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a b s t r a c t 

Carbon layers with microporous structures fine-modulated by naphthalene (NAP) were prepared to 

coat on LiFePO 4 , aiming to enhance the Li + diffusion coefficient for Li-ion batteries. Characterized by 

BET, XRD, TEM, EIS, etc., it is indicated that in the presence of NAP, the carbon-coated LiFePO 4 /C-NAP 

composites have the enlarged micropore size of 1.66 nm and the enhanced Li + diffusion coefficient of 

2.83 × 10 −12 cm 

2 s −1 , which is about five times higher than that of LiFePO 4 /C prepared in the absence of 

NAP. At a high rate of 20 C, the discharge capacity of the LiFePO 4 /C-NAP is up to 120.1 mA h g −1 and 

maintains a good retention rate of 93.2% after 400 cycles. It is suggested that the NAP-modulated car- 

bon coating is a promising route to accelerate the Li-ion diffusion rate and enhance the electrochemical 

performance for lithium ion batteries. 

© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

The applications of lithium ion batteries have been recently

expanding to many fields involving mobile phones, laptops, per-

sonal digital assistants, electro mobile and emergency battery box

[1–3] . Lithium iron phosphate (LiFePO 4 , LFP), as one of the most

promising cathode materials for lithium ion batteries, has the

advantages of high discharging capacity (170 mA h g −1 ), moderate

voltage plateau (3.45 V vs. Li + /Li) and environmental friendliness

[4,5] . However, LFP has the drawbacks of small electronic conduc-

tivity and low Li ion diffusion rate, which retards its large-scale

utilizations [6–8] . A number of methods have been reported to

improve the electrochemical performance of LiFePO 4 , involving

surface coatings with conductive materials [9–12] , modulating the

particle size and shape [13–15] , adding alien ion dopants [16–18] ,

adjusting unhindered ion-moving channel [19,20] . 

Among these modification methods, carbon coating has been

considered as an effective way to enhance the overall conductivity

of LFP. Many effort s have been made to prepare electrode mate-

rials with uniform and thin carbon coatings [21] , focusing on the

graphitization degree of coatings and the carbon contents [12,22] .

However, it was reported that the excessive carbon content could

result in the lower Li + diffusion rate and consequently poorer

electrochemical performance of LFP/C [23,24] . For example, Lu
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t al. prepared LFP/C with the carbon content of 8 wt% and high

egree graphitization ratio ( I D / I G ) of 0.928, which had a capacity of

38 mA h g −1 at 0.2 C, with the overall conductivity increased from

0 −8 to 10 −4 S cm 

−1 [25] . While Pratheeksha et al. synthesized

FP/C with a low carbon content (3 wt%) and a graphitization

egree of ( I D / I G = 0.769) by dehydration polymerization process,

hich exhibited a good performance of 167 mA h g −1 at 0.1 C [12] .

n the other hand, the surface carbon layers incorporated with

eteroatoms including P, N and B elements have been reported

o augment the electrochemical performance of LFP/C [9,26–28] ,

nO 2, etc. [29,30] . Taking into account the diffusion channel for

i-ions with the radius about 0.68 Å [31] , it is intriguing to study

hether or not the size of the micropores in carbon coatings

n LFP could affect the Li-ion diffusion rate, and consequently

nfluence the electrochemical performance of LFP/C. 

Naphthalene is a bicyclic aromatic hydrocarbon with a low

ublimation temperature and has been used as a popular foaming

gent to generate porous materials [32,33] . For instance, Li et al.

tilized naphthalene particles to construct a high-porosity ( > 50%)

eramic body using the mixture of hydroxyapatite and polymethyl-

ethacrylate, aiming at mimicking the natural structure of bone

34] . Su et al. synthesized the graphitic carbon nanodisks using

aphthalene to generate porous structures [35] . In this article,

e adopted naphthalene to modulate the size distribution of

icropore networks in carbon coatings around LFP, as displayed in

cheme 1 , and studied the effect of the narrow size of micropores

n carbon coatings on the Li-ion diffusion rate. Characterized by
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Scheme 1. Modulating the size of micropores in carbon coatings of LiFePO 4 /C via naphthalene. 

Fig. 1. (a) XRD patterns and (b) FT-IR spectra of LFP/C and LFP/C-NAP. 

