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Abstract- Olivine-type lithium iron phosphate (LiFePO4) attracted much attention as a 

promising cathode material for lithium-ion batteries (LIBs). Various processes have been 

developed to synthesize LiFePO4 or LiFePO4/C (carbon coating on LiFePO4), and some of 

them are being used to mass produce LiFePO4/C at the commercial or pilot scale. The  

solid-state method has already been widely adopted by industry for mass production, and it 

will remain one of the most used processes for manufacturing LiFePO4/C due to process 

simplicity and low cost. LiFePO4 and LiFePO4/C are successfully prepared by a simple solid-

state reaction. The structure of the LiFePO4 and LiFePO4/C is investigated by X-ray 

diffraction (XRD). The morphology, particle size and carbon coating layer of the samples are 

observed using scanning electron microscopy (SEM), Brunauer, Emmett, and Teller (BET) 

method and transmission electron microscopy (TEM). Furthermore, the electrochemical 

properties are evaluated by cyclic voltammograms (CVs), electrochemical impedance spectra 

(EIS) and constant current charge/discharge cycling tests. The results show that LiFePO4/C 

can deliver better battery performance than the bare LiFePO4. It delivers a discharge capacity 

of 168 (0.1C), 152 (0.2C), 138 (1C), 130 (2C) and 105 mAh g
-1

 (5C), respectively. 
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1. INTRODUCTION  

Due to the fast reduction of fossil fuels and greater environmental pollution caused by 

automobiles, more attention has been focused on electric vehicles (EVs) or hybrid electric 

vehicles (HEVs). Lithium-ion batteries (LIBs) are the fundamental power source for the EVs 

or HEVs. The reversible capacity of the LIBs greatly appertains the cathode material. 

Olivine-type LiFePO4 is observed as one of the most important cathode materials because of 

its great theoretical capacity (170 mAh g
-1

), relatively inexpensive, nontoxicity, and its 

environmental friendliness [1].
 
However, LiFePO4 generally represents a insignificant rate 

capability due to its low inherent electronic conductivity (~10
-9

 S cm
-1

) and slow lithium-ion 

diffusion (~10
-18 

Cm
2 

S
-1

) [2]. To overcome these problems, a variety of solutions have been 

offered containing metal doping [3], generating materials with tiny particles [4] and coating 

LiFePO4 particles with conductive substances [5]. Covering of the LiFePO4 facing with Cu, 

Ag, carbon, or conducting polymers is an efficient procedure for modifying the electronic 

conductivity of the pristine LiFePO4. Though metal additives may efficiently better the 

conductivity of LiFePO4, it is not easy to meet a monotone metal scattering on the surface of 

LiFePO4 [6]. Metal oxidation to produce nonconductive covers or soluble ions that may 

interfere with the negative electrode cyclability is also to be taken into account while carbon 

is well thought of for its stability and adaptability and application in the practical composite 

cathode. Also, consumption of an expensive metal additive is not proper for large-scale 

manufacturing of the LiFePO4 powders [7]. The basic work of carbon coating is to increase 

the surface electronic conductivity of LiFePO4 particles so that the active materials could be 

applied at high current rates. Carbon coating also decreases the particle size of LiFePO4 by 

preventing particle growth during thermal treatment [8]. Furthermore, the quality and 

thickness of the carbon coating layer on the surface of LiFePO4, both are important on its 

electrochemical properties. In addition, carbon can function as a reducing factor to quench 

the oxidation of Fe
2+

 to Fe
3+

 during sintering and thus facilitate the atmosphere need in 

production process [9]. The carbon coating could be done by an in situ pyrolysis of organic 

precursors during sintering. For the goal of the in situ carbon coating, different carbonaceous 

sources were used for instance, sucrose [10], glucose [11], starch [12], adipic acid [13], lauric 

acid [14], pitch carbon [15], polypropylene [16] and polypyrrole [17]. Also carbon coating 

could be accomplished by mechanical mixing and ball milling with pre-existing carbon 

powders. The other carbon powders are commonly carbon black, acetylene and graphite. 

Chen et al. [18] synthesized LiFePO4/C powder with nanometer carbonweb by solid state 

reaction and consecutive ball milling processes using guluronic acid as the carbon source. It 

was found that the carbonweb on the surface of LiFePO4 particles was organized and it 

ascribed to the improvement of the electron and lithium ion transportation. In this paper, both 

LiFePO4 and LiFePO4/C samples were manufactured by a common solid-state synthesis with 

successive ball milling procedures and examined to investigate the effect of carbon coating 
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on the structure and electrochemical performance of LiFePO4. The experimental results 

revealed that the carbon coating has extensively effect on the structure and electrochemical 

properties of pristine LiFePO4. 

