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ABSTRACT

Nitrogen-doped graphene supported NiFe2O4 nanoparticles (NiFe2O4-NG)

composite was successfully synthesized by a simple hydrothermal method. In

the NiFe2O4-NG nanocomposite, the surface of nitrogen-doped graphene sheets

was loaded by a large number of uniform NiFe2O4 nanoparticles with the mean

size of 8 nm. Meanwhile, the nitrogen-doped graphene sheets were exfoliated.

As anode materials for lithium ion batteries, the initial discharge and charging

capacities of NiFe2O4-NG electrode are 1888 and 1242 mAh g-1, respectively,

and the coulomb efficiency is 65.8%. Furthermore, the capacity of NiFe2O4-NG is

1100 mAh g-1 after 50 cycles. Compared with pure NiFe2O4, the superior

electrochemical performance of the NiFe2O4-NG nanocomposite is mainly

attributed to the unique architecture of smaller NiFe2O4 nanoparticles loaded on

the high conductivity of nitrogen-doped graphene sheets, as well as the synergy

effect between the nitrogen-doped graphene and nanoparticles. The high

specific surface area of NiFe2O4-NG can increase the interface area between

electrode and electrolyte, ensuring the full contact between electrode surface

and electrolyte. The strong interaction between nitrogen-doped graphene and

nanoparticle is beneficial to effectively suppress the volume expansion and the

rapid ion/electron transport during the charge–discharge process. Profiting

from structure and composition characteristics, the above-mentioned NiFe2O4-

NG electrode delivers an excellent capacity, cycle performance and rate

capability.
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1 Introduction

With the increase of energy consumption and

demand, more and more work is focused on the

research of energy storage devices [1–4]. Among all

kinds of energy storage devices, lithium-ion battery

(LIB) is becoming the main battery technology

because of its excellent characteristics [5, 6]. To a

large extent, the performance of LIB mainly depends

on the electrode active materials [7, 8]. Nowadays,

graphite anode is the most commonly used, which

cannot meet the urgent needs of hybrid electric

vehicle (HEV) and electric vehicle (EV) with high

energy and power density. Ferrite with high theo-

retical specific capacity and natural abundance has

attracted great attention as the next generation of

high-energy LIB anode materials [5, 9–17]. However,

for a single ferrite electrode, its application is greatly

limited due to poor conductivity, easy volume

expansion and contraction in the process of charge

and discharge, and the particles are easy to cluster

and rupture. One of the most effective methods to

improve ferrite anode materials is to form a com-

posite of ferrite nanoparticles and carbon based

materials to improve the electrochemical lithium

storage performance of electrode materials. Among

many carbon based materials [18–23], graphene has

been widely studied as anode materials for LIB

because of its large surface area, thermal conductivity

and high conductivity, and excellent chemical sta-

bility. For example, the formation of ZnFe2O4/-

graphene [24–29] binary nanocomposites greatly

improves the cycle capacity of LIB. And according to

the report [30–36], the way of doping heteroatoms

can be significantly adjust electronic layer structure

of graphene, which can improve the electrochemical

performance of graphene. Among them, nitrogen

(N) atom is the most widely introduced heteroatom.

The lone electron pair of N atom can form delocal-

ization conjugation system with sp2 hybrid carbon

skeleton, which effectively improves the conductivity

graphene [30, 37–39]. In addition, for N-doped gra-

phene materials, the introduction of N atoms can

induce more defects and disordered surface mor-

phology on graphene nanosheets, and the wetting

effect between electrode and electrolyte is enhanced,

which will be conducive to the improvement of

lithium storage performance of electrode materials

[40–45].