B  

e  

i  

l  

p

2

2

 

s  

c  

t  

P  

o  

s  

o  

w  

s  

a  

p  

l  

p

 

c  

o  

w  

5  

c  

n  

a

 

a  

w  

c  

L

2

 

d  

a  

s  

s  

s  

e  

i  

H  

r  

i  

7  

c

a

i

2

 

a  

T  

p  

p  

t  

a  

a  

e  

a  

c  

t  

s  

g  

a  

t  

e  

t  

n

ET, XRD, TEM, EIS, etc., it is illustrated that naphthalene can

ffectively fine-tune the size of micropores in carbon coatings;

n particular, the slightly enlarged micropores in the coating

ayers results in significant improvement of the electrochemical

erformance of LFP/C at high rates. 

. Experimental 

.1. Synthesis of the materials 

Lithium iron phosphate was prepared through a one-step

olvothermal method using polyethylene glycol 40 0 (PEG40 0) ac-

ording to the following steps: 1.0 mol L −1 LiOH aqueous solu-

ion was slowly dropped into the mixture solution of H 3 PO 4 and

EG400 under nitrogen atmosphere with the vigorous stirring rate

f 1.3 × 10 4 rpm [36] . After 30 min, a 0.5 mol L −1 FeSO 4 aqueous

olution was added into the above mixture with the molar ratio

f Li:Fe:P = 3:1:1 to generate the white suspension solution. The

hole procedure was operated under a high pure nitrogen atmo-

phere. The obtained suspension solution was put in an autoclave

nd heated to 180 °C with a rising rate of 3 °C min 

−1 . After 9 h the

repared mixture was cooled down to the room temperature, fol-

owed by filtration and desiccation at 120 °C for 12 h to obtain the

articles of LiFePO 4 . 

LiFePO 4 was coated with carbon layers using glucose as the

arbon source and naphthalene as the pore-forming agent. With-

ut the additive of naphthalene, 2 g LiFePO 4 particles were mixed

ith 0.34 g glucose and 2 mL ethanol, followed by ball-milling at

00 rpm for 2 h and then dried at 40 °C for 10 h. The mixture was

alcined at 600 °C for 5 h with a heating rate of 5 °C min 

−1 under

itrogen atmosphere to obtain the carbon-coated LiFePO 4 , denoted

s LFP/C. 

To modulate the pore size in carbon coating layers, certain

mount of naphthalene (NAP) (with the ratio NAP/LFP of 10 wt%)

as added into the ball-milling mixture, following the same pro-

edure as that of LFP/C. The final obtained sample was named as

FP/C-NAP. 
.2. Materials characterization 

The obtained materials were characterized by X-ray powder

iffraction (XRD, Rigaku D/max 2500 V/PC) through Cu- K α radi-

tion source in the angle range of 15 °–75 °. The FTIR spectra of the

amples were recorded on a Nicolet iZ10 spectrometer (Thermo

cientific) from 40 0 0 to 40 0 cm 

−1 at room temperature. Raman

pectra were carried out on Renishaw via reflex Raman spectrom-

ter with a laser of 532.4 nm. Scanning electron microscopy (SEM)

mages were observed by a Hitachi S4800 microscope (INSA, Lyon).

R-TEM images were performed under a JEM-100CX-IIinstrument

unning at 100 kV. Thermogravimetric (TG) analysis was performed

n air atmosphere on a Netzsch-STA 449C, operating from 20 to

00 °C at a heating rate of 10 °C min 

−1 . Textural properties in-

luding the pore volume and pore size were measured using N 2 

dsorption–desorption isotherms through Quantachrome autosorb 

Q 2 automated gas sorption analyzer. 

.3. Electrochemical measurements 

Electrochemical tests were employed using CR2032 coin cells

t room temperature with the metallic lithium as the anode.

he mixture of the cathode material was prepared in N-methyl-

yrrolidinone solution by sufficiently mixing LFP/C or LFP/C-NAP,

olyvinylidene fluoride and the acetylene black with the mass ra-

io of 8:1:1. After stirring for 10 h, the slurry was coated on the

luminum foils and then transferred into the vacuum oven dried

t 120 °C for 12 h. All electrodes were cut into disks with a diam-

ter of 1.3 cm. The average mass loading of active material was

bout 2.13 mg cm 

–2 . The electrolyte was the mixture of ethylene

arbonate (EC) − dimethyl carbonate (DMC) (with the volume ra-

io of 1:1) and 1.0 mol L −1 LiPF 6 solution. The coin-cell was as-

embled in the argon filled glove box with the water and oxy-

en content less than 0.1 ppm and the Celgard 2400 as the sep-

rator. The charging–discharging performance was measured on

he LAND-CT2011A battery testing system (Wuhan, China) in an

lectrochemical window of 2.0–4.2 V. The (EIS) was characterized

hrough CHI660E (CH Instruments, China), adjusting amplitude sig-

al at 5 mV and frequency range of 0.1 Hz–100 kHz. 
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Fig. 2. SEM and HR-TEM images of LFP/C (a, b), and LFP/C-NAP (c, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Raman spectra for LFP/C and LFP/C-NAP. 

