylidene fluoride (PVDF), 
using N–N-methyl-2-pyrrolidone (NMP) as the solvent. 
The electrolyte was a 1 mol·L−1  LiPF6 in a 1:1:1 (V/V/V) 
ethylene carbonate/diethyl carbonate/dimethyl carbonate 
ration and Celgard 2300 porous polypropylene film as the 
separator. The charge/discharge experiment was performed 

Fig. 1  Schematic illustration of the preparation process for the LFP/C composites

565Ionics (2023) 29:563–572



1 3

between 2.0 and 3.75 V using a Land CT2001A battery 
test system (Hubei LANBTS Company, Hubei China) 
under the condition of 25 ± 2℃ (rate charging cutoff volt-
age of 3.75 V; constant voltage charging cutoff voltage of 
3.75 V, current 0.05 mA; rate discharge cutoff voltage of 
2.00 V; charge and discharge current density: 0.1 C (nomi-
nal specific capacity: 150 mAh/g)). Cyclic voltammetry 
(CV) was performed by on CHI 660E electrochemical 
working station (Chenhua, Shanghai China) at a scanning 
rate of 0.5  mVs−1 between 2.0 and 4.2 V. Electrochemical 
impedance spectroscopy (EIS) was performed by on CHI 
660E electrochemical working station (Chenhua, Shanghai 
China) at an amplitude of 5 mV over a frequency range 
from 10 kHz to 0.01 Hz.

Results and discussion

XRD and Raman spectra analyses

XRD measurements were carried out to examine the crystal 
structure of as prepared LFP/C and LFP/Cs composites. Fig-
ure 2a displayed the XRD patterns for the LFP/C and LFP/
Cs samples (LFP/Cs-1, LFP/Cs-2, and LFP/Cs-3) with dif-
ferent SL addition content ranging from 0 to 50 wt%, match-
ing with the standard olivine orthorhombic structure Pnma 
space group perfectly  (LiFePO4, JCPDS card No. 83–2092) 
[16]. No peaks of impurity phases were observed, indicat-
ing that the obtained LFP/C samples with strong diffraction 
peaks were highly crystalline with high purity and good 
crystallization, concluding that the SL did not change the 
crystalline structure of the  LiFePO4.

Raman spectroscopy is a particularly useful tool for 
the structure characterization of the carbon coating layer 
on the particles surface. Figure 2b displayed the Raman 
spectra of the LFP/C and LFP/Cs samples. As can be seen 
from Fig. 2b, the four LFP samples exhibited two dis-
tinctive peaks at 1350  cm−1 and 1580  cm−1, which were 
characteristics of the D-band and G-band, respectively. 
The D-band corresponds to disorder in the  sp2-hybridized 
carbon, and it was activated owing to existence of carbon 
lattice defects in carbonation process. The G-band cor-
responds to the breathing mode of aromatic rings. The 
intensity ratio of D and G band, ID/IG, was a reflection 
of  sp2-hybridized carbon atoms [34]. The Raman results 
consistent with the XRD results further demonstrated the 
formation of  LiFePO4/C and  LiFePO4/Cs composites. The 
ID/IG values of the four samples were close to each other 
(1.05, 1.04, 1.07, and 1.03 for LFP/C, LFP/Cs-1, LFP/
Cs-2, and LFP/Cs-3, respectively), because the carbon 
source and carbon coating synthesis methods were basi-
cally the same. However, we could clearly find the pres-
ence of 2D-band in the LFP/Cs-2 sample, which indicated 
that the carbon layer exhibited a higher degree of order-
ing, concluding that the LFP/Cs-2 with porous structure 
provided the best electronic connection in the particles.

It is known that the amount of carbon in  LiFePO4/C 
composite greatly affects the surface area of LiFePO4 
[35]. The carbon content of the samples was measured 
by HCS-140 high frequency infrared carbon–sulphur ana-
lyzer. Carbon content was 1.08 wt%, 1.12 wt%, 1.16 wt%, 
and 2.01 wt% for LFP/C, LFP/Cs-1, LFP/Cs-2, and LFP/
Cs-3, respectively (Table 2), which was consistent with 
the amount of added carbon source.