In view of the characteristics of the above materi-

als, in this study, the raw material graphite oxide

(GO) is prepared for standby; then, we simultane-

ously realized the reduction of GO, the N-doping

process of graphene and uniformly loading of small-

size NiFe2O4 nanoparticles with an average particle

size of 8 nm on the surface of N-doped graphene

(NG) through a simple one-step hydrothermal reac-

tion. In the process of material preparation, the

existence of NG can not only facilitate the formation

and effective dispersion of NiFe2O4 nanoparticles,

but also effectively inhibit the aggregation of formed

small-size NiFe2O4 nanoparticles. Compared with

pure NiFe2O4, the NiFe2O4-NG nanocomposite pos-

sesses a larger specific surface area, which is con-

ducive to increasing the interface area between

electrode and electrolyte and ensuring the full contact

between electrode surface and electrolyte. At the

same time, the strong interaction between NG and

NiFe2O4 nanoparticles loaded on its surface is bene-

ficial to effectively suppress the volume expansion

and the rapid ion/electron transport during the

charge–discharge process. Therefore, after the intro-

duction of NG, NiFe2O4-NG nanocomposites exhibit

good capacity, cycle and rate performance such as the

initial discharge and charging capacities of 1888 and

1242 mAh g-1 at 0.1 A g-1, respectively, the coulomb

efficiency of 65.8%, and the capacity of 1100 mAh g-1

after 50 cycles. Furthermore, the reversible cycle

capacity of NiFe2O4-NG can still reach 350 mAh g-1

when the current density reaches 1.0 A g-1. This

strategy provides a possible route to prepare high

performance NG nanocomposite anodes and can be

extended to other ferrite materials such as CoFe2O4,

ZnFe2O4.

2 Experimental

2.1 Preparation of NiFe2O4-NG
nanocomposites

GO was fabricated according to the method reported

by the researchers [46, 47]. Other reagents are ana-

lytical grade reagents purchased from Sinopharm

Chemical Reagent Co., Ltd., and no further purifica-

tion is required during use.

120 mg of GO was evenly dispersed into 120 mL of

alcohol with sonication, and then 20 mL alcohol

solution of Ni(NO3)2�6H2O (0.5844 g) and
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Fe(NO3)3�9H2O (1.6220 g) was slowly added into the

dispersion of GO under magnetic stirring for 0.5 h at

room temperature. After that, 20 mL aqueous solu-

tion of urea (10 g) was dropped slowly added under

magnetic stirring for 1 h. Finally, the obtained mixed

solution was transferred to Teflon-lined stainless

steel autoclave and placed in an oven at 180 �C for

20 h. The precipitate was washed with deionized

water, freeze-dried, and then labeled as NiFe2O4-NG.

2.2 Characterization

The samples were characterized by powder X-ray

diffraction (XRD) using a Bruker D8 Advance

diffractometer with Cu Ka radiation

(k = 0.154178 nm) in the angle range from 5 to 80�.
The N2 adsorption and desorption isotherms of the

samples were determined by multi-channel auto-

matic specific surface and pore analyzer of

Micromeritics TriStar II 3020. Transmission electron

microscopy (TEM) images were executed on a JEOL

JEM2100 microscope. X-ray photoelectron spectra

(XPS) were recorded on Thermo ESCALAB 250 sys-

tem with Al Ka irradiation (hv = 1486.6 eV).

2.3 Electrochemical measurements

Preparation of working electrode: working electrode

is composed of active material, polyvinylidenefluo-

ride, acetylene black (Super-P) and in the mass ratio

of 8:1:1, and N-methyl-2-pyrrolidinone as the dis-

persion solvent to make an uniform slurry with cer-

tain viscosity. The mixed slurry is evenly coated on

the copper foil with a diameter of 10 mm and dried in

vacuum drying oven at 60 �C for more than 12 h. A

self-made Swagelok half cell was assembled in a

glove box filled with high purity argon shielding gas,

using the prepared electrode sheet as working elec-

trode and lithium metal sheet as counter electrode

and reference electrode, 1 M LiPF6 solution of ethy-

lene carbonate (EC) and diethyl carbonate (DEC)

(VEC/VDEC = 1:1) as electrolyte, polypropylene

microporous membrane (Celgard 2400) as mem-

brane. The instruments used for battery test are

CHI660 electrochemical workstation and Land

CT2001A charge discharge tester.

3 Results and discussion

The crystal microstructures and phase composition of

GO, NG, pure NiFe2O4 and NiFe2O4-NG were stud-

ied by XRD. As shown in Fig. 1, all XRD diffraction

peaks of prepared NiFe2O4 are consistent with the

standard card (JCPDS 54-0964). The diffraction peaks

at 2h values of 18.3�, 30.2�, 35.4�, 43.4�, 58.1� and 62.9�
correspond to the (111), (220), (311), (400), (511) and

(440) planes, respectively. There is no characteristic

diffraction peak (001) of GO in the XRD diffraction

pattern of NiFe2O4-NG, which is mainly due to the

reduction of GO and the formation of NG by urea

and solvent ethanol in the hydrothermal process. In

addition, with the in-situ nucleation and growth of

NiFe2O4 nanoparticles, the lamellar spacing of NG is

further expanded, resulting in the disappearance of

the (002) characteristic diffraction peak of NG.

