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Abstract Fe3O4/C nanocomposites have been pre-

pared by one-pot PEG-assisted co-precipitation

method. The structure and morphology of the as-

prepared materials were analyzed by X-ray diffraction

and transmission electron microscopy. The results

showed that Fe3O4/C nanocomposites were well

crystallized. Carbon nanoparticles dispersed among

Fe3O4 particles forming a carbon layer, which prevent

Fe3O4 particles from contacting each other. Electro-

chemical performance tests showed that Fe3O4/C

nanocomposites keep at a high discharge capacity of

902.4 mAh g-1 at 1 C after 110 cycles. Furthermore,

the samples showed much improved rate capability

and better cycle stability compared with pure Fe3O4.

The excellent electrochemical performance of Fe3O4/

C nanocomposites can be attributed to unique nano-

structure and existence of amorphous carbon in the

composites. The existence of the amorphous carbon

not only enhanced electric conductivity, but also

buffered volume variation of Fe3O4/C nanocompos-

ites during charge/discharge process.
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Introduction

With the daily depletion of petroleum resources,

energy storage has become a crucial issue. Lithium-

ion batteries (LIBs), as novel energy storage device,

were extensively studied during past years. The

properties of anode materials play a significant role

in performance of LIBs (Bruce et al. 2008). Fe3O4 is

an attractive candidate for anode material of LIBs due

to its environment friendliness, high abundance and

high theoretical capacities (924 mAh g-1) (Duan et al.

2012). Nevertheless, a large specific volume variation

usually occurs in the host matrices of the metal oxide

during charge/discharge process, and Fe nanocrystals

come from lithiation process can catalyze decompo-

sition the outer solid electrolyte interphase (SEI) (He

et al. 2013), which will lead to rapid capacity decay

and high-initial irreversible capacity loss. In previous

research, two main kinds of strategies have been

considered to improve the electrochemical perfor-

mance of Fe3O4. Controlling Fe3O4 nanostructures is

one way to partially accommodate the volume vari-

ation during Li? insert/extract process and reduce

diffusion path for Li?, which can improve theirs rate

capability and capacity retention. Nanostructures,
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Ürümqi, 830046, Xinjiang, China

e-mail: huangyd@xju.edu.cn

D. Jia

e-mail: jdz@xju.edu.cn

123

J Nanopart Res (2014) 16:2614

DOI 10.1007/s11051-014-2614-9



such as hollow particles (Chen et al. 2012b), porous

nanoparticles (Chen et al. 2012a), nanorods (Chen

et al. 2011b), nanotubes (Gao et al. 2011) etc., have

been fabricated. Another strategy is to enhance

electronic conductivity through synthesis of Fe3O4

nanocomposites. Many materials with high electronic

conductivities, such as RuO2 (Liu et al. 2012), SnO2

(Wu et al. 2011), and carbon (C) (Zhang et al. 2008),

have been selected to construct the conducting

networks, among them, C is an appealing choice. C

is a very stable anode material in LIBs due to small

volume change during Li? insert/extract process. It

acts as a better cushioning layer to effectively buffer

volume variation of the inner active materials during

charge/discharge process. Furthermore, C layer has a

vital role in enhancing electronic conductivity of

electrode materials (Zhou et al. 2014).

However, there is less work focuses on combine

controlling nanostructures with connecting C to

improve the electrochemical properties of Fe3O4.

And for preparation of Fe3O4/C nanocomposites, most

methods involve many complicated steps, such as

centrifugation or suction filtration for product collec-

tion, rinsing with water and ethanol, and oven drying

(Zhong et al. 2011). It is therefore desirable to develop

a high-yield and simple synthesis method to facilitate

the applications of such material.

