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Nano-sized LiFePO4/C (LFP/C) with excellent electrochemical performance was prepared by using 

carbon precursors with different pyran-ring structures as carbon sources. The effects of pyran-ring 

structure on the electrochemical performance of LFP/C composites were extensively investigated. 

Results show that LFP/C using starch with many pyran rings exhibits a specific capacity of 105 mAhg
-

1 
at current density of 2550 mAg

-1
 (15 C). This capacity is much higher than those of using glucose 

with one pyran ring and lauric acid without pyran-ring structure, whose capacities are 86 mAhg
-1

 and 

80 mAhg
-1

 at current density of 2550 mAg
-1

, respectively. The great improvement is mainly attributed 

to the pyran-ring structure of the carbon sources. The degree of graphitization of the pyrolysed carbon 

increases with increase in the number of pyran rings in the carbon sources, which dramatically 

improves the electrical conductivity of the LFP/C to reduce the charge-transfer resistance. Thus, the 

LFP/C using starch as carbon source presents the best electrochemical performance. 
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1. INTRODUCTION  

Olivine LiFePO4 (LFP) is considered as one of the most promising cathode materials for 

lithium ion batteries (LIBs) [1]. Compared with the conventional LiCoO2, LFP has many advantages 

[2-4], such as environmental friendliness, thermal stability, non-toxicity, low cost, and high safety. 

However, the intrinsic disadvantages such as low electrical conductivity and slow lithium-ion diffusion 

dramatically have hindered its large-scale applications [1, 4, 5]. Considerable effects have been done to 

overcome and alleviate them, of which carbon coating on surface of LFP particles is one of the most 

common and effective methods to achieve the high rate charge/discharge performance of LFP [6-10]. 

Carbon coating can greatly increase the electrical conductivity, effectively reduce the particle size [11] 

and thus dramatically improve the electrochemical performance [12]. Furthermore, carbon coating is  

favorable on preventing the oxidation of Fe
2+

 to some degree [13]. The previous researches [14-17] 

indicate that carbon sources with different molecule structures have different coating effects and 

degree of graphitization of the pyrolysed carbon, which results in different electrical conductivities and 

electrochemical performances of LFP/C cathode materials. Therefore, the selection of suitable carbon 

source with unique molecular structure is critical to preparing LFP/C with excellent performance. 

Previous studies showed that a polymeric carbon has a higher ratio of graphitized carbon than by other 

organic precursors [17-19], which is beneficial to improve the electrical conductivity. In addition, it 

was found that polymers with functionalized aromatic are more favorable for graphitization than 

polymers without [20-22]. This demonstrates that the structure and functional group of organic 

precursors may play an important role in the improvement of electrical conductivity and 

electrochemical performance of LiFePO4/C. 

 

 

Figure 1. Structures of starch, β-D-glucose and lauric acid. 

 

Recently, carbon precursors with pyran-ring structure (such as glucose, starch) were used 

widely to synthesize the LFP/C that exhibited good electrochemical performance[23-25]; however, to 

date, there are few studies referring to the effects of pyran rings in carbon sources on the performance 

of LFP/C. Herein we selected water-soluble starch (many pyran rings in the molecule), β-D-glucose 
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(one pyran ring in the molecule) and lauric acid (without pyran-ring in the molecule) as shown in Fig. 

1 as the carbon sources to investigate the effects of the pyran rings on the structure and performance of 

LFP/C via a precipitation-carbothermal method. It is found that the pyran-ring structure has a 

significant effect on the thickness and graphitization degree of coated carbon, and hence results in a 

quite different electrochemical performance of LFP/C. 