Moreover, it can be seen that the diffraction peaks of

NiFe2O4-NG nanocomposites become much weaker

and wider more than those of pure NiFe2O4

nanoparticles, indicates that the addition of NG can

effectively control the synthesis of NiFe2O4 particles

with smaller particle size.

In order to better observe the microstructure and

morphology of the NiFe2O4-NG nanocomposites,

SEM and TEM technology were applied. Figure 2a

indicates that the surface of the NG was decorated

with a large number of tiny NiFe2O4 particles

through a simple hydrothermal method. As shown in

Fig. 2b, it can be found that the NiFe2O4 particles in

the NiFe2O4-NG nanocomposites are very small (av-

erage particle size is about 8 nm) and uniformly

Fig. 1 XRD patterns of GO, NG, pure NiFe2O4 and NiFe2O4-NG
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loaded on the surface of NG. Combining with the

HRTEM image in Fig. 2b (Inset), the good dispersion

of NiFe2O4 nanoparticles on NG surface can be more

clearly observed in the NiFe2O4-NG nanocomposites.

Thus, it can be inferred that NG as a good carbon

based carrier can effectively avoid the agglomeration

of nanoparticles and control the dispersion unifor-

mity of nanoparticles on the surface of NG [7]. Due to

the small particle size of the NiFe2O4-NG nanocom-

posites, the ion/electron transport path can be

shortened, and the cycle stability and rate perfor-

mance can be improved. In addition, almost all

NiFe2O4 nanoparticles are tightly fixed to NG sheets

and do not appear outside the NG sheets in the

process of sample preparation by ultrasonication,

suggesting there is a strong interaction between

NiFe2O4 nanoparticles and NG. This strong interac-

tion is beneficial to effectively suppress the volume

expansion during the charge–discharge process [30].

All these merits may improve the lithium storage

performance of the materials as anode materials for

LIB.

Raman spectroscopy is a powerful technique to

characterise the structure, especially to study the

defects and disorder of carbon materials. As pre-

sented in Fig. 3, all of the materials (except pure

NiFe2O4) have two remarkable peaks of carbon

materials, which are assigned as D and G bands

respectively. The D peak is caused by the lattice

defects, and the G peak is on account of the stretching

of all pairs of sp2 atoms in both rings and chains [48].

For GO, Raman peaks of D-band and G-band are

around 1342 cm-1 and 1591 cm-1, respectively. In

addition, it can be found from Table 1 that the

intensity ratio of the D to G band (ID/IG) for GO is

about 0.97. After reduction, Raman peaks of D-band

corresponding to NG and NiFe2O4-NG appeared

respectively at 1333 cm-1 and 1336 cm-1 (Fig. 3), and

the ratio of ID/IG reached 1.16 and 1.22 accordingly

(Table 1), indicative of a significant increase in

structural and topological defects [48–50], especially

for the NiFe2O4-NG nanocomposite.

XPS technology was applied to study and analyze

the surface element composition and the valence state

Fig. 2 a SEM image, b TEM image and HRTEM image (Inset) of NiFe2O4-NG

Fig. 3 Raman spectra of GO, NG, pure NiFe2O4, NiFe2O4-NG

Table 1 The value of ID/IG of GO, NG and NiFe2O4-NG

Sample GO NG NiFe2O4-NG

ID/IG 0.97 1.16 1.22
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of the as-obtained samples. C 1s core-level XPS

spectra of NiFe2O4-NG in Fig. 4a could be deconvo-

luted into four peaks at 284.8, 285.9, 287.1 and 289 eV,

which are assigned to the C=C, C–N, C–O–C and O–

C=O, respectively [51]. Comparing the C 1s spectra of

GO [52] (our previous work) and reduced GO (RGO)