Here, Fe3O4/C nanocomposites were prepared by

one-pot PEG-assisted co-precipitation method with

simple steps by combine controlling nanostructures

with connecting C. The precursors of Fe3O4/C nano-

composites were synthesized by heating the mixture of

Fe(NO3)3�9H2O, PEG 400 (PEG: polyethylene glycol;

400: polymerization degree) and H2C2O4�2H2O in

thermostatic water bath. In the reaction process,

excess H2C2O4�2H2O acted as complexing agent with

Fe(NO3)3�9H2O and formed soluble complex ([Fe(C2-

O4)3]3-), the PEG 400 chains surrounding the

([Fe(C2O4)3]3-) complex helped the complex dis-

persed in the solution and acted as C source afterward

(Gong et al. 2014). After precipitation and calcination,

Fe3O4/C nanocomposites were prepared. Herein, C

nanoparticles have important role in improving elec-

trochemical performance of Fe3O4/C nanocomposites,

which enhance electric conductivity and buffer vol-

ume variation of the nanocomposites during charge/

discharge process. Thus the as-synthesized Fe3O4/C

nanocomposites exhibit excellent electrochemical

performance, with ultra-high rate capabilities, which

is much improved relative to that of pure Fe3O4.

Compared with other Fe-based materials (Lang and

Xu 2013; Zhao et al. 2012a), Fe3O4/C nanocomposites

obtained in this work show better cycling

performance.

Experimental section

Experimental

Fe3O4/C nanoparticles were prepared by one-pot

PEG-assisted co-precipitation method with simple

steps. All reagents are analytically pure and used

without further purification. In a typical experiment,

2.52 g H2C2O4�2H2O and 2.00 g PEG 400 were

dissolved in 100 mL deionized water, followed by

addition of 2.02 g Fe(NO3)3�9H2O under magnetic

stirring for 5 h to form a homogenous mixture

solution. The mixture was transferred to a thermostat

water bath and then maintained at 80 �C for 72 h and

allowed to cool down to room temperature naturally.

The faint yellow precipitate was prepared. After

calcining the precipitate under argon atmosphere at

600 �C for 6 h, the Fe3O4/C nanoparticles were

obtained. For comparison, pure Fe3O4 particles were

prepared by the same procedure without addition of

PEG 400.

Characterization of synthesized material

The crystal structures of the samples were investigated

by X-ray diffraction (XRD, Bruker D8 Advance) with

Cu Ka radiation. Raman measurement was employed

to verify the chemical bonding characteristics of

carbon with Raman microscope (Bruker Senterra

R200-L) using a laser line of 532 nm as the excitation

source. To understand the approximate content of

carbon in the synthesized product, thermal gravimetric

analysis (Netzsch Sta 449 F3) of the samples were

employed from room temperature to 850 �C under air

ventilation at a heating rate of 10 �C min-1. The

morphological characteristics of the products were

investigated by transmission electron microscopy

(TEM, H-600, Hitachi, Japan). The working elec-

trodes were prepared by mixing the active materials,

acetylene black, and polyvinylidene fluoride at a

weight ratio of 75:15:10 in N-methyl pyrrolidinone

solvent. The mixtures were pasted on pure Cu foil, and
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then dried at 110 �C in a vacuum oven for 12 h for use

in coin-type cells (2032), which were assembled in an

argon-filled glove box. A Celgard 2300 microporous

polyethylene membrane was used as the separator.

The electrolyte was 1 M LiPF6 in a 1:1 (volume ratio)

mixture of ethylene carbonate and dimethyl carbonate,

and a lithium foil was as the counter electrode. The

charge/discharge measurements were carried out on a

battery test system (CT2001A, Land, China) in the

voltage range between 0.0 and 3.0 V at room temper-

ature. The specific capacities were calculated based on

the total mass of active materials including Fe3O4 and

C. Cyclic voltammetry (CV) was conducted in the

voltage range of 0.0–3.0 V with a scan rate of

0.1 mV s-1 using a CHI660D electrochemical work-

station. Electrochemical impedance spectroscopy

(EIS) was measured on a Zahner Elektrik electro-

chemical workstation in the frequency range of

0.01–100 kHz, which applied a DC potential equal

to the open circuit voltage of the cell and an AC

oscillation of 5 mV. The impedance data were

analyzed by Z-view 2.0 software.

