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Fig. 1. XRD patterns of LiFePO4 and LiFePO4-MWCNTs.

2. Experimental

LiFePO4 was prepared from stoichiometric amount of LiOH·H2O, FeC2O4·2H2O

and NH3H2PO4 (molar ratio 1:1:1, respectively). The mixture was ball milled for

1 h and pre-pyrolyzed at 400 ◦C for 5 h in pure argon flow. The resulting product

was reground by ball milling for 1 h and then heated at 700 ◦C for 16 h in pure argon

flow. MWCNTs (Shenzhen Nanotech Port, China) were soaked in concentrated nitric

acid and refluxed for 5 h. The product was washed by distilled water and acetone,

and then dried in a vacuum at 60 ◦C. As-treated MWCNTs and as-prepared LiFePO4

were mixed in absolute alcohol at 60 ◦C with vigorous stir (the weight content of

MWCNTs adding was 4, 7, 10 wt.% of LiFePO4). Until all the liquid was evaporated,

the solid was dried in a vacuum at 120 ◦C for 1 h and then heated at 500 ◦C for 5 h

in pure argon flow. The resulting composite powder was ground in agate mortar to

obtain objective product.

The phase structures of the LiFePO4-MWCNTs composite and pure LiFePO4

were analyzed by X-ray diffraction (XRD) using Rigaku X-ray powder diffractome-

ter D/MAX-2500 with graphite monochromatic CuK˛ radiation in the 2� range of

3–80◦ . Morphologies of the composite were investigated by Shimadzu SS-550 scan-

ning electron microscopy (SEM) with an accelerating voltage of 15 kV. Transmission

electron microscopy (TEM) images were collected by using PHILIPS Tecnai G2 F20

(operating at 200 kV) transmission electron microscopes. The electronic conductivi-

ties of all prepared samples are measured with the four-electrode method by SDY-5

four-point probe meter (Guangzhou, China).

For electrochemical tests, cathode electrodes were prepared by mixing the

active material (LiFePO4-MWCNTs), conductive additive (acetylene black, ENSACO,

Switzerland) and binder (PTFE, Sigma Aldrich, China) in a weigh ratio of 85:10:5,

respectively. The materials, as a cathode, were assembled into lithium batteries in

an argon filled glove box, with the use of Celgard 2300 as a separator, Li foil as counter

and reference electrodes, and 1 mol dm−3 LiPF6 in ethylene carbonate (EC), propy-

lene carbonate (PC) and dimethyl carbonate (DMC) (1:1:1 by volume respectively,

Jinniu, China) as electrolyte, to form laboratory-made coin-type cells (size: CR 2032).

Galvanostatic charge–discharge cycle tests were performed on a LAND 2001A bat-

tery testing system (Jinnuo, China) in the potential range of 2.5–4.3 V respectively

vs. Li+/Li. Cyclic voltammetry (CV) tests were performed on a CHI 660C electro-

chemical workstation (Chenhua, China) at a scan rate of 0.1 mV S−1 at a potential

interval 2.5–4.3 V vs. Li/Li+. Electrochemical impedance spectroscopy (EIS) was also

performed on a CHI 660C electrochemical workstation. The EIS measurement con-

ditions were: AC amplitude 5 mV; testing potential 3.4 V vs. Li+/Li at approximate

50% DOD (depth of discharge); frequency range 105–0.1 Hz.

3. Results and discussion

The XRD patterns of as-prepared LiFePO4 and LiFePO4-MWCNTs

are shown in Fig. 1. The patterns of LiFePO4-MWCNTs composites

can be indexed to a single-phase material having an orthorhombic

olivine-type structure with a space group of Pnma [40], which are

the same as the LiFePO4 one. No diffraction peak for MWCNTs or

carbon was present in either of these XRD patterns. That is because

of the low content and the amorphous state of carbon in the com-

posite materials. The XRD peak of amorphous carbon was covered

by the main phases of LiFePO4. Therefore, the MWCNTs adding do

not change the crystal structure of pure LiFePO4.