Fig. 2  a XRD patterns and b Raman spectra of the  LiFePO4/C with different SL addition content
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TG/DTG analyses

Safety and thermal stability have become a necessity for 
LIBs. The TG analyses were performed to determine the 

process of the reaction process of lattice formation under 
 N2 atmosphere at the rate of 5 ℃min−1. In order to  fur-
ther explore the effect of SL on the formation of LFP lattice, 
LFP/C and LFP/Cs-2 were chosen for the comparison, as 
illustrated in Fig. 3. The weight loss started at room tempera-
ture and finished at 450 ℃. Three distinct weight loss rate 
peaks at 100 ℃, 160 ℃, and 350 ℃ were assigned by DTG. 
Table 1 listed weight loss at each stage. From the Fig. 3 and 
Table 1, it can be found that the TG curves and weight loss 
of LFP/C and LFP/Cs-2 samples were basically the same. 
Weight loss at 100 ℃ corresponds to the volatilization of 
water in precursors, weight loss at 160 ℃ corresponds to 
volatiles in precursors, and weight loss at 350 ℃ corresponds 
to the decomposition of carbon sources and organic mat-
ter. Additionally, there was no peak in the DTG curve after 
450 ℃ without weight loss in the TG profile, which might be 
attributed to the crystal formation and growth of LFP parti-
cle. Therefore, the addition of SL has no effect on the forma-
tion of LFP lattice and the growth temperature of LFP lattice.

SEM and TEM analyses

As we all know that the performance of LFP greatly depends 
on the morphology [16, 24–26, 35], SEM and TEM were 
carried out to investigate the morphology and microstruc-
ture of all LFP/C samples, as illustrated in Figs. 4 and 5. 
Figure 4 displayed the SEM images of LFP/C samples with 
different SL addition content, showing that the morphol-
ogy and particle size of LFP nanocrystals could be readily 

Fig. 3  TG/DTG curves of the LFP/C and LFP/Cs-2 precursors

Table 1  Weight loss of LFP/C and LFP/Cs-2 at different temperatures

Sample Lost weight/wt%

100 ℃ 160 ℃ 350 ℃ 700 ℃

LFP/C precursor 4.8 12.5 30.8 40.8
LFP/Cs-2 precursor 3.5 10.0 26.1 37.1

Fig. 4  SEM images of the  LiFePO4/C with different SL additions: a LFP/C (SL 0%), b LFP/Cs-1(SL 10%), c LFP/Cs-2 (SL 30%), d LFP/Cs-
3(SL 50%), e LFP/Cs-2 (SL 30%), f LFP/Cs-2 (SL 30%)
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controlled by tuning the addition content of SL in the precur-
sor solution. As presented in Fig. 4a, agglomerated particles 
were obtained at the LFP/C (SL 0%). The particles exhibited 
spheroid with an average particle size of 150 nm. Adding 
different amounts of SL leaded to a great change in particle 
morphology. As shown in Fig. 4b, when the addition content 
of SL was 10%, the micrographs of the LFP/Cs-1 presented 
well-dispersed spherical that were approximately 100 nm, 
demonstrating that SL was beneficial to particle dispersion. 
Interestingly, when the SL addition content was 30%, most 
of LFP/Cs-2 (SL 30%) nanoparticles were well confined 
in the nanopores of the carbon sheet shown in Fig. 4c. As 
can be seen from the Fig. 4e and f for LFP/Cs-2, nanoparti-
cles showed a porous structure, which could provide rapid 
diffusion and transfer channels for lithium ions and elec-
trons, increasing the interface area of the active material/
electrolyte and reducing the inert zone in the material. In 
the electrode materials of lithium ion batteries, carbon with 
grid structure has many advantages, such as multiple and 
continuous conductive paths, controllable mesopore size, 
large pore volume, and the most importantly was short dif-
fusion distance [17, 26, 36]. But when the SL addition con-
tent was 50%, the LFP/Cs-3 particles were strip shaped and 
agglomerated in a high magnitude as illustrated in Fig. 4d. 
Therefore, the structure, particle size, and particle size dis-
tribution of LFP could be controlled by the addition content 
of SL, demonstrating that SL was a key factor in obtaining 
high quality and uniform LFP particles.

Table 2 listed the physical and chemical properties of 
LFP with different SL addition content; the carbon con-
tent in LFP increased gradually with the increase of SL. 
However, the specific surface area and powder resistivity 
were not proportional to SL addition content. It has well 
been documented that the amount of carbon in  LiFePO4/C 
composite affects the surface area of  LiFePO4 greatly; the 
higher the amount of carbon the lower the surface area 
[26, 37]. This may be due to the carbon content in the 

composite interfering with the 3D porous network, block-
ing some paths and thus isolating the large surface from 
the total accessible surface area of  LiFePO4. It can be seen 
that the specific surface area of LFP/Cs-2 was the larg-
est and its powder resistivity was the smallest, which was 
closely related to the morphology of LFP/Cs-2 and the 
structure of conductive carbon. The results showed that 
the LFP structure of the holes enlarged the surface area of 
the material and the lattice conductive carbon had excel-
lent conductivity, which was consistent with the results of 
Raman and SEM.