(Fig. 4a), the presence of C–N bond in the NiFe2O4-

NG nanocomposite demonstrates the successful

doping of N atoms. Simultaneously, the C 1s XPS

peaks of oxygen-containing bonds shift obviously,

indicating that there is a strong interaction between

NiFe2O4 and NG [30], which can provide the rapid

transfer channels for electrons and ions, and thus

improving the charge/discharge performance of

NiFe2O4-NG. Combining with the high-resolution

spectra for N 1s of NiFe2O4-NG nanocomposites, the

N doping can be further confirmed. In Fig. 4b of N

1s XPS spectra for NiFe2O4-NG nanocomposites, the

peaks at 398.8, 400.1 and 401.4 eV are attributed to N

atoms of pyridine type, pyrrole type and graphite

phase, respectively, which further proved that N

atoms were successfully doped into graphene in

NiFe2O4-NG nanocomposites [1]. It is worth noting

that pyridinic N and pyrrolic N are the main chem-

ical states of introduced N atoms, which can be as

active sites for the assembling of metal nanoparticles,

enhancing the electrochemical activity of electrode

materials [53–55]. In addition, the two characteristic

peaks locate at 710.8 eV and 724.5 eV are corre-

sponded to Fe 2p3/2 and Fe 2p1/2 (Fig. 4c), respec-

tively, which can be attributed to the existence of Fe3?

[56–58]. The Ni 2p spectra in Fig. 4d showed two

peaks of 2p3/2 and 2p1/2, located at 854.9 and

872.6 eV, respectively [58], accompanying two satel-

lite peaks.

Figure 5 shows the nitrogen adsorption/desorp-

tion isotherms of NG and NiFe2O4-NG nanocom-

posites. It can be seen that the isotherms of the above

materials are type IV. Based on the fitting analysis of

BET equation, the BET surface areas of NG and

Fig. 4 a C 1s core-level XPS spectra of reduced graphite oxide (RGO) and NiFe2O4-NG; b N 1s; c Fe 2p; d Ni 2p core-level XPS spectra

of NiFe2O4-NG
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NiFe2O4-NG are estimated to be 38.3 m2 g-1 and

167.8 m2 g-1, respectively. The large surface areas of

NiFe2O4-NG may be ascribed to the fact that the NG

lamellar structure can inhibit the agglomeration of

nanoparticles when uniformly loaded with NiFe2O4

nanoparticles. On the other hand, the existence of

nanoparticles inhibits the secondary stacking of NG

nano layer, which greatly improves the specific sur-

face area of the composites. In this way, the high

specific surface area of NiFe2O4-NG can increase the

interface area between electrode and electrolyte,

ensure the full contact between electrode surface and

electrolyte, therefore improving its electrochemical

performance [23, 31, 40].

The electrochemical properties of pure NiFe2O4

and NiFe2O4-NG nanocomposites electrode materials

were investigated by constant current charge/dis-

charge test. In Fig. 6a, for pure NiFe2O4, the voltage

plateau respectively appears at about 0.75 V and

1.7 V during the first charge and discharge, corre-

sponding to the reduction and oxidation reaction on

the electrode during lithium ion insertion and des-

orption [3, 11]. The first discharge capacity and

charging capacity of pure NiFe2O4 are 1449 and 629

mAh g-1, respectively, and the corresponding cou-

lomb efficiency is 43.4% (Fig. 8). The capacity loss of

the first charge/discharge is mainly attributed to the

occurrence of irreversible reaction and the formation

of solid electrolyte membrane (SEI) [59–61]. With the

charge and discharge process, the coulomb efficiency

increases, the voltage plateau becomes shorter, and

the capacity decreases sharply. Furthermore, the

capacity of pure NiFe2O4 is only 80 mAh g-1 after 50

cycles, which is mainly due to the embedding/dis-

embedding of lithium ions. This makes the structure

of pure NiFe2O4 unable to withstand the volume

shrinkage and expansion, resulting in poor cycle

stability. Compared with pure NiFe2O4, the initial

Fig. 5 Nitrogen adsorption/desorption isotherm of a NG, b NiFe2O4-NG

Fig. 6 Charge/discharge curves of a pure NiFe2O4, b NiFe2O4-NG. (Current density is 100 mA g-1)
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discharge and charging capacities of NiFe2O4-NG

(Fig. 6b) electrode are 1888 mAh g-1 and 1242

mAh g-1, respectively, and the coulomb efficiency is

65.8% (Fig. 8), indicating that the introduction of NG

largely inhibits the occurrence of irreversible reac-

tion. Moreover, the capacity of NiFe2O4-NG is 1100

mAh g-1 after 50 cycles. The excellent lithium storage

performance of NiFe2O4-NG nanocomposite materi-

als is mainly due to the following reasons: the addi-

tion of NG can effectively control the growth of

NiFe2O4 nanoparticles, enduing the nanoparticles

with uniform dispersion on the surface of NG

nanosheets, further leading to a larger specific surface

area, alleviating the volume change in the process of

multiple charge and discharge [9]. In addition, the

strong contact and interaction between NiFe2O4

nanoparticles and NG nanosheets, the excellent

charge transport and structural stability of NiFe2O4-

NG nanocomposites are also important factors to

improve the electrochemical performance [7].