 

 

 

2. EXPERIMENTAL 

2.1 Synthesis of amorphous FePO4  

The amorphous FePO4 was synthesized using FeCl3•6H2O and (NH4)2HPO4 (both from 

Analytical Regent, AR) as the reactants with a molar ratio of 1:1. Cetyltrimethyl Ammonium Bromide 

(CTAB) used as a surfactant aqueous solution (0.05mol/L) was added to the reactor to restrain the 

agglomeration of the particles. Then，an aqueous NH4OH solution (25 wt.%) was also dropped to 

adjust the pH value of the solution to ~ 2. Lastly, the as-obtained amorphous iron phosphate was 

filtered, washed, and dried under 353 K (80 
o
C) for 12 h and homogeneous powders were obtained.  

 

2.2 Preparation of LFP/C  

The as-prepared FePO4 powders were mixed with Li2CO3 (AR), carbon sources (starch, 

glucose, lauric acid) (AR) by ball milling for 5 h in ethanol solution. The precursors were pre-sintered 

at 350 
o
C for 10 h and then heated at 650 

o
C for 15 h in Ar atmosphere to obtain LFP/C. Three LFP/C 

samples using starch, glucose, and lauric acid as the carbon sources were denoted as LFP-S, LFP-G, 

and LFP-L, respectively.  

 

2.3 Material characterization and electrochemical evaluation 

The phase composition of products was characterized by powder X-ray diffraction (XRD) 

using a Rigaku diffractometer (D/MAX-2500, Japan) equipped with Cu-Kα radiation. Field emission 

scanning electron microscopy (FESEM, HITACH S4800, Japan) was used to observe the morphology 

of the samples. The high-resolution images of the samples were obtained by a high resolution 

transmission electron microscope (HRTEM, JEOL-2011, Japan). A simultaneous thermogravimetric 

analysis and differential scanning calorimeter (TG-DSC) apparatus (Netzsch STA 449C, Germany) 

were used for thermal analysis of the samples at a heating rate of 10 
o
C/min under Ar atmosphere. TG 

analysis was also used for the determination of carbon content in LFP/C under air environment. The 

carbon state in LFP/C samples was characterized using a Raman spectrometer (Renishaw Invia Reflex, 

Britain) with a 514 nm Ar-ion laser. The electrical conductivity was measured by the ST-2258A 

multifunction digital four-probe tester, in which the sample was pressed into a thin plate.  

CR2032 coin cells were assembled to test the electrochemical properties of the LFP/C. The as-

prepared LFP/C was used as cathode and Li metal as anode. The 1M LiPF6 solution in a mixture 
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solvent of ethylene carbonate, ethylene methyl carbonate and dimethyl carbonate (EC/EMC/DEC 1:1:1 

by volume) was used as electrolyte and polypropylene (Celgard 2500, Celgard Inc., USA) as separator. 

The cathode is composed of 80 wt.% LFP/C composite powders, 10 wt.% acetylene black and 10 wt.% 

polyvinylidene fluoride (PVDF). The mixture containing LFP/C, acetylene black and PVDF was 

blended in N-Methyl Pyrrolidone (NMP) to obtain the mixed slurry, which was coated on stainless 

aluminum substrate, and dried in vacuum for 8 h at 85 °C. The cells were assembled in an argon-filled 

glove box. The cells were cycled between 2.3 V and 4.5 V (vs. Li/Li
+
) at a constant current mode with 

various charge and discharge rates using a LAND CT2001 apparatus (China). The EIS measurement 

was carried out by IM6ex electrochemical work station from 0.1 HZ to 500 KHZ at amplitude of 5 

mV. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Material preparation and characterization 

Fig. 2a shows the XRD patterns of the as-obtained FePO4 precursor and its crystallized product 

after sintered at 500 
o
C. It is found that the XRD pattern of the sintered FePO4 product is in accordance 

with the pattern of JPDS card No. 84-0876, which confirms that the sintered product is hexagonal 

FePO4. Accordingly, it can be further proved that the obtained FePO4 precursor is amorphous. The 

XRD patterns of LFP/C composite (prepared by using the prepared amorphous FePO4, Li2CO3 and 

carbon precursors) as given in Fig. 2b are in accordance with the typical orthorhombic LFP pattern of 

JPDS card No. 83-2092, which indicates that the LFP with good crystalline was successfully 

synthesized. There are no peaks corresponding to carbon found in the diffraction pattern. This is 

probably due to the low content and uncrystalline state of carbon. 