Results and discussion

Figure 1 shows the XRD patterns of Fe3O4 particles

and Fe3O4/C nanoparticles. All peaks of the two

samples are coincident with the standard for face-

centered Fe3O4 (JCPDS No. 65-3107). No peak for

impurities is detectable in the patterns. The existence

of C in Fe3O4/C nanoparticles was confirmed by

Raman spectroscopy (Fig. 2). It is clearly seen that the

as-synthesized Fe3O4/C nanoparticles show a typical

two-band Raman spectrum with D and G bands. The D

band at *1,337 cm-1 is related to the vibrations of C

atoms with dangling bonds in plane terminations

of disordered graphite, confirming the amorphous C

in the as-prepared material, while the G band

at *1,584 cm-1 consists with the E2g mode of

graphite, namely, the stretching modes of C=C bonds

of graphite (Dong et al. 2013). The result shows that

there is amorphous C in the as-synthesized Fe3O4/C

nanocomposites. Thermogravimetric analysis (TGA)

was adopted to further confirm the C content in Fe3O4/

C nanocomposites. Figure 3 is the TGA results of

Fe3O4 particles and Fe3O4/C nanocomposites. As

shown in Fig. 3, the mass loss of Fe3O4 particles and

Fe3O4/C nanocomposites is little below 300 �C,

indicating the two samples are stable under air

atmosphere. The mass of Fe3O4 particles and Fe3O4/

C nanocomposites shows a small increase approxi-

mately at 300 �C due to the oxidation of partial Fe3O4

to Fe2O3 (Liu et al. 2012). After 300 �C, the mass of

Fe3O4 particles is stable, while the mass of Fe3O4/C

nanocomposites decreases from 300 to 500 �C and

remains stable after 500 �C, which corresponds to C

decomposition. Since Fe3O4/C nanocomposites were

dried at 110 �C in a vacuum oven for 12 h before TG

analysis, the release of water was negligible (Hu et al.

2014). Thus, the carbon content was considered as the

total weight loss, which was calculated to be 8.9 wt%.

Fig. 1 XRD patterns of a Fe3O4 particles and b Fe3O4/C

nanoparticles

Fig. 2 Raman spectrum of Fe3O4/C nanocomposites
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Figure 4 reveals the TEM images of Fe3O4 particles

and Fe3O4/C nanocomposites. It can be seen from

Fig. 4a that Fe3O4 particles are aggregated. While in

Fig. 4b the Fe3O4 nanoparticles and C nanoparticles

can be clearly differentiated. C nanoparticles disperse

among Fe3O4 particles forming a C layer, which

prevents the Fe3O4 particles from contacting each

other. The special structure of C nanoparticles can

relieve the volume variation of Fe3O4 during charge/

discharge process availably (Huang et al. 2011).

Furthermore, the existence of C nanoparticles limits

the growth of Fe3O4 particles in the preparing

procedure, which will prompt formation of Fe3O4/C

nanocomposites. The nanostructure of Fe3O4/C is

beneficial to shorten Li? diffusion path (Liu et al.

2012). Moreover, the C nanoparticles will improve

electrical conductivity (Zhang et al. 2008), suggesting

that Fe3O4/C nanocomposites possess better electro-

chemical performance.

Figure 5 shows the first five CV curves of Fe3O4

particles and Fe3O4/C nanocomposites at room tem-

perature in the voltage range of 0.0–3.0 V at a

scanning rate of 0.1 mV s-1. In the first cycle, both

samples have a wide anodic peak located around 1.7–

2.1 V, which corresponds to the reversible oxidation

of Fe0 to Fe2?, and part to Fe3?. Furthermore, two

samples have a large cathodic polarization process

(i.e., there is a voltage hysteresis during charge/

discharge process) in the first cycle (about 0.58 V),

which can be ascribed to electrolyte decomposition as

well as SEI formation on the surface of the samples

and Li? intercalation reaction as follows:

Fe3O4 þ xLiþ þ xe� ! LixFe3O4 ð1Þ

LixFe3O4 þ 8� xð ÞLiþ þ 8� xð Þe� ! 3Fe0 þ 4Li2O

ð2Þ

(He et al. 2013; Zhou et al. 2014).

The large polarization could be due to the poor

conversion reaction kinetics (lithium diffusion kinet-

ics is limited during the intercalation process, for

example) (Mitra et al. 2006). The phenomenon of

polarization has been widely observed in a number of

other Fe3O4/C composites (Zhang et al. 2008).