Fig. 4. Nitrogen adsorption/desorption isotherms and pore size distributions for the 

samples. 

Table 1. Specific surface structure determined by Dubinin–Astakhov equation. 

Sample Micropore surface area 

(m 

2 g −1 ) 

Micropore 

volume (cm 

3 g −1 ) 

Modal pore 

size (nm) 

LFP/C 52 0.012 1.48 

LFP/C-NAP 45 0.024 1.66 
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3. Results and discussion 

Fig. 1 (a) shows XRD patterns of LFP/C and LFP/C-NAP samples.

Both of them show strong and narrow diffraction peaks attributed

to the olivine-type LiFePO 4 phase with a space group of Pnma

(JCPDS card NO.40-1499), reflecting high phase purity of crystalline

LiFePO 4 for both LFP/C and LFP/C-NAP. Moreover, FTIR spectra also

indicate the similar structure of LFP/C and LFP/C-NAP. As shown

in Fig. 1 (b), the peaks at 1136, 1096, 1075, and 966 cm 

−1 corre-

spond to the stretching vibrations of the PO 4 
3 − units in LFP [37] .

The peaks at 499 and 467 cm 

−1 are due to the translational vibra-

tions of lithium ions adjacent to the oxygen atoms in the olivine

LiFePO 4 structure [38] . Thus, the additive of NAP shows no effect

on the crystallinity of LiFePO 4 . 

SEM and HR-TEM images were carried out to compare the mor-

phology of LFP/C-NAP and LFP/C. As shown in Fig. 2 , SEM im-

ages indicate nanoparticles with similar rod-like shape and the

length × width about 30 0–50 0 nm × 100 nm in the presence and

the absence of naphthalene. HR-TEM images illustrate that the car-

bon coating on these samples has the thickness about 2 nm, and

the interplanar spacing areas of the bulk material can be clearly

observed. 

According to the TG analysis in Fig. S1, the carbon content is

calculated as 6.67% for the sample LFP/C, and 6.66% for LFP/C-NAP,

indicating that the NAP additive has little effect on the amount of

carbon coatings. On the other hand, Raman spectra of these sam-

ples show two distinct peaks at 1325 and 1595 cm 

−1 attributed to

the D-band (Disordered band) and the G-band (Graphitized band),

respectively ( Fig. 3 ). The D band is characteristic of the disordered

structure ascribed to the breathing vibration at the boundary of

grapheme sheet, whereas the G band is corresponding to bond

stretching of the graphitized carbon atoms. The intensity ratio of

the D band to G band ( I D / I G ) has been widely applied to evaluate

the graphitization degree of the carbon materials [39,40] . As listed

in Fig. 3 , the I D / I G ratios equal 0.83–0.82 for these samples, sug-

gesting that LFP/C-NAP and LFP/C have similar graphitization de-

gree of carbon coatings. 

Fig. 4 shows the nitrogen adsorption/desorption isotherms for

both samples, corresponding to type-IV isotherms of the IUPAC

classification. In particular the pore size distribution of LFP/C-NAP

is wider obviously than that of LFP/C, as displayed by the in-

set of Fig. 4 . The pore size distribution in the thin carbon coat-

ing layers was analyzed using Dubinin–Astakhov (D–A) equation
41–43] . As listed in Table 1 , LFP/C shows the micropore volume

f 0.012 cm 

3 g −1 and the modal pore size of 1.48 nm, while LFP/C-

AP has high micropore volume of 0.024 cm 

3 g −1 (twice as that of

FP/C) and the enlarged modal pore size of 1.66 nm (12% higher

han that of LFP/C). 

The electrochemical performances of LFP/C and LFP/C-NAP were

ested and shown in Fig. 5 . At the rate of 0.1 C, two samples dis-

lay stable charging–discharging voltage platform at 3.45 V (vs.