 

 
 

Figure 2. XRD patterns of (a) as-obtained and crystallized FePO4 and (b) LFP/C composites of LFP-S, 

LFP-G and LFP-L. 

 

The SEM image of the prepared amorphous FePO4 at room temperature as shown in the inset 

of Fig. 3a indicates that the amorphous FePO4 consists of uniform spherical nano-particles with size 

(a) (b) 
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less than 50 nm. The size distribution of amorphous FePO4 particles as showed in Fig. 4a is uniform in 

the range of 18~34 nm. The SEM images of LFP-S, LFP-G, and LFP-L are showed in Figs. 3a, 3c and 

3e, respectively. It is found that LFP-S has the minimum average particle size and the least particle 

agglomerations. Particle size distributions of the three samples are displayed in Figs. 4b-4d. The LFP-S 

has a mean particle size of 80.5 nm in the range of 50-120 nm, while LFP-G has a mean particle size of 

100.8 nm in the range of 70-150 nm and LFP-L has a mean particle size of 102.8 nm in the range of 

50-160 nm.  

 

 

 

 

 
 

Figure 3. Left: SEM images of (a) LFP-S, (c) LFP-G, and (e) LFP-L. Right: HRTEM images of (b) 

LFP-S, (d) LFP-G, and (f) LFP-L. The SEM image of amorphous FePO4 is shown as inset in 

(a). 

(a) 

(e) 

(b) 

(d) (c) 

(f) 
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Apparently, LFP-S has a comparatively smaller size and a narrower band in size distribution 

than those of LFP-G and LFP-L. The smaller particle size and narrower band in size distribution are 

favorable to reducing the transport distance for electrons and Li-ions to attain the high-rate capacities 

of LFP/C composite. Thus, it is suggested that starch with many pyran rings can inhibit the 

agglomeration of particles more effectively than other carbon sources with only one (glucose) or no 

(lauric acid) pyran rings in the structure of molecules. 

The high resolution TEM images of the LFP-S, LFP-G and LFP-L samples shown Figs. 4b, 4d 

and 4f, respectively, clearly indicate that all LFP samples have well crystalline structure with a carbon 

layer on the particle surface, whereas, the carbon layer on the LFP surface exhibits quite different 

thickness and uniformity. It is seen that the LFP-S has a more uniform carbon coating layer of 2-3 nm 

in thickness than those of LFP-G and LFP-L, which may be the main reason for the smaller particle 

size of LFP-S. An incomplete carbon coating layer may lead to particle growing. A fully uniform 

carbon coating on LFP surface will highly enhance the electrical conductivity (shown in table 1). This 

is attributed to the formation of good conducting network that promotes the transfer of electrons along 

all directions during charge and discharge [26]. On the contrary, non-uniform ( too thick) carbon 

coatings will result in obstruction for Li
+
 insertion and extraction which would cause slower lithium 

ion diffusion [27]. The pyran rings in the polymer favor the formation of uniform thickness carbon 

coatings on the LFP to enhance the conductivity and diffusion of lithium ions. 

 

 

 
 

Figure 4. Particle size distributions of (a) amorphous FePO4, (b) LFP-S, (c) LFP-G, and (d) LFP-L 

 

(a) (b) 

(c) (d) 
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Fig. 5a exhibits the TG and DSC curves of the mixture of FePO4, Li2CO3 and glucose. (The TG 

and DSC curves using two other carbon sources are similar to glucose, not shown here.) The 

endothermic DSC peak at 125 
o
C is attributed to the loss of crystal water in FePO4 precursor, Li2CO3 

and glucose. The weight loss in TG curve below 200 
o
C is mainly resulted from the release of the 

physically absorbed water and crystal water. The exothermic peak around 260 
o
C may be resulted from 

the decomposition of glucose, which corresponds to the weight loss in TG curves from 220 
o
C to 300 

o
C. The obviously exothermic DSC peak at 450 

o
C signatures the formation of LFP. Therefore, the 

precursors of FePO4, Li2CO3 and glucose are pre-sintered at 350 
o
C for the decomposition of the 

organic precursor and calcinated at temperature of 650 
o
C for the complete crystallization of LFP. 

