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A straightforward strategy is designed for the fabrication of a magnetically separable NiFe2O4-graphene photocatalyst with
different graphene content. It is very interesting that the combination of NiFe2O4 nanoparticles with graphene sheets results
in a dramatic conversion of the inert NiFe2O4 into a highly active catalyst for the degradation of methylene blue (MB)
under visible light irradiation. The significant enhancement in photoactivity under visible light irradiation can be ascribed
to the reduction of GO, because the photogenerated electrons of NiFe2O4 can transfer easily from the conduction band to
the reduced GO, effectively preventing a direct recombination of electrons and holes. The results of the kinetic study
indicated that the rate-determining stage is the adsorption process of MB molecules. NiFe2O4 nanoparticles themselves
have a strong magnetic property, which can be used for magnetic separation in a suspension system, and, therefore, the
introduction of additional magnetic supports is no longer necessary. VVC 2011 American Institute of Chemical Engineers
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Introduction

In recent years, photocatalytic technology, especially TiO2

photocatalysis, has been extensively used for the treatment
of polluted water. However, the effective photoexcitation of
TiO2 photocatalysts requires the application of light with
energy higher than its band-gap energy of 3.2 eV, implying
the photodegradation only occurs under UV irradiation.
Since the UV region occupies only near 4% of the entire
solar spectrum, while 45% of the energy belongs to visible
light, most solar energy cannot be used. Therefore, developing
efficient visible-light-driven photocatalysts for environmental
remediation has become an active area in photocatalysis
research, including dye sensitization, external surface modifica-
tions and band gap tailoring.1–7

Since its discovery in 2004, graphene has attracted extraor-
dinary interest for fundamental studies, as well as for potential
applications.8–11 As a new carbon material, graphene
possesses single-atom thickness, a two-dimensional (2-D)

conjugated structure, and exceptional physical and chemical
properties.12–16 It has been receiving recent attention as a
support for catalysts. Some recent efforts have been made to
fabricate graphene-metal oxide photocatalysts, such as TiO2-
graphene and ZnO-graphene, for photodegration of organic
molecules under UV irradiation.12,17–22

Photodegradation reactions are usually carried out in het-
erogeneous systems. Recovery and reuse of photocatalysts
after degradation are of great importance for sustainable
process management. The introduction of magnetic nanopar-
ticles in a variety of solid matrices allows the combination
of well-known procedures for catalyst heterogenization with
techniques for magnetic separation.23

Nickel ferrite (NiFe2O4) with an inverse spinel structure
shows ferrimagnetism that originates from a magnetic moment
of antiparrallel spins between Fe3þ ions at tetrahedral sites and
Ni2þ ions at octahedral sites.24 This ferrite is one of the most
important magnetic materials having high-electrical resistiv-
ity, high-Curie temperature and environmental stability. Mag-
netic nanoparticles of nickel ferrite have been used to fabricate
titania-coated nickel ferrite, which is a magnetically separable
photocatalyst.25 Although NiFe2O4 has a band gap of
2.19 eV,26 to the best of our knowledge, little research has
been conducted on its photocatalytic activity under visible
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light irradiation. Indeed, as will be seen later, pure nickel
ferrite is a photocatalytically inert compound. Even though, if
NiFe2O4 nanoparticles are coupled with another semiconduc-
tor (e.g., graphene sheets), it is possible to improve the
efficiency of photoinduced charge separation, leading to high-
photocatalytic performance.

In a recent report, we have addressed the fabrication of a
ZnFe2O4-graphene photocatalyst and its high performance in
the photocatalytic degradation of MB in the presence of
hydrogen peroxide under visible light irradiation.27 It is well-
known that hydrogen peroxide is manufactured by a process
that consumes energy, and/or other chemical resources. There-
fore, it is of great interest to design magnetically separable
graphene-based photocatalysts having high-catalytic activity
in the absence of hydrogen peroxide.

Herein, a straightforward strategy is designed to deposit
NiFe2O4 nanocrystals on graphene sheets via a one-step
hydrothermal method. Interestingly, in the presence of
graphene the inert nanocrystals of NiFe2O4 have been dramati-
cally converted into a highly active catalyst for the degrada-
tion of methylene blue (MB) under visible light irradiation in
the absence of hydrogen peroxide. In addition, NiFe2O4 nano-
particles themselves have a magnetic property, which makes
the NiFe2O4-graphene composite magnetically separable in a
suspension system, and, therefore, it does not require addi-
tional magnetic components as is the usual case.