 

2. EXPERIMENTAL SECTION  

2.1. Synthesis procedure 

The LiFePO4/C composite powder was prepared by a solid state method. The 

stoichiometric amounts of Li2CO3 (Merck, min 99%), FeC2O4.2H2O (Fluka, min 98%), 

NH4H2PO4 (Merck, min 99%), and 5 wt.% carbon black as the starting materials were mixed 

with acetone and then ball milled at a rotation speed of 400 rpm for 6 h in a planetary miller 

with a ball/ reactant weight ratio of 10:1. The precursor was thoroughly dried and then heat 

treated in a tube furnace at 350 °C for 10 h under flowing argon gas. After cooled down to 

room temperature, the sample was reground and then sintered at 700 °C for 12 h under the 

same atmosphere. Bare LiFePO4 was synthesized without using carbon black. A heating rate 

of 10 °C/min and a natural cooling in the furnace were adopted in the calcination process. 

 

2.2. Characterization of the LiFePO4 and LiFePO4/C 

The crystallographic structure of the LiFePO4 and LiFePO4/C samples were examined by 

an X–ray diffraction (XRD) spectrometer (Panalytical, Xʼ Pert Pro system) using Cu Kα 

radiation (λ=0.15418 nm). Scanning electron microscope (SEM, VEGA3 TESCAN) and 

transmission electron microscopy (TEM, Zeisis-EM10C-80 kV) were used to observe 

morphology, particle size and carbon coating layer of each sample. The distribution of 

elements in LiFePO4 and LiFePO4/C was detected by energy dispersive X-ray spectrometer 

(EDX). The BET method was used to measure the surface area of the powders (Microtrac Bel 

Corp, BELSORP). In order to determine the thermal stability of the samples and carbon 

content of LiFePO4/C, thermogravimetry/ differential scanning calorimetry analysis with TG-

DSC, Mettler Toledo were performed in an N2 atmosphere from 25 to 1000 °C, using 

alumina crucible and heating rate of 10 K/min. 

 

2.3. Electrochemical measurements 

Electrochemical experiments were carried out by Swagelok cell and were assembled in an 

argon-filled glove box. The cathodes for the electrochemical studies were prepared by a 

doctor-blade coating method with a slurry of 95 wt.% active material, 3 wt.% conductive 

carbon black and 2 wt.% poly vinylidene fluoride (PVDF) as a binder, in N-methyl-2-

pyrrolidone (NMP), as the solvent for the mixture, which was then applied onto an aluminum 

foil current collector and dried at 393 K for 12 h in an oven. Lithium metal was used as the 
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anode and a 1 M LiPF6 in ethylene carbonate:diethyl carbonate (EC:DEC) (1:1, v/v) was used 

as the electrolyte with a polypropylene film as the separator. 

The cells charge-discharge cycles were performed at different specific currents ranging 

from 0.1C to 5C between 2.5 and 4.2 V using a potentiostat SP-150. Cyclic voltametry (CV) 

experiments were run on a potentiostat SP-150 at a scan rate of 0.05 mV s
-1

 between 2.3 and 

4.3 V. Also, electrochemical impedance spectroscopy (EIS) studies were performed in the 

frequency range from 0.01 Hz to 100 kHz after two CV tests. All the tests were performed at 

room temperature. 

 

3. RESULTS AND DISCUSSION 

The XRD of the LiFePO4 and LiFePO4/C samples is reported in Fig. 1. The unique phase 

apperceived is LiFePO4 with an olivine frame indexed by orthorhombic Pnma (JCPDS card 

no. 01-083-2092) and there were no impure phases of Fe2O3 and Li3Fe2(PO4)3. The exist of 

carbon acquired a wide amorphous bulge in the count baseline about 2θ=22° [19]. This broad 

peak proofs the amorphous character of the carbon deposit. On the other hand, the entrance of 

carbon by our procedure does not vary the crystallizing of the LiFePO4 particles and the 

crystalline peaks on the amorphous background proved it. The situation of the peaks is the 

similar in both samples, which demonstrates that the lattice parameters are not impressed by 

the carbon, a first proof that the carbon does not penetrate into LiFePO4. The size computed 