Figure 7 shows the cyclic voltammetry curves of

pure NiFe2O4 and NiFe2O4-NG nanocomposites

electrode materials at a current density of

100 mA g-1 and a voltage range of 0.01–3 V. For pure

NiFe2O4 electrode (Fig. 7a), there is an obvious

cathodic reduction peak at 0.41 V, corresponding to

the reduction of Ni2? and Fe3? to Ni and Fe, and the

intercalation of lithium ions. The anodic oxidation

peak appeared at 1.87 V, mainly due to the oxidation

process of Ni0 to Ni2? and Fe0 to Fe21. Compared

with the first cycle, the redox peak intensity of the

second cycle decreased and shifted, causing by the

formation of SEI film and the occurrence of irre-

versible reaction during the first cycle [11, 13, 14],

which was consistent with the above results of charge

discharge curve. In addition, the reduction peak

cracks into two peaks because the structure of

NiFe2O4 is destroyed during the charging and dis-

charging process. With the addition of NG (Fig. 7b),

the reduction peak still appears at about 0.4 V, cor-

responding to the reduction of Ni2? and Fe3?.

Accordingly, the oxidation peak of metal appears at

1.87 V. Moreover, with the increase of the number of

cycles, the reduction peak and oxidation peak shift to

0.67 V and 1.94 V, respectively. Furthermore, com-

pared with Fig. 7a and b, it is obvious that the CV

curves of NiFe2O4-NG nearly overlap in the second

and third cycles, which suggests that the addition of

NG can effectively improve the cycle stability.

In order to better reflect the change of lithium

storage capacity of electrode materials in the process

of multiple charge and discharge, cycle performance

of pure NiFe2O4 and NiFe2O4-NG electrode is studied

and shown in Fig. 8. It can be seen that the specific

capacity of pure NiFe2O4 electrode decreases sharply

with the increase of cycle number. The cycle perfor-

mance of NiFe2O4-NG electrode is significantly

improved after compounding with NG. Furthermore,

the specific capacity of NiFe2O4-NG electrode is still

1100 mAh g-1 after 50 cycles, and the capacity

retention rate is more than 90%. This is mainly due to

the addition of NG, which ensures the stability of

nanoparticle structure in the process of charge and

discharge. At the same time, the strong contact and

interaction between NiFe2O4 nanoparticles and NG

nanosheets, the excellent charge transport and

structural stability of NiFe2O4-NG nanocomposites,

Fig. 7 Cyclic voltammograms of a pure NiFe2O4, b NiFe2O4-NG

at a sweep rate of 1 mV s-1
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better synergistically contribute the excellent elec-

trochemical performance of electrode materials.

The electrochemical properties of pure NiFe2O4

and NiFe2O4-NG nanocomposite electrode materials

were further studied by rate performance test at a

voltage range of 0.01–3 V and the results are dis-

played in Fig. 9a. When the current density are 0.1 A

g-1, 0.2 A g-1, 0.3 A g-1 and 0.5 A g-1, the reversible

cycle capacities of NiFe2O4-NG are 1100, 1000, 900,

650 mAh g-1, respectively. Even the current density

reaches 1.0 A g-1, the reversible cycle capacity of

NiFe2O4-NG can still reach 350 mAh g-1. Further-

more, when the current density returns to 0.1 A g-1,

the reversible capacity can still be up to 1000

mAh g-1, showing excellent high current charge

discharge performance, which can be attributed to

the formation of smaller NiFe2O4 nanoparticles and

the high conductivity of NG sheets. The electro-

chemical impedance spectra (EIS) of pure NiFe2O4,

NiFe2O4-NG nanocomposites were measured. It can

be seen from Fig. 9b that the EIS curves of both pure

NiFe2O4 and NiFe2O4-NG nanocomposites electrodes

are composed of semicircles in high frequency region

and oblique lines in low frequency region. The

semicircle represents the charge transfer reaction

between the electrode and the electrolyte interface,

and the oblique line reflects the lithium ion diffusion

process [62, 63]. The diameter of half arc in high

frequency region of NiFe2O4-NG electrode is much

smaller than that of pure NiFe2O4 electrode, which

indicates that NiFe2O4-NG electrode has low inter-

face contact, mass transfer resistance and good elec-

tron transmission capability [30]. In order to better

observe the electrochemical performance, the diffu-

sion coefficient (D) of lithium ion is analyzed in the

low frequency region according to the following

equation [64, 65]:

D ¼ R2T2

2C2A2F4n4r2
ð1Þ

ZW ¼ RD þ RL þ rx�1=2 ð2Þ

where R is the gas constant, T is the absolute tem-

perature, C is the initial concentration in mol cm-3, F

is the Faraday constant, n is the number of electrons

per molecule during oxidization, and r is the War-

burg factor which is relative to ZW [seen in Eq. (2)].

Concurrently, the relationship between the ZW and

the square root of frequency x�1=2
� �

in the low fre-

quency region is shown in Fig. 9c. Due to the low

content of NG, the C value of the pure NiFe2O4 and

NiFe2O4-NG electrodes are approximately equal. So,

the ratio (K) of DNiFe2O4�NG to DNiFe2O4
can be calcu-

lated by the following Eq. (3):

K ¼ DNiFe2O4�NG

DNiFe2O4

�
r2NiFe2O4

r2NiFe2O4�NG

ð3Þ

Combining the Nyquist diagram in the low fre-

quency region (Fig. 9b) and Eq. (2), the slope of the

line in Fig. 9c is the value of r. Therefore, the value of

Fig. 8 Cycling performance

of a pure NiFe2O4,

b NiFe2O4-NG. (Current

density is 100 mA g-1)
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r of the pure NiFe2O4 and NiFe2O4-NG electrodes are

1994.9 and 281.5, respectively. Thus, it can be calcu-

lated that the K value is 50.2 by Eq. (3). The above

results better illustrate that NiFe2O4-NG electrode

possesses superior lithium-ion intercalation/de-in-

tercalation kinetics, resulting in a significant amelio-

ration in rate capability.

Based on the above experimental data and results,

the superior lithium storage performance of NiFe2O4-

NG electrode mainly come from the following

aspects. Firstly, a large number of uniformly dis-

persed and small NiFe2O4 nanoparticles on the sur-

face of NG can shorten the ion/electron transmission

path, which are beneficial for the improvement of

cycle stability and rate performance. Secondly, the

large surface areas and the strong interaction

between NiFe2O4 nanoparticles and NG nanosheets

in NiFe2O4-NG electrode can not only increase the

interface area between electrode and electrolyte, but

also alleviate the volume change in the process of

multiple charge and discharge, which is conducive to

the full contact between electrode surface and elec-

trolyte and the enhancement of the stability of

nanoparticle structure in the process of charge and

discharge, resulting in an enhanced cycling stability.

Finally, the high diffusion coefficient of lithium ion in

NiFe2O4-NG electrode implies that it has superior

lithium-ion intercalation/de-intercalation kinetics,

consequently resulting in an enhanced rate

capability.

4 Conclusions

In summary, NiFe2O4-NG nanocomposites were

successfully obtained using NG sheets as a support

material by a simple hydrothermal reaction. In the

whole reaction process, the NiFe2O4 nanoparticles

Fig. 9 a Rate performance at various current density; b Electrochemical impedance spectroscopy (EIS); c the relationship between Z0 and

x�1=2 in the low-frequency region of pure NiFe2O4 and NiFe2O4-NG

J Mater Sci: Mater Electron (2021) 32:26917–26928 26925



with the mean size of 8 nm were uniformly loaded on

the surface of NG sheets. As anode materials for LIB,

the initial discharge and charging capacities of

NiFe2O4-NG electrode are 1888 and 1242 mAh g-1,

respectively, and the coulomb efficiency is 65.8%.

Moreover, the capacity of NiFe2O4-NG is 1100 mAh

g-1 after 50 cycles. Compared with pure NiFe2O4, the

NiFe2O4-NG nanocomposites delivered superior

electrochemical performance because of the structure

formation of smaller NiFe2O4 nanoparticles loaded

on the high conductivity of NG sheets. The high

specific surface area of NiFe2O4-NG can increase the

interface area between electrode and electrolyte,

ensure the full contact between electrode surface and

electrolyte. The strong interaction between NG and

nanoparticles is beneficial to effectively suppress the

volume expansion and the rapid ion/electron trans-

port during the charge–discharge process.
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