Unfortunately, the application performance of LIBs

is restricted by the large polarization. Therefore, it is

very important to reduce the polarization of Fe3O4/C

nanocomposites in the future work by improving the

conversion reaction kinetics, such as reducing the

Fig. 3 TGA results of Fe3O4 particles and Fe3O4/C nanocom-

posites. (Color figure online)

Fig. 4 TEM pattern of a Fe3O4 particles and b Fe3O4/C nanocomposites
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particle size of Fe3O4/C nanocomposites (Lian et al.

2011). In the subsequent cycles, there is a substantial

difference from the first cycle, which can be attributed

to the decomposition of electrolyte to form a SEI layer.

The peak current and integrated peak area of Fe3O4 are

much lower than these of Fe3O4/C, indicating that

Fe3O4/C has higher capacity and reactivity than

Fe3O4. Besides the first cycle, the curves of Fe3O4/C

overlapped better than that of Fe3O4, indicating that

Fe3O4/C has more stable structure and more excellent

reversibility (Duan et al. 2012).

Figure 6 shows the initial charge/discharge curves of

Fe3O4/C nanocomposites and Fe3O4 particles at a

current density of 1 C. As shown in Fig. 6, in the

beginning, the voltage of both samples drops to 0.75 V

quickly, which can be attributed to the reaction of

Fe3O4 ? xLi?? xe-$ LixFe3O4 (Wang et al. 2008),

and then obvious potential plateau of both samples at

about 0.75 V versus Li?/Li, corresponding to the

conversion reaction LixFe3O4 ? (8 - x)Li? ? 3-

Fe0 ? 4Li2O (Wang et al. 2010). The sloping curve

down to the cut-off voltage of 0.0 V can be ascribed to

the reaction between Fe and the electrolyte that forms a

gel-like solid electrolyte interphase (SEI) film (Laruelle

et al. 2002). The Fe3O4/C nanocomposites show a high

discharge capacity of 1,480.4 mAh g-1 and a charge

capacity of 903.5 mAh g-1 with a Coulombic effi-

ciency of 61 % at the 1st cycle. While the Fe3O4

particles shows a discharge capacity of 1,255 mAh g-1

and a charge capacity of 857.7 mAh g-1, the Coulom-

bic efficiency of Fe3O4 particles is 68 % at the 1st cycle.

The poor Coulombic efficiency for the first cycle of both

samples is ubiquitous for electrochemical reactions with

lithium through a conversion reaction. (Cabana et al.

2010). Compared to Fe3O4 particles, Fe3O4/C nano-

composites have lower first Coulomb efficiency, the

Fe3O4/C nanocomposites with lower first Coulomb

efficiency possibly originates from the existence of

amorphous C, which has a high surface area (Zhao et al.

2012b). The reason needs further investigation. How-

ever, lower first Coulombic efficiency of the Fe3O4/C

nanocomposites needs further improvement.The

cycling performance of Fe3O4 particles and Fe3O4/C

nanocomposites was evaluated between 0.0 and 3.0 V at

1 C for 110 cycles. As shown in Fig. 7, the first discharge

capacity of Fe3O4 particles is as high as 1,255 mAh g-1.

Fig. 5 Cyclic voltammograms of a Fe3O4 particles and b the Fe3O4/C nanocomposites for the first 5 cycles. (Color figure online)

Fig. 6 The initial charge/discharge curves of Fe3O4 particles

and Fe3O4/C nanocomposites at 1 C. (Color figure online)
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However, the discharge capacity quickly fades and only

317.4 mAh g-1 remains at the 110th cycle, indicating

Fe3O4 particles have a poor cycling performance (Chen

et al. 2011a). In contrast, the first discharge capacity of

Fe3O4/C nanocomposites is as high as

1,480.4 mAh g-1, and stabilizes at 902.4 mAh g-1

after 110 cycles. Obviously, the cycling performance

and specific capacity of Fe3O4/C nanocomposites are

much better than those of Fe3O4 particles and many

other similar materials reported (Lang and Xu 2013; Li

et al. 2012b; Zhao et al. 2012a). Fe3O4/Fe/C, which

prepared by Zhao et al., exhibited about 600 mAh g-1

capacity at 50 mA g-1 after 40 cycles; Lang et al.

prepared porous Fe3O4/C microbelts, which exhibited a

710 mAh g-1 capacity at 0.2 C after 50 cycles;