 

 
 

Figure 5. (a) TG and DSC curves of the mixture of FePO4, Li2CO3 and glucose in Ar atmosphere at 

the heating rate of 10℃/min and (b) TG curves of LFP/C in air atmosphere at a heating rate of 

10℃/min. 

 

The content of residual carbon in the LFP-S, LFP-G and LFP-L samples is determined by 

performing TG in air atmosphere. LFP is oxidized above 450 
o
C in air which brings a weight gain of 

5.07 wt.%, and the remaining carbon is transformed to CO2 above 550 
o
C [28]. Both Fig. 5b and Table 

1 indicate that the carbon content of the three samples was all about 5.0 wt. %. 

 

Table 1. Physical and electrochemical properties for the three samples of LiFePO4/C 

 

sample Carbon content (wt. %)  ID/IG conductivity (S/cm) 

LFP-S 4.97 1.46 7.69×10
-4

 

LFP-G 5.02 1.56 3.27×10
-4

 

LFP-L 4.98 2.49 1.30×10
-4

 

 

(a) (b) 
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3.2 Effects of carbon sources on the performance of LFP 

 
 

Figure 6. Raman spectra of (a) LFP-S, (b) LFP-G, and (c) LFP-L. 

 

The Raman spectroscopy is used to characterize the structure of pyrolysed carbon in LFP/C. 

Fig. 6 shows the Raman spectra of LFP-S, LFP-G and LFP-L. All spectra consist of a relatively small 

band at 940 cm
-1

 corresponding to symmetric PO4 stretching model of LFP [20]. Two intense broad 

peaks at about 1350 cm
-1

 and 1585 cm
-1

 are ascribed, respectively, to the D and G bands of pyrolysed 

carbon in the LFP/C composite [29]. The D and G bands are composed of four signals located at 1194, 

1347, 1510, 1585 cm
-1 

[22, 29, 30]. The bands at 1347 and 1585 cm
-1

 have been assigned to the sp
2
 

graphite-like structure, whereas all other bands are attributed to the sp
3
 type carbon, which are often 

observed in amorphous carbonaceous materials. The band positions (Fig. 6) were slightly different 

from previous values. Therefore, it is difficult to establish an accurate quantitative relationship among 

the three samples, whereas a semi-quantitative discussion is viable. The estimated ratio of sp
2
/sp

3
 is 

about 4~10 for all the samples, indicating that the fraction of graphite-like carbon was above 80% and 

the conducting path was constructed by the graphite-like carbon. The ratio ID/IG of the carbon coating 

used to analyze the degree of graphitization, which has a great influence on the electrical conductivity 

and electrochemical performance of LFP [31, 32]. The ratio ID/IG of the three samples was listed in 

Table 1. It can be found that the LFP-S has the lowest ID/IG value among the samples, indicating the 

highest degree of graphitization of the pyrolysed carbon using starch with many pyran rings as 

(a) (b) 

(c) 
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compared to other carbon sources. The high degree of graphitization in pyrolysed carbon can improve 

the conductivity of LFP/C composite to result in higher electrochemical performance.. The structural 

difference among three pyrolysed carbon precursors depends highly on the graphitization process at 

high temperature. The carbon precursors with aromatic functional structure would facilitate the 

graphitization of carbon to enhance the electrochemical performance of electrode materials [20, 21]. 

During the decomposition process, the pyran rings of starch would breakdown to become large 

conjugated aromatic structures above 600 
o
C [33]. This forms high graphitized carbon in pyrolysed 

carbon.  