Experimental

Synthesis of magnetic NiFe2O4-graphene composite
photocatalyst

Graphene oxide (GO) was synthesized from purified natural
graphite bought from Qingdao Zhongtian, Co., with a mean
particle size of 44 lm according to the method reported by
Hummers and Offeman.28 NiFe2O4-graphene nanocomposite
photocatalysts with different graphene content (0.5, 1, 3, 5, 10,
15, 20, 25, 30, 40 wt %) were synthesized. A typical experi-
ment for the synthesis of NiFe2O4-graphene nanocomposite
with 25% graphene content is as follows: 80 mg of GO was
dispersed into 60 mL of absolute ethanol with sonication for
1 h. Then 0.291 g of Ni(NO3)2�6H2O and 0.8080 g of
Fe(NO3)3�9H2O were added to 20 mL of absolute ethanol with
stirring for 30 min at room temperature. The aforementioned
two systems were then mixed together, and stirred for 30 min.
Then the mixture was adjusted to a pH of 10.0 with 6M NaOH
solution, and stirred for 30 min, yielding a stable bottle-green
homogeneous emulsion. The resulting mixture was transferred
into a 100 mL Teflon-lined stainless steel autoclave and heated
to 180�C for 20 h under autogenous pressure. The reaction
mixture was allowed to cool to room temperature and the pre-
cipitate was filtered, washed with distilled water five times,
and dried in a vacuum oven at 60�C for 12 h. The product was
labeled as NiFe2O4-G(0.25). For comparison, same method
was used to synthesize pure NiFe2O4 without GO.

Characterization

Fourier transform infrared (FTIR) spectra were recorded
on a Bruker VECTOR 22 spectrometer using the KBr pellet
technique. X-ray photoelectron spectra (XPS) were carried
out on a RBD upgraded PHI-5000C ESCA system
(PerkinElmer) with Mg Ka radiation (hm ¼ 1253.6 eV).
Raman spectra were acquired on a Renishaw inVia Reflex
Raman Microprobe. Powder X-ray diffraction (XRD) analy-
ses were performed on a Bruker D8 advanced diffractometer

with Cu Ka radiation and the scanning angle ranged from 5
to 70� of 2y. Transmission electron microscopy (TEM)
images were taken with a JEOL JEM2100 microscope.
Photoluminescence spectra were recorded on a Jobin Yvon
SPEX Fluorolog-3-P spectroscope, and a 450 W Xe lamp
was used as the excitation source.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed with a CHI660B workstation. The
test electrodes were prepared according to the Ref. 29. EIS
measurements were carried out in 1 M H2SO4 by using a
three-electrode system, with a platinum foil electrode as the
counterelectrode and a saturated calomel electrode (SCE) as
the reference electrode. EIS measurements were recorded
with an AC voltage amplitude of 5 mV, with a frequency
range of 1 MHz to 5 mHz at 0.5 V.

Photocatalytic activity measurement

The photocatalytic activity of the prepared samples was
determined by the degradation of MB under visible light
irradiation. Photoirradiation was carried out using a 500 W
xenon lamp through UV cutoff filters (JB450) to completely
remove any radiation below 420 nm and to ensure illumina-
tion by visible-light only. Experiments were conducted at
25�C as follows: 0.025 g of photocatalyst was added to
100 mL of a 20 mg/L dye aqueous solution. Before starting
the illumination, the reaction mixture was stirred for 60 min
in the dark in order to reach the adsorption-desorption equi-
librium between the dye and the catalyst. At a given time
interval of irradiation, 5 mL aliquots were withdrawn, and
then magnetically separated to remove essentially all the
catalyst. The concentrations of the remnant dye were spec-
trophotometrically monitored by measuring the absorbance
of solutions at 664 nm during the photodegradation process.
After photocatalytic reactions on the NiFe2O4-G(0.25)
system, the aqueous solution was analyzed using ion chro-
matography system (Dionex ICS-90).

Photocurrent was measured on a CHI 660B electrochemical
workstation in a standard three-electrode system using the pre-
pared samples as the working electrodes with an active area of
about 0.5 cm2. Platinum foil and a saturated calomel electrode
(SCE) were used as the counter and reference electrodes,
respectively. A 500 W xenon lamp with a 420 nm cutoff filter
(the average light intensity was 31.2 mWcm�2) was used as
the source of visible light irradiation.