Fe3O4@C core–shell rings prepared by Li et al. showed

801 mAh g-1 at 0.2 C after 100 cycles. Compared to the

materials, the cycling performance of Fe3O4/C nano-

composites in this paper is even better, indicating that

the one-pot PEG-assisted co-precipitation method could

be an effective and simple way to synthesize Fe3O4/C

nanocomposites with excellent electrochemical perfor-

mance. Herein, both of the initial discharge capacities of

Fe3O4 particles (1,255 mAh g-1) and Fe3O4/C nano-

composites (1,480.4 mAh g-1) exceed the theoretical

capacity of Fe3O4 (924 mAh g-1). The extra capacities

of the two samples beyond the theoretical values are

probably due to the decomposition of non-aqueous

electrolyte during the discharge process (Huang et al.

2011). It has been reported that, during the charge/

discharge process, the Fe3O4-based anode surface

would be covered by SEI film, which formed due to

the reductive decomposition of the organic electrolyte.

And the capacity of Fe3O4 mainly comes from the

reversible conversion reaction between Li? and Fe3O4.

During lithiation, a Li2O matrix was formed, and Fe

nanocrystals dispersed in this matrix [Li2O and Fe

formed from above Eqs. (1) and (2)]. The Fe nanocrys-

tals can catalyze decomposition of the SEI. For Fe3O4/C

nanocomposites obtained in this work, the C layer which

dispersed among Fe3O4 particles can prevent Fe nano-

crystals from catalyzing decomposition of the outer SEI.

Thus, a relative stable SEI film would form on the

materials surface without the rupturing and reformation,

which reduced depletion of the electrolyte. Further-

more, the C layer can accommodate the volume

expansion/contraction of Fe3O4 particles upon lithia-

tion/delithiation without breaking down the structure of

Fe3O4/C nanocomposites. So Fe3O4/C nanocomposites

possess excellent cycling performance and high capac-

ity (He et al. 2013). However, both Fe3O4 particles and

Fe3O4/C nanocomposites have a large polarization in

the first cycle may be caused by conversion of Fe3O4 to

Fe and the consumption of the electrolyte to form SEI,

this characteristic is agreed well with the CV results.

Besides the high capacity and stable cycling perfor-

mance, a good rate performance is also an important

criterion for high performance of LIBs. Figure 8 is

cycling performance of Fe3O4 particles and Fe3O4/C

nanocomposites at various current densities

(100–1,500 mA g-1) at room temperature. As show in

Fig. 8, Fe3O4/C nanocomposites are capable of deliv-

ering discharge capacity of 1,053.4, 981.1, 894.4, 866.9,

808.9, and 698.3 mAh g-1 at the current density of 100,

200, 500, 700, 1,000, and 1,500 mA g-1, respectively.

After charge/discharge cycling at high current density,

the current density is reduced stepwise to 100 mA g-1,

with a specific capacity as high as 1,086.7 mAh g-1

recovered, indicating that Fe3O4/C nanocomposites

have good kinetic properties (Lian et al. 2010).

Remarkably, the discharge capacities of Fe3O4/C nano-

composites at current densities of 100 and 200 mA g-1

are higher than the theoretical capacity of Fe3O4. The

extra capacity may be due to the synergistic effect

between Fe3O4 nanoparticles and C layer in the

nanocomposites under small current densities (Paek

et al. 2009), and the real reason needs further investi-

gation. However, as the current density increases from

100 to 200, 500, 700, 1,000, and 1,500 mA g-1, the

reversible capacity of Fe3O4 decreases from 722.5 to

496.2, 411.2, 317.3, 250.7, and 173.2 mAh g-1, respec-

tively. Fe3O4/C nanocomposites display superior rate

Fig. 7 Cycling performance of Fe3O4 particles and Fe3O4/C

nanocomposites at 1 C. (Color figure online)
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capability and reversibility compared with previously