Transmission electron microscope (TEM) images 
of LFP/C and LFP/Cs-2 were performed for further 
investigation of the carbon coated on LFP particles. 
The images of Fig. 5a and b clearly showed the lat-
tice fringes of such crystalline LFP particles, which 
were different from the surrounding amorphous car-
bon phase. It showed well-crystallized and a conduc-
tive carbon layer on the edge of the LFP/C and LFP/
Cs-2, which were approximately 2-nm and 4-nm thick, 
respectively. The results showed that SL can promote 
the formation of uniform and highly ordered carbon 
coatings on the surface of LFP particles, which signifi-
cantly improved the electrochemical properties of LFP, 
confirmed by the following cell test.

Fig. 5  TEM images of LFP/C 
(a) and LFP/Cs-2 (b)

Table 2  The physical and chemical properties of LFP with different 
SL additions

Sample
%

Carbon content Specific 
surface area
m2/g

Powder 
resistivity
Ω·cm

LFP/C (SL 0%) 1.1 10.8 40.8
LFP/Cs-1 (SL 10%) 1.12 11.4 37.1
LFP/Cs-2 (SL 30%) 1.16 13.2 15.2
LFP/Cs-3 (SL 50%) 2.01 12.1 35.6
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Electrochemical characterization

In order to characterize the electrochemical performance of 
the LFP, the capacity and rate performance of LFP/C and 
LFP/Cs-2 were performed with CR2032 coin cells.

Figure 6a showed initial charge/discharge voltage profiles 
at 0.1 C, which was consistent with the typical flat discharge 
curve of LFP indicative of two-phase reaction of  LiFePO4/ 
 FePO4 [37]. It was found that the capacity of the LFP/Cs-2 
was much higher than that of the LFP/C even though the two 
samples were prepared by the same synthetic method. The 
specific discharge capacity of LFP/CS-2 was 161  mAhg−1, 
which was equivalent to 95% of the theoretical capacity 
of 170  mAhg−1 [13]. The coulomb efficiency was close to 
100%. Moreover, as can be seen from Fig. 6b, LFP/CS-2 
showed excellent rate performance; when the current densi-
ties were 0.1 C, 0.5 C, 1 C, 2 C, 3 C, 5 C, and 8 C, the cor-
responding discharge capacities were 160, 157, 153, 146, 
140, 138, and 135  mAhg−1, respectively. Upon returning 

the current back to 0.1 C, a capacity of 160  mAhg−1, which 
was equal to that of the initial capacity of 0.1 C. Further-
more, the storage capacity at different C-rates was found to 
be stable. However, LFP/C without SL showed relatively 
poor rate capability, just as 154, 151, 146, 139, 134, 125, 
and 114  mAhg−1 at 0.1 C, 0.5 C, 1 C, 2 C, 3 C, 5 C, and 8 
C, respectively, which was obviously worse than the LFP/
Cs-2, especially in high rate discharge.

Cyclic voltammetry (CV) is a powerful technique for 
gathering kinetic information on reversible and irrevers-
ible electrode reactions. The symmetry of CV curve and 
redox peak area are important references of electrode 
materials cycle performance and the reversible capacity. 
CV tests were carried out using CR2032 coin cells at a 
scanning rate of 0.5  mVS−1 between 2.0 and 4.2 V, as 
illustrated in Fig. 6c. The results showed that the cath-
ode (discharge) peak and anode (charge) peak appeared 
with the increase of charge–discharge reaction time in the 
charge–discharge reaction process. In general, the shorter 

Fig. 6  Electrochemical performance characterizations of LFP/C and LFP/Cs-2 in CR2032 cells: a charge/discharge voltage profiles at 0.1 C, b 
the cycle performance at different rates, c cyclic voltammetry curves at a scan rate of 0.5  mVs−1, d Nyquist plots
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the distance between oxidation peak and reduction peak, 
the higher the reversibility of the process. Figure 6c dem-
onstrated that the redox peak intensity of LFP/CS-2 was 
higher than that of LFP/C without SL addition and the 
difference of peak potential was small, indicating that 
LFP/CS-2 electrode had excellent high rate performance 
and reversibility in charge–discharge reaction [38]. This 
was closely related to the multi-channel porous conduc-
tive grid carbon and short lithium ion diffusion path in 
LFP/Cs-2 structure.