Results and Discussion

Structure and morphology of NiFe2O4-graphene
nanocomposite photocatalyst

The XRD diffraction patterns of the as-prepared NiFe2O4-
graphene nanocomposites, pure NiFe2O4, reduced graphene
oxide and GO are shown in Figure 1A. It can be seen that
almost all the diffraction peaks of NiFe2O4-graphene may be
assigned to spinel-type NiFe2O4 (JCPDS 54-0964). The
peaks at the 2y values of 18.3, 30.1, 35.3, 43.0, 53.5, 56.3,
and 62.4� can be indexed to (111), (220), (311), (400),
(422), (511) and (440) crystal planes of spinel NiFe2O4,
respectively. However, no typical diffraction peak of graph-
ite (002) or GO (001) is observable in the XRD pattern for
NiFe2O4-graphene. This may be ascribed to the fact that dur-
ing the hydrothermal reaction, crystal growth of NiFe2O4

between the interlayer of GO destroyed the regular layer
stacking, leading to the exfoliation of GO and the disappear-
ance of the (001) diffraction peak. On the other hand,
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graphene oxide sheets can be reduced under the hydrother-
mal conditions in the presence of alcohols, and the exfoli-
ated reduced GO sheets show no peak of (002). As shown in
Figure 1S (see online in Supplementary materials), the inten-
sity of diffraction peaks for the composites varies inversely
with the graphene content.

The morphology of as-obtained NiFe2O4-graphene nano-
composite was investigated by TEM. As can be seen from
Figure 1B, the almost transparent graphene sheets are fully
exfoliated and decorated with NiFe2O4 nanocrystals having
an average diameter of 6.05 nm and a narrow particle-size
distribution (Figure 1C). Figure 1D gives the nitrogen
adsorption-desorption isotherms (inset), and pore-size distri-
bution plots for the NiFe2O4-G(0.25). The isotherm shows a
typical IUPAC type IV pattern, implying the existence of
mesopores. The measurements indicate that the sample has a
Brunauer-Emmett-Teller (BET, nitrogen, 77 K) surface area
of 135.37 m2�g�1. The BJH desorption average pore diame-
ter is 3.73 nm with very narrow pore-size distribution, and
pore volume is 0.1218 m2�g�1.

It is known that graphene can be obtained by removal of
the oxygen from graphene oxide sheets via hydrothermal
reaction in the presence of reducing agents.17,19 The XPS
results showed a decrease in oxygen content in NiFe2O4-
G(0.25) compared with GO (see Table 1S in Supplementary
materials). As shown in Figure 2A and 2B, the intensity of
some oxygen-containing groups on carbon sheets in the
as-prepared composite was obviously reduced, indicating the
deoxygenation of graphene oxide. Especially, the epoxy
groups were considerably reduced on the carbon sheets in
the composite compared with the starting graphite oxide.
This indicates that GO has been reduced to graphene with a
small amount of residual oxygen-containing groups via
hydrothermal reaction. Figure 2S (see Supplementary materi-
als) displays the typical Ni 2p and Fe 2p XPS spectra of
NiFe2O4-G(0.25), which is in agreement with published

work on NiFe2O4 particles.30 The reduction of GO in
NiFe2O4-graphene was also examined by FTIR spectroscopy
(Figure 2C). It can be clearly seen that almost all the charac-
teristic peaks of oxygen-containing groups (C¼¼O, OAH,
CAOH and CAOAC) disappeared for NiFe2O4-G(0.25),
suggesting that GO in the composite has been reduced to
graphene. The adsorption of NiFe2O4-G(0.25) around
1,570 cm�1 may be assigned to the stretching vibrations of
the unoxidized carbon backbone.31–33 The two strong absorp-
tion peaks at lower frequencies (ca. 550 and 415 cm�1) can
be assigned to the stretching vibrations of the NiAO bonds
in tetrahedral positions and the FeAO bonds in octahedral
positions, respectively.30,34,35