from Scherrer’s law is 253 nm and 164 nm for the LiFePO4 and LiFePO4/C powders, 

respectively. The only distinction between the XRD pattern of the LiFePO4 and LiFePO4/C 

samples is the relative intensity of the Bragg peaks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. XRD patterns of bare LiFePO4, LiFePO4/C and reference code 
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Fig. 2 represents the SEM pictures of LiFePO4 and LiFePO4/C specimens. It can be 

apperceived from Fig. 2 that the particle size of LiFePO4/C is smaller than bare LiFePO4 

powder. The proof of this could be that the carbon black can efficiently prevent the growth of 

the bit. The powders are created by good interspersed secondary particles that are less 

agglomerated. Each of the secondary particles is composed of many small primary particles. 

The SEM images display polydispersed primary particles with a mean size ~ 370 nm for 

LiFePO4/C, which is greater by a factor 2 or 3 than the mean measure of the monocrystalline 

granulations derived from applying of Scherrer’s law on the XRD schema. So the primary 

bits are really polycrystallites of LiFePO4/C. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. SEM images of (a) bare LiFePO4 and (b) LiFePO4/C 

 

Fig. 3 shows the SEM illustration and four related EDS maps of phosphorous, iron, 

oxygen and carbon in LiFePO4 coated with 5 wt.% carbon black.  

 

 

 

Fig. 3. Elemental mapping for the particles of the LiFePO4/C 

(a) (b) 
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The EDS carbon map represents a monotonous dispensation of carbon on the surface of 

the specimen. There is no significant differentiation of carbon in the mapping region, which 

demonstrates that carbon is coated on the surface of LiFePO4 powders alike. 

The amorphous carbon shell is well shown in the TEM pictures (Fig. 4). A network 

organization of carbon becomes clear in the median granule-boundary zone, which could 

elucidate the electrical connection between LiFePO4 grains. In the TEM image, the LiFePO4 

crystallites emerge as the darker zones while the carbon coating around the primary particle 

as the grayish zone. A mean thickness of carbon layer 4-5 nm is appraised. 

 

 

 

Fig. 4. TEM images for LiFePO4/C composite 

 

The data from the BET measurement shown in Table 1, give a specific surface area of 

2.6724 and 12.0583 m
2
gr

-1
 for the bare LiFePO4 and the LiFePO4/C, respectively. The 

LiFePO4/C composite shows the larger specific surface area, which is in good agreement with 

Fig. 2. 

 

Table 1. The specific surface area of the LiFePO4 and LiFePO4/C 

 

Sample  Specific surface area (m
2 
g

-1
) 

LiFePO4 2.6724 

LiFePO4/C 12.0583 

 

Figs. 5 and 6 depicted TG/DSC diagrams of LiFePO4 and LiFePO4/C powders under 

nitrogen atmosphere, respectively. The carbon value (~2.3%) of the LiFePO4/C powder, was 

calculated from differences in the TG weight observed in LiFePO4 and LiFePO4/C. 
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Fig. 5. TG/DSC curve of LiFePO4 

 

 

 

Fig. 6. TG/DSC curve of LiFePO4/C composite 

 

Fig. 7 demonstrates the CV curves of the LiFePO4 and LiFePO4/C electrodes. All curves 

display a couple of redox peaks, which are in match with the generic CV specifications of 

LiFePO4 [20]. The redox peaks are ascribed to the oxidation and reduction of Fe
2+

/Fe
3+

 ions 

related to the lithium insertion/extraction procedure. The redox peaks of the LiFePO4 and 

LiFePO4/C composite electrodes are placed in 3.2012/ 3.7922 V and 3.2941/ 3.7031 V, 
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respectively. The voltage difference amongst oxidation and reduction peaks, ΔE, is 0.591 V 

for the LiFePO4, clearly greater than those for the LiFePO4/C electrode (ΔE=0.409 V). Since 

the ΔE is specified the potential polarization of the active substance during charge and 

discharge procedure, the less ΔE indicated that the lithium intercalation into the LiFePO4/C 

composite acts more probable as a Nernst system. No other peaks are existing, which shows 

an absence of electroactive iron impurities. The LiFePO4/C has a larger current peak, which 

demonstrates the better kinetic behavior than LiFePO4. 
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Fig. 7. The CV curves of LiFePO4 and LiFePO4/C samples at 0.05 mV s
-1

 

 