Electrochemical impedance spectroscopy (EIS) is one of 
the most utilized methods to characterize electrodes in the 
context of energy applications [39] and was used to further 
analyze the performance of LFP/C and LFP/CS-2 electrodes, 
as illustrated in Fig. 6d. The Nyquist plots of LFP/C and 
LFP/CS-2 showed a depressed semicircle in the intermedi-
ate frequency region and a straight line in the low frequency 
region, which were related to the charge transfer process 
and the Warburg diffusion process, respectively. As we all 

know, the electrolytic resistance Rel was the first intercept 
of the X-axis semicircle, while the second intercept minus 
the electrolytic resistance Rel represents the charge trans-
fer resistance Rct, which was related to the electrochemi-
cal reaction at the electrode–electrolyte interface and par-
ticle–particle contact [40–42]. Therefore, it was possible to 
state that the LFP/C and LFP/Cs-2 Rct were about 35 Ω and 
21 Ω, respectively. Compared with LFP/C, the charge trans-
fer impedance of the smallest diameter semicircle of LFP/
CS-2 was the lowest, mainly because the conductive carbon 
chain around LFP/Cs-2 can promote electron transfer and 
lithium ion exchange between interfaces [26]. The direct 
contact of LFP particles with conductive carbon forms an 
excellent conductive network, which improves the charge 
transfer efficiency and electronic conductivity of LFP/Cs-2. 
Therefore, the charge transfer resistance can be reduced by 
the method, revealing that the role of conductive carbon is 
related not only to the optimal electronic path but also to the 
ionic path toward the electrode active material [43].

Fig. 7  Electrochemical performance characterizations of LFP/C and LFP/Cs-2 in 18,650 batteries. a, b. Discharge curves at different rates, c, d 
discharge curves at − 20 ℃
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In order to further study its high rate and low tempera-
ture performance of LFP/Cs-2, the electrochemical per-
formance of 18,650 batteries was tested, as illustrated in 
Fig. 7. It can be seen in Fig. 7b that the LFP/Cs-2 exhib-
ited an exceptionally superior capacity of 137  mAhg−1 at 
5 C, which was much higher than that of LFP/C in Fig. 7a. 
The capacities of 135 and 131  mAhg−1 can be maintained 
even at high rate of 10 C and 15 C, and the capacity reten-
tion rate can reach 93% at 15 C. However, it was clearly 
shown that the capacity of LFP/C decreases from 127 to 
107  mAhg−1 with the increase of C-rate from 5 to 15 C, 
indicating that the diffusion impedance of Li ions on the 
surface of LFP and between particles was larger. However, 
LFP/Cs-2 exhibited excellent rate performance, which was 
mainly ascribed to the short particle size and stable crystal 
structure of the nano  LiFePO4 and the good conductive 
channel between the particles provided by the conductive 
carbon structure.

The low-temperature performance of LIBs is a critical 
factor restricting the practical application, and the low-
temperature capacity of cathode and anode materials plays 
a key role in LIBs application [17, 19]. Therefore, the low 
temperature performance for the LFP/C and LFP/Cs-2 were 
also investigated, as shown in Fig. 7c and d. The discharge 
performance was tested at temperature of − 20 ℃ in the 
voltage window of 2.0–3.75 V. It was seen obviously that 
both electrodes of LFP/C and LFP/Cs-2 displayed a higher 
capacity retention rate and satisfactory discharge potential 
plateau at 0.2 C. However, as the test current was increased 
to 0.5 C, the corresponding capacity retention rate of LFP 
reduced dramatically from 81 to 60% and which of LFP/
Cs-2 decreased from 85 to 71%. It was considered that the 
decrease of discharge capacity was due to the variation of 
electronic conductivity at high current and low temperature 
[17, 19]. But the low-temperature performance of LFP/Cs-2 
was much better than that of LFP/C.

Conclusions

In summary, LFP/C composites with novel porous micro-
structures were successfully synthesized via liquid phase 
method by controlling the addition content of SL. LFP/Cs-2 
prepared with SL (30 wt%) as additive possesses charac-
teristics of the highest specific surface area, optimum rate 
performance, and low temperature discharge. The results 
demonstrated that the LFP/Cs-2 (SL 30%) is well confined in 
the nano-porous of the carbon sheet and show a remarkable 
effect on the electrochemical behavior, exhibiting a stable 
and high reversible capacity of 161  mAhg−1 at 0.1 C and 
good high rate capacity of 135  mAhg−1 at 8 C in CR2032 
cells. Furthermore, the LFP/Cs-2 with a compaction density 

of 2.4  gcm−3 shows a higher rate capability of 131  mAhg−1 
at 15 C in 18,650 batteries. The results of CV and EIS 
indicate that SL as additive can change the structure of 
coated carbon, reduce charge transfer resistance, improve 
the electronic/ionic conductivity and lithium ion diffusion 
coefficient of LFP cathode, and ultimately improve the rate 
performance and low temperature performance of LFP cath-
ode. The outstanding performance can be attributed to the 
uniform dispersed nanoparticles and highly conductive car-
bon structure, which was conducive to the rapid diffusion 
and electron transfer of lithium ions in the charge–discharge 
process. Therefore, SL was very effective in improving the 
electrochemical performance of LFP cathode material for 
LIBs, having important application value as a high perfor-
mance energy storage and high power cathode material.
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