Raman spectroscopy is a light scattering technique and is sensitive to the surface topology of 

the sample. The intensity of carbon to PO4 bands [I(D+G)/IPO4] can be used as a criteria to determine the 

coating effect of pyrolysed carbon over the LFP/C composite. The value of I(D+G)/IPO4 is mainly related 

to two factors that are the total amount of pyrolysed carbon in the composite and the distribution of 

carbon on the surface of LFP. Therefore, a higher intensity of I(D+G)/IPO4 in LFP-S (shown in Fig. 6) 

means a more uniform coating of carbon with high conducting path over LFP/C particles, 

corresponding to the carbon distribution in the TEM images shown in Fig. 3. This suggests that the 

pyran-ring structure would favor the graphitized carbon after sintering at high temperature above 600 
o
C.  

 

 

 

(a) 

(b) (c) 
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Figure 7. Charge and discharge curves of (a) LFP-S (b) LFP-G (c) LFP-L at different rate; (d) 

discharge capacity at different rates of three LFP/C samples; (e) electrochemical impedance 

spectra (EIS) for LFP/C after 10 cycles of charge and discharge at 0.1 C. 

 

Figs. 7a-7c present the galvanostatic charge and discharge curves of the prepared LFP-S, LFP-

G and LFP-L at different charge-discharge current density at 25 
o
C. From Fig. 7d, the measured 

specific capacities of LFP-S, LFP-G and LFP-L at rate of 0.1 C are 166, 165 and 163 mAhg
-1

, 

respectively, which are close to the theoretical capacity of 170 mAhg
-1

. In addition, the LFP-S has a 

charge/discharge profile gap narrower (ΔE < 0.1V) than those of LFP-G and LFP-L (see Figs. 7a-7c), 

demonstrating a lower electrochemical reaction resistance of the LFP-S electrode. The gap of 

charge/discharge voltage profile becomes wider due to polarization with the increases in the 

charge/discharge current density. LFP-S exhibits the best high rate performance, which can deliver 114 

and 105 mAhg
-1

 at the current density of 1700 mAg
-1

 (10 C) and 2550 mAg
-1

 (15 C), respectively (Fig. 

7d). For LFP-G and LFP-L, their capacities are 86 mAhg
-1

 and 80 mAhg
-1

 at 2550 mAg
-1

 (15 C), 

respectively. This is coherent with the particle size of LFP/C composite, carbon distribution and 

structure of carbon coatings on the surface of the three samples.  

Fig. 7e displays the Nyquist plots of electrochemical impedance spectrum (EIS) of coin cells 

using the three samples as the cathode materials. The plot consists of a depressed semicircle at the high 

frequency and a straight line at the low frequency. An equivalent circuit is also showed in Fig. 7e, 

where Rs, Cd, Rct and Zw represent ohmic resistance, capacitance of double layer, charge-transfer 

resistance, and Warburg impedance, respectively [34, 35]. The values of Rct that equals approximately 

to the diameter of the semicircle in the high frequency region are 16 Ω, 60 Ω and 68 Ω for the three 

samples of LFP-S, LFP-G and LFP-L, respectively. The LFP-S electrode, which has the lowest charge 

transfer resistance in the electrochemical reactions during the charge/discharge process, may contribute 

to the high rate charge/discharge performance. 

 

 

 

4. CONCLUSIONS 

In this work, nano-sized LFP/C with excellent high-rate electrochemical performances was 

successfully synthesized using carbon precursor with different structures. LFP/C using starch with 

(d) (e) 
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many pyran rings as carbon sources exhibits the highest discharge capacity, as compared to those using 

glucose with one pyran ring in the molecule and lauric acid without pyran-ring structure. The carbon 

source with structure of more pyran-rings results in smaller particle size, uniform coating thickness, 

lower ID/IG ratio, higher electrical conductivity and lower charge-transfer resistance, and hence leads to 

the better electrochemical performance. The pyran-ring structure benefits the formation of large 

conjugated aromatic structure at high temperature that accounts for the high graphitized degree of 

pyrolysed carbon in LFP/C.  
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