reported results. Fe3O4/Fe/C (Zhao et al. 2012a) was

prepared by sol–gel method with ultrasonication and

vacuum drying, it exhibited about 500 mAh g-1 capac-

ity at the current density of 500 mA g-1; porous Fe3O4/

C microbelts (Lang and Xu 2013) were prepared by

electrostatic spinning, which including complicated

steps such as selection of viscosity and ultrasonic. And

the prepared Fe3O4/C microbelts exhibited a capacity of

300 mAh g-1 at the current rate of 1 C. By contrast,

herein Fe3O4/C nanocomposites were prepared by a

simple one-pot PEG-assisted co-precipitation method,

and the as-prepared Fe3O4/C nanocomposites have

ultra-high rate capabilities.The much improved electro-

chemical performance of Fe3O4/C nanocomposites

could be explained as follows: Firstly, Raman

spectroscopy data show that there are amorphous C

nanoparticles in Fe3O4/C nanocomposites. The exis-

tence of amorphous C in the composite materials not

only buffers the volume expansion/contraction of Fe3O4

during charge/discharge process, but also restrains the

growth of Fe3O4 particles to easily form Fe3O4/C

nanocomposites (Huang et al. 2011). Nanocomposites

with small size will shorten Li? diffusion path and make

the permeation of electrolyte easier to surface of

electrode, which will accelerate electrochemistry reac-

tion (Duan et al. 2012). Secondly, the amorphous C can

form a conducting network to enhance the electrical

conductivity of Fe3O4/C nanocomposites, which will

improve the electrochemical performance of the nano-

composites (Zhang et al. 2008). Thirdly, The TEM

shows that C surrounding the Fe3O4 particles; the C

layer which surrounded Fe3O4 nanoparticles build a

special nanostructure, which can prevent Fe nanocrys-

tals from catalyzing decomposition the outer SEI. Thus,

a relatively stable SEI film would form on the material

surface without rupturing and reformation. The stable

SEI guaranteed excellent cycling performance and high

capacity of Fe3O4/C nanocomposites (He et al. 2013).

In order to understand the impedance changes of

Fe3O4/C nanocomposites, electrochemical impedance

spectroscopy (EIS) measurements of the composites

conducted on the fresh battery and the battery after CV

tested. The impedance data were analyzed with

Z-view 2.0 software by fitting to an equivalent

electrical circuit, which show in Fig. 9. Rs is the bulk

solution resistance; Rct is charge-transfer resistance;

Wo is the Warburg impedance describing the diffusion

of Li? in Fe3O4/C; CPE reflects the interfacial

capacitance (Li et al. 2012a). Each spectrum is

consists of a semicircle in the high-frequency region

and a straight line in the low-frequency region. The

depressed semicircle in high-frequency region is

attributed to the charge-transfer resistance (Rct) of

the electrochemical reaction and the straight line is

related to the diffusion-controlled Warburg imped-

ance. From the fitted results, the charge-transfer

resistance of the fresh battery is (*148.1 X) higher

than that of the battery after CV tested (*82.6 X), due

to the wetting of Fe3O4/C by electrolyte. After CV

tested, the battery aging as well as continuous

electrochemical interaction, the electrode of fully

wetting by electrolyte provided continuous transpor-

tation paths, which enhanced Li? diffusion and

decreased the impedance as well as improved the

Fig. 8 Cycling performance of Fe3O4 particles and Fe3O4/C

nanocomposites at various current densities (100–1,500 mA g-1).

(Color figure online)

Fig. 9 Electrochemical impedance spectra of Fe3O4/C nano-

composites before and after cyclic voltammograms, with the

inset showing equivalent circuit model used for fitting. (Color

figure online)
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electrochemical performance of Fe3O4/C (Tummala

et al. 2012).

Conclusion

Fe3O4/C nanocomposites were prepared by one-pot

PEG-assisted co-precipitation method with simple

steps. The XRD and TEM results show that Fe3O4/C

nanocomposites are well crystallized and a matrix is

formed by conductive C surrounding Fe3O4 particles.

The as-synthesized Fe3O4/C nanocomposites exhibit

excellent electrochemical performance with a stable

specific discharge capacity of 902.4 mAh g-1 after

110 cycles at 1 C and ultra-high rate capabilities.

Compared with other nanosized Fe-based materials,

the electrochemical performance of Fe3O4/C nano-

composites is improved obviously. Taking the excel-

lent electrochemical performance and facile synthesis

method into consideration, Fe3O4/C nanocomposites

prepared by one-pot PEG-assisted co-precipitation

method could be a competitive candidate anodic

material for high-performance LIBs in the future.
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