i + /Li), which is attributed to the phase redox reaction of LiFePO 4 

nd FePO 4 ( Fig. 5 (a) and (b)). The initial discharge capacity of

he sample LFP/C and LFP/C-NAP is 145.9 and 161.1 mA h g −1 re-

pectively, and the corresponding coulombic efficiency is 84.7%

nd 93.6%. Under higher current rates of 1–20 C, LFP/C-NAP shows

uperior electrochemical property comparing with LFP/C. LFP/C-

AP has the discharge capacity of 142.2 mA h g −1 at 1 C, and

20.1 mA h g −1 at 20 C, much higher than LFP/C (127.5 mA h g −1 at

 C and 102.9 mA h g −1 at 20 C) ( Fig. 5 (c)). The rate capacity re-

ention of LFP/C-NAP and LFP/C is respectively 88.3% and 87.4% at

 C, decreasing to 74.5% and 70.5% at 20 C ( Fig. 5 (d)). As a control,

he performance of LFP without carbon coating was measured, as

hown in Fig. S2, the initial discharge capacity of uncoated LFP

s respectively 90.0, 51.3, and 20.8 mA h g −1 at the rate of 0.1, 1

nd 20 C, far inferior to LFP/C and LFP/C-NAP. Therefore, the su-

erior electrochemical performance of LFP/C-NAP is greatly asso-
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Fig. 5. The electrochemical performance for samples LFP/C and LFP/C-NAP: (a, b) The charge–discharge profiles, (c) the capacity at various C rates, (d) retention of discharge 

specific capacity, (e) polarization voltage obtained from the phase transition peaks of differential capacity (d Q /d V ) as a function of potential ( V ) for two samples at various C 

rates, (f) discharge voltage, (g) specific energy, (h) the cycle performance at 20 C. 
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iated with the carbon coating layers as well as the size of the

icropores in the coating layers. 

In order to investigate the polarization voltage gap during

harging–discharging process, d Q /d V ( Q and V are the capacity

nd the voltage of the cells), calculated from the data in charge-

ischarge curves, were employed at different rates to get the gap

f polarization voltage. As displayed in Fig. 5 (e), the polarization

oltage gap of LFP/C is larger than that of LFP/C-NAP, increasing

ith the current rates. Noteworthy, larger polarization can cause

ower discharge voltage, and then lead to smaller specific energy

44] . The specific energy is respectively 498.4 and 550.5 W h kg −1 

or LFP/C and LFP/C-NAP at 0.1 C, corresponding to the discharge

oltage of 3.411 and 3.418 V, respectively. At 0.1 C the specific en-

rgy of LFP/C-NAP reaches 95.2% of the theoretical specific energy

578 W h kg −1 ), much higher than that of LFP/C (86.2%), whereas

t 20 C the specific energies of LFP/C-NAP and LFP/C decrease to

8.0% and 57.2%, respectively. Fig. 5 (h) displays the cycling perfor-

ance of two samples at 20 C. After 400 charging–discharging cy-

les the discharging capacity is respectively 95.4 and 111.9 mA h g −1 

or LFP/C and LFP/C-NAP, with the capacity retention of 92.7% and

3.2% compared with the correspondingly initial capacity. It is con-

rmed that the enlarged micropores in carbon coating layers of

FP/C-NAP are beneficial to improve the specific capacity but also

he cycling performance of LFP, in particular at high rates. 

Cyclic voltammetry (CV) at various scan rates (0.1–3.5 mV s −1 )

as tested to study the kinetic behavior of LFP/C and LFP/C-NAP.

s shown in Fig. 6 (a) and (b), all the curves have one pair of redox

eaks corresponding to Fe 2 + /Fe 3 + couples around 3.4 V vs. Li + /Li,
 n  
eflecting the fact of high phase purity for samples. With the in-

rease of the scan rate, the positive peak and the negative peak

hift in opposite direction for both LFP/C and LFP/C-NAP, illustrat-

ng that the polarization increases with the charge-discharge rate.

ig. 6 (c) shows CV profiles for LFP/C and LFP/C-NAP at 0.1 mV s −1 ,

ndicating that the oxidation and reduction peaks are located at

.475/3.390 V for LFP/C-NAP while at 3.484/3.385 V for LFP/C. It is

uggested that LFP/C-NAP exhibits a better reversibility of the elec-

rode reaction. 

Fig. 6 (d) shows the peak current during anodic ( I p ) in direct

roportion the square root of voltage scan rate ( v 1/2 ) and the slope

f LFP/C-NAP (0.1734) is larger than that of LFP/C (0.1278). There-

ore, the Li-ion diffusion coefficient D for samples can be calculated

y the Randles Sevcik equation [31,45] : 

 P = 2 . 69 × 10 

5 n 

3 / 2 A D 

1 / 2 C υ1 / 2 

here I p is the peak current (A), n is the charge transfer number in

he electrode reaction, A is the area of electrode (1.32 cm 

2 ), C is the

i + concentration (mol cm 

−3 ), D is the Li-ion diffusion coefficient

cm 

2 s −1 ), and υ is the scan rate (V s −1 ). According to the slopes of

tted results, the Li-ion diffusion coefficient D for LFP/C and LFP/C-

AP is respectively 2.53 × 10 −10 cm 

2 s −1 and 4.59 × 10 −10 cm 

2 s −1 ,

ith the corresponding R -square of 99.1% and 99.0%, suggesting

hat the structure of LFP/C-NAP is beneficial to the fast diffusion

f lithium ions. 