Table 1
The electronic conductivity of LiFePO4 and LiFePO4-MWCNTs composites.

Samples Electronic conductivity (S cm−1)

Original materials As-prepared electrodes

LiFePO4 3.1 × 10−9 7.4 × 10−4

LiFePO4/4 wt.% MWCNTs 5.5 × 10−4 1.1 × 10−3

LiFePO4/7 wt.% MWCNTs 4.7 × 10−3 5.2 × 10−3

LiFePO4/10 wt.% MWCNTs 2.3 × 10−3 3.2 × 10−3

Fig. 2 shows the SEM images of LiFePO4 and LiFePO4-MWCNTs

composites. The particle size of pure LiFePO4 was 1–5 �m, while

that of LiFePO4 with 7 wt.% MWCNTs composite was 3–5 �m. In

Fig. 2d, f and h, it is clear that networks of MWCNTs appeared in the

interstitial grain-boundary region, which can improve the electrical

continuity between LiFePO4 particles and makes the crystal struc-

ture stable. Moreover, the dispersed MWCNTs provide pathways

for electron transference.

The electronic conductivity of LiFePO4 with 7 wt.% MWCNTs

and LiFePO4 with 10 wt.% MWCNTs composite is about a factor of

∼106 higher than the pure LiFePO4, reaching to about 10−3 S cm−1

(measured by a four-point probe method, Table 1). The conductiv-

ity value of original materials and as-prepared electrode materials

(active material + conductive + binder) are all shown in Table 1. The

reason of the improvement of the electronic conductivity of the

composite is that the MWCNTs offer the electronic transport chan-

nels in the composites. Therefore, MWCNTs adding improves the

electronic conductivity of LiFePO4.

Fig. 3 shows the TEM images of LiFePO4, LiFePO4 with 7 wt. %

MWCNTs and LiFePO4 with 10 wt.% MWCNTs composites. From

Fig. 3a, the pure LiFePO4 sample exhibits the irregular particles.

From Fig. 3c, the MWCNTs coated on the surface of LiFePO4 and

connected the particles of LiFePO4 which can be clearly seen. These

results agree with SEM images in Fig. 2. The MWCNTs in the

LiFePO4/7 wt.% MWCNTs composite were covered around every

particle of LiFePO4 and they have good connection with the LiFePO4

particles. The MWCNTs distribution of LiFePO4/10 wt.% MWCNTs

was disorderly and their orientation was lacking direction.

Discharge capacities of LiFePO4 and LiFePO4-MWCNTs com-

posite at 0.18 C (1 C = 170 mA g−1) are shown in Fig. 4. With the

MWCNTs weight ratio increasing in the as-prepared composite,

discharge capacity and cycle stability of the LiFePO4-MWCNTs

composite are both improved. The LiFePO4 with 7 wt.% MWC-

NTs shows the best cycling performance among the as-prepared

composites. At first cycle, the discharge capacity of LiFePO4 with

7 wt.% MWCNTs is 152.7 mAh g−1 at 0.18 C discharge rates while

that of pure LiFePO4 was 141.4 mAh g−1. After 100 cycles of

charge–discharge, the discharge capacity of LiFePO4 with 7 wt.0%

MWCNTs is 149.3 mAh g−1 and the capacity retention is 97.77%,

which are both higher than those of pure LiFePO4 (125.3 mAh g−1

and 88.57%). That is because the MWCNTs webs covered the

LiFePO4 particles to protect the cathode crystal structure from

distortion during charge–discharge test and also delivered good

conductivity of cathode material [32,34,35].