In order to evaluate the rate capability of LiFePO4 and LiFePO4/C, the cells were 

charged/discharged at different rates from 0.1 to 5C rates stepwise. Fig. 8 shows the 

charge/discharge curves of LiFePO4 (A) and LiFePO4/C (B) electrodes at various rates. As 

shown in Fig. 8, LiFePO4/C materials show the flat discharge plateau, but it is obvious that 

lower discharge plateau is obtained from the curve of the LiFePO4 powder, which attributes 

to the more sever polarization caused by the poor electronic conductivity of the bare 

LiFePO4. Also, it can be seen apparently that with an increase in discharge rate, the voltage 

platform becomes shorter. LiFePO4/C delivers a discharge capacity of 168 (0.1C), 152 

(0.2C), 138 (1C), 130 (2C) and 105 mAhg
-1

 (5C), respectively. The higher discharge capacity 

for LiFePO4/C sample can be explained by smaller particle size due to carbon coating. The 

main work of the carbon coating is not only to enhance electrical conductivity, but also to 

effectively prevent particle growth and decrease grain size. The refined particle size would be 

appropriate for shortening the diffusion distance of lithium ions and thus the lithium ion 

diffusion velocity would be improved. Therefore the LiFePO4/C sample with carbon coating 

has better discharge capacity and electrochemical performance than bare LiFePO4. 
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Fig. 8. The rate capability of LiFePO4 (A) and LiFePO4/C; (B) at 0.1-5 C rates 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Cycling performances of LiFePO4 and LiFePO4/C at 0.1 C rate 
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EIS was applied to further investigate the efficacy of carbon coating on the electrode 

impedance. Fig. 10 displays the impedance spectra of LiFePO4 and LiFePO4/C electrodes 

with the corresponding equivalent circuit. In Fig. 10, EIS is formed of two partially 

overlapped circles at high frequency zone and astraight line at the low frequency zone. An 

intercept at Zrealaxis athigh frequency shows the ohmic resistance (Rs), which contains of the 

resistances of the electrolyte and electrode. The semicircleat high frequency zone indicates 

the diffusion of Li
+
 ion in the electrode/electrolyte interface via the SEI layer and the 

semicircleat mid frequency area inferred the charge-transfer resistance. The straight line in 

low frequency zone is attributed to the diffusion of Li
+
 ion in the electrode material and 

termed Warburg impedance [21].The conclusions were acquired using Zview software and 

are imported in Table 2. The ohmic resistance (Rs) does not approximately alter for two 

samples, because the similar electrolyte was used whenthe simulative cells were assembled. 

The charge transfer resistance (Rct) for LiFePO4 and LiFePO4/C electrodes is 619.8 Ω and 

384.5 Ω, respectively. The little Rct is suitable for quick electrochemical reaction and can 

eventuate superior electrochemical performance of the active materials. Generally, the 

reduction in the resistance to charge transfer is useful to the kinetic behavior during charge-

discharge procedure, thereby generating an improvement in electrochemical performance. 

The LiFePO4/C composite represents the smaller charge transfer resistance than LiFePO4. So, 

it is expected that the LiFePO4/C should have an excellent kinetic behavior, which is 

consistent with the CV measurement shown in Fig. 7. Further, the exchange current density is 

a factor to infer the reversibility of the electrode. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. EIS for LiFePO4 and LiFePO4/C cathodes 

The exchange current density (i0) of the LiFePO4 and LiFePO4/C is calculated from 

equation [22]: 
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       0

ct

RT
i

nFR
                                                                                                                  (1) 

Where n is the number of electrons transferred per molecule during the intercalation and 

is 1 for LiFePO4.  

 

Table 2. The impedance parameters of the LiFePO4 and LiFePO4/C electrodes 

 

Sample Rs (Ω) Rct (Ω) i0 (mA
 
cm

-2
) 

LiFePO4 18 619.8 0.0414 

LiFePO4/C 17 384.5 0.0668 

 

4. CONCLUSIONS 

Olivine LiFePO4 and LiFePO4/C were successfully prepared by solid-state reaction. This 

method is a simple, high productivity and an environmentally friendly synthetic route that can 

be applied in industrial production. The LiFePO4/C sample exhibits discharge capacity of 168 

mAhg
-1

 when it is discharged at 0.1 C. The improved electrochemical performance of 

LiFePO4/C is proved by CV and EIS tests, indicating that the carbon coating would improve 

the electrochemical activity of LiFePO4. 
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