The electrochemical impedance spectroscopy (EIS) of the ma-

erials is also carried out to further investigate Li + transport ki-

etics and internal resistance. Moreover, the EIS can offer a more
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Fig. 6. (a, b) Cyclic voltammograms for LFP/C and LFP/C-NAP at different scan rates, (c) cyclic voltammograms for LFP/C and LFP/C-NAP at scan rate of 0.1 mV s −1 , (d) the 

relationship between I p and square root of potential scan rate, (e) the equivalent circuit and EIS of LFP/C and LFP/C-NAP, (f) the relationship between Z ′ and reciprocal square 

root of frequency ( ω 

−1/2 ). 
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accurate determination of the diffusion coefficient, since the in-

terfacial and diffusion processes are usually separated on the fre-

quency scale. The equivalent circuit diagram simulated through the

Zview software is displayed in Fig. 6 (e), where Ru refers to the

uncompensated resistances including the particle-particle contact

resistance, the electrolyte resistance, and the resistance between

the electrode and the current collector. R ct represents the charge

transfer resistance concerning the electrochemical reaction at the

electrode-electrolyte interface and particle-particle contact [46,47] .

CPE stands for the scatter effect of the constant phase element.

As shown in Fig. 6 (e), the semicircle in high-frequent district is

attributed to the charge-transfer process during the electrode re-

action, while the oblique line in the low-frequent region refers

to the moving of the Li + between the electrode (Warburg diffu-

sion Zw). It is clear that the semicircle of the LFP/C-NAP is smaller

than that of LFP/C material, and the values of R ct are respectively

123 � and 49 � for samples LFP/C and LFP/C-NAP. Therefore, the

carbon coating with enlarged micropores around LFP can decrease

the charge transfer resistance and improve the dynamic restriction.
eanwhile, the lithium ion diffusion coefficients ( D Li 
+ ) are calcu-

ated by the following equation: 

 = 

R 

2 T 2 

2 A 

2 n 

2 F 4 C 2 σ 2 

here R is the constant of gas (8.315 J mol −1 K 

−1 ), T represents the

oom temperature (298.15 K), n is the number of charge (discharge)

er molecular reaction, F is the Faraday constant, C is the Li + con-

entration, and σ is the Warburg factor correlate with Z’ : 

 

′ = R D + R L + σω 

−1 / 2 

Fig. 6 (f) shows the line concerning Z ’ and ω 

( −1/2) in low-

requency district. By calculation, the lithium ion diffusion co-

fficient of LFP/C and LFP/C-NAP is respectively 5.46 × 10 −13 

nd 2.83 × 10 −12 cm 

2 s −1 , further confirming the fast lithium ion

igration in LFP/C-NAP. Compared with the reports in exist-

ng literature, such as 1.43 × 10 −13 cm 

2 s −1 for LFP/C-H1.3 [36] ,
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[  
2.6 × 10 −14 cm 

2 s −1 for LiFe 0.98 PO 4 /C [48] , 6.29 × 10 −14 cm 

2 s −1 

or LiFe 0.97 Mn 0.03 PO 4 /C [18] , NAP fine-modulated micropores in

arbon layer can drastically improve Li-ion transfer efficiency. The

bove-mentioned results confirm that the sample with enlarged

icropore carbon coating can establish more unrestricted path-

ays for Li + passing through during charging–discharging, which

xhibits more excellent electrochemical performance. 

. Conclusions 

A naphthalene(NAP)-promoted procedure has been developed

o fine-modulate the microporous structure of carbon coatings on

iFePO 4 . It is indicated that the carbon coatings around LFP/C-

AP have the micropores with the modal size enlarged by 12%

nd high micropore volume twice as that of the LFP/C. For the

FP/C-NAP the Li + diffusion rate is as high as 2.83 × 10 −12 cm 

2 s −1 ,

reatly larger than that of LFP/C (5.46 × 10 −13 cm 

2 s −1 ). At a high

ate of 20 C, the LFP/C-NAP can maintain the discharge capacity of

20.1 mA h g −1 with a good retention rate of 93.2% after 400 cy-

les. The results suggested that the fine-modulation of microporous

tructure of carbon coatings on LFP is an effective route to acceler-

te the Li-ion diffusion coefficient in LiFePO 4 /C, and then enhance

he electrochemical performance for lithium-ion batteries. 
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