In the case of LiFePO4-MWCNTs composite, the LiFePO4 with

7 wt.% MWCNTs has the best discharge capacity and cycle stabil-

ity, not the 10 wt.% MWCNTs one. Here we analysis some reasons

about this behavior. Firstly, Less MWCNTs content (4 wt.%) could

not provide sufficient aforementioned effects and because of the

little electrochemical activity of MWCNTs compared with LiFePO4

active material, more MWCNTs content (such as 10 wt.%) would

decrease the active material percentage leading to the decrease of

discharge capacity. So the 7 wt.% MWCNTs is the best one. Addi-

tionally, from TEM images in Fig. 3d, the MWCNTs distribution of

LiFePO4 with 10 wt.% MWCNTs was disorderly and their orientation

was lacking direction. However, the MWCNTs in the LiFePO4 with
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Fig. 2. SEM images of as-prepared LiFePO4 (a and b), LiFePO4/4 wt.% MWCNTs (c and d), LiFePO4/7 wt.% MWCNTs (e and f) and LiFePO4/10 wt.% MWCNTs (g and h) composites.

7 wt.% MWCNTs composite were covered around every particle of

LiFePO4 and they have good connection with the LiFePO4 particles.

The conductivity and electrochemical activity can be effectively

exerted by 7 wt.% MWCNTs composite. Therefore, to get the good

electrochemical performance, the 7 wt.% MWCNTs adding is the

most suitable for LiFePO4-MWCNTs composite.

To prove the MWCNTs adding is the main reason to protect

LiFePO4 structure of the electrode material during the cycling. The

SEM images of 100 cycles old electrodes of LiFePO4 and LiFePO4-

MWCNTs were investigated. From the Fig. 5a, the LiFePO4 was

pulverized to some extent after 100 cycles. In Fig. 5b, the parti-

cles of LiFePO4 were assembled together and the particles were

adhibited by each other. The pulverization lead to the structure

of electrode material destroyed which cause the decreasing of

the discharge capacity during the cycling. However, the LiFePO4-

MWCNTs composite has no such behavior. From Fig. 5c, the fringes

of LiFePO4-MWCNTs particles were clear and distinct, not assem-

bled together, indicating the LiFePO4-MWCNTs composite was not

pulverization during the cycling. From Fig. 5d, the MWCNTs can be

seen. These MWCNTs connect the big LiFePO4 particles to protect

the structure distortion during the cycling. Therefore, the LiFePO4-

MWCNTs composite has the better cycle stability than bare LiFePO4

materials.

Fig. 6 shows the initial voltage profiles of the pure and the

MWCNTs coating LiFePO4 (0.18 C). The four samples have the sim-

ilar charge–discharge curves with flat plateaus reactions but they

vary in plateau voltages. The charge voltage plateau of the com-

posite is higher than that of pure LiFePO4, while the discharge

voltage plateau lowers than that of pure LiFePO4. For example, the

charge voltage plateau is 3.47–3.57 V for LiFePO4 and 3.46–4.50 V

3



Y. Feng / Materials Chemistry and Physics 121 (2010) 302–307 305

Fig. 3. TEM images of LiFePO4 (a), LiFePO4/7 wt.% MWCNTs (b and c) and LiFePO4/7 wt.% MWCNTs (d).

for LiFePO4/7 wt.% MWCNTs, while the discharge voltage plateau

is 3.31–3.33 V for LiFePO4 and 3.37–3.40 V for sample LiFePO4

7 wt.% MWCNTs. The lower electrochemical polarization of the

MWCNTs coating composites suggests that the increased conduc-

tivity is induced. The dispersed MWCNTs networks promote the

electrochemical reaction by enhancing the composite electronic

conduction.

CV profiles of LiFePO4 and LiFePO4/7 wt.% MWCNTs are shown in

Fig. 7. The lithium intercalation (LiFePO4 reduction) and extraction

(LiFePO4 oxidation) peaks of LiFePO4 are located at 3.23 and 3.58 V

vs. Li+/Li respectively while those of LiFePO4 with 7 wt.% MWC-

Fig. 4. Discharge capacities of LiFePO4 and LiFePO4-MWCNTs. Rate: 0.18 C (1 C = 170

mA g−1); cut-offs: 2.5 and 4.3 V vs. Li+/Li.

NTs are at 3.32 and 3.54 V vs. Li+/Li. Noticeably, the peak distance

of LiFePO4 with 7 wt.% MWCNTs is less than that of pure LiFePO4,

which suggests the LiFePO4 with 7 wt.% MWCNTs composite has

better electrochemical reversibility than LiFePO4. Broadened peaks

of LiFePO4 show poor kinetics (the sluggish lithium intercalation

and extraction), while sharp peaks of LiFePO4 with 7 wt.% MWCNTs

composite show excellent kinetics (the facile lithium intercala-

tion and extraction). That concludes WMCNTs coating can improve

the electrochemical reversibility and kinetics of LiFePO4 cathodes

materials.

EIS tests were carried out to evaluate the electrochemical kinet-

ics properties of the as-prepared materials. Fig. 8 shows the Nyquist

plots of the experimental data and fitting results of pure LiFePO4

and LiFePO4 with 7 wt.% MWCNTs. Each of the spectra consists of a

depressed semicircle attributed to the charge transfer process and

a linear Warburg part attributed to the diffusion of the lithium ions

in the bulk of the electrode. The semicircle attributed to SEI layer

was not observed. The fitting results were obtained by ZView from

Sai software set [41] using an electrochemical model (equivalent

circuit) shown in Fig. 8. Where R0 represents the sum of the ohmic

resistance of the research system, including the ohmic resistance

of the electrolyte, the electrode, the interface, etc., CPE (constant

Table 2
EIS fitting results of LiFePO4 and LiFePO4/7 wt.% MWCNTs.

Parameter LiFePO4 LiFePO4/7 wt.% MWCNTs

R0/� 5.686 4.246

Rct/� 264.2 101.2

CPE-T/�F 9.351 19.78

Ws-R/� 1481 61.15
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Fig. 5. SEM images of LiFePO4 (a and b) and LiFePO4/7 wt.% MWCNTs composites (c and d) after 100 cycles charge–discharge.

Fig. 6. The initial voltage profiles of LiFePO4 and LiFePO4-MWCNTs. (0.18 C).

Fig. 7. CV curves of LiFePO4 and LiFePO4/7 wt.% MWCNTs composite electrodes at

a scan rate of 0.1 mV s−1 (voltage range: 2.5–4.3 V).

Fig. 8. EIS Nyquist plots of experimental data and fitting results of LiFePO4 and

LiFePO4/7 wt.% MWCNTs electrodes and equivalent circuit for EIS data fitting (sub

figure).

phase element) represents the double layer capacitance and the

SEI film capacitance instead of a capacitor to compensate for non-

homogeneity in the system, Rct is a charge transfer resistor and Ws

is the finite length Warburg with a short circuit terminus. Some

of the parameters obtained by fitting are listed in Table 2. Com-

pared with the EIS fitting data of pure LiFePO4, LiFePO4 with 7 wt.%

MWCNTs exhibited smaller Rct value indicating faster electrochem-

ical kinetics, larger double layer capacitance CPE-T (greater lithium

ion diffusion capability) and smaller diffusion resistance Ws-R for

lithium ions indicating larger electrochemical active specific sur-

face area [42].

4. Conclusion

LiFePO4-MWCNTs as cathode materials for lithium ion batter-

ies were successfully synthesized by mixing LiFePO4 and MWCNTs

in ethanol and followed by heat-treatment. The MWCNTs did not

influence the phase structure of LiFePO4 but coated on the LiFePO4

5



Y. Feng / Materials Chemistry and Physics 121 (2010) 302–307 307

particles. The MWCNTs connecting the particles with strong webs

to make the structure of the cathode material stable during the

charge–discharge cycling. MWCNTs adding improved the elec-

tronic conductivity, the discharge capacity, cycle stability and

electrochemical kinetics of LiFePO4. In all these prepared LiFePO4

with x wt.% MWCNTs (x = 4, 7, 10) composites, 7 wt.% MWCNTs

adding composite cathode shows the best electrochemical perfor-

mance, which gets an initial discharge capacity of 152.7 mAh g−1 at

0.18 C discharge rates with capacity retention ratio of 97.77% after

100 cycles, showing it is a promising cathode material for lithium

ion batteries.
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