Raman spectroscopy is one of the most sensitive and inform-
ative techniques to characterize disorder in sp2 carbon materials.
As shown in Figure 2D, for NiFe2O4-G(0.25), Raman peaks of
G- and D-bands shift to lower frequency in comparison with
that of GO: the G-band shifted from 1602 to 1599 cm�1,
whereas the D-band shifted from 1,360 to 1,330 cm�1, indicat-
ing that GO has been reduced to graphene. Besides, the two-
dimensional (2-D) band at 2,694 cm�1 is also seen, which is
further indicative of the reduction of GO and the formation of
graphene structure. The peak position of the 2-D band is similar
to that of a monolayer graphene,36–39 and this result can be con-
firmed by atomic force microscopy (AFM) image of NiFe2O4-
G(0.25) in Figure 3S (see Supplementary materials). The two
Raman spectra of NiFe2O4-G(0.25) and pure NiFe2O4 show
similar features in the range of 100–1000 cm�1, and this is in
agreement with published work on NiFe2O4 particles.40,41 Figure
4S (see Supplementary materials) shows the Raman spectra of
the NiFe2O4-graphene nanocomposites with different graphene
content. It is obvious that the intensity ratio of the D- to G-band
(ID-band/IG-band) decreases with increasing graphene content in
the NiFe2O4-graphene nanocomposites, indicative of the
increase of degree of graphitization and the existence of gra-
phene in the NiFe2O4-graphene nanocomposites.

Figure 1. (A) XRD patterns of (a) NiFe2O4-G(0.25), (b) pure NiFe2O4, (c) reduced graphene oxide, and (d) graphite
oxide (GO) in the range of 5–70�; (B) Typical TEM image of NiFe2O4-G(0.25); (C) The particle size distribu-
tion for NiFe2O4; (D) N2-sorption isotherms (inset) and corresponding pore-size distribution curves for
NiFe2O4-G(0.25).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Optical absorption properties of photocatalysts are very im-
portant in the photocatalysis process. Figure 5S (Supplemen-
tary materials) displays the UV–vis diffuse reflectance spectra
of pure NiFe2O4 and NiFe2O4-graphene photocatalyst with
different graphene content. For the NiFe2O4-G(0.005) and
NiFe2O4-G(0.01), there is an obvious redshift at the absorption
edge compared to pure NiFe2O4, implying a narrowing in the
band gap of NiFe2O4 due to the presence of graphene. When
the content of graphene in the nanocomposite photocatalyst is
above 3%, the absorption of the NiFe2O4-graphene system is
so strong that the absorption edge cannot be observed.

Photocatalytic properties and reaction kinetics

The photocatalytic activities of the as-obtained NiFe2O4-
graphene nanocomposite photocatalysts with different
graphene content were evaluated by the degradation of
methylene blue (MB) under visible-light irradiation at 25�C.
Figure 3A shows the changes in the absorbance profiles of
MB solution in the presence of NiFe2O4-G(0.25) photocata-
lyst under visible-light irradiation at 25�C. The adsorption-

desorption equilibrium solution of MB and NiFe2O4-G(0.25)
was used as starting solution (the spectrum is shown in Fig-
ure 3A), t ¼ 0 min). It can be clearly seen that almost all
the MB molecules in the solution were decomposed after
180 min. As indicated in the introduction section NiFe2O4,
as a soft magnetic material, possesses remarkable magnetic
properties, which gives it good performance in magnetic sep-
aration for the NiFe2O4-graphene photocatalysts using an
external magnet (see the inset of Figure 3A and online in
Supplementary materials (video)).

Figure 3B shows time profiles of C/C0 using different
photocatalysts under visible light irradiation at 25�C, where
C is the concentration of MB at the irradiation time t and C0

is the concentration of the adsorption-desorption equilibrium
solution of MB and NiFe2O4-G(0.25) before irradiation (t ¼
0 min). It is very interesting that NiFe2O4, GO or reduced
GO alone is a photocatalytically inert compound photocata-
lytic activity under visible light irradiation (Figure 3B (a)
and Figure 6S (see Supplimentary materials)), while the
combonation of NiFe2O4 nanoparticles with reduced

Figure 2. (A) C1 s XPS spectra of GO; (B) C1 s XPS spectra of NiFe2O4-G(0.25); (C) FTIR spectra, and (D) raman
spectra of GO, NiFe2O4AG(0.25) and pure NiFe2O4.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. (A) Absorption spectra of the MB solution taken at different photocatalytic degradation times using
NiFe2O4-G(0.25).

The inset reveals the magnetic separation property of NiFe2O4-graphene nanocomposite; (B) Effect of different catalysts on photo-

catalytic degradation of MB: (a) pure NiFe2O4, (b) NiFe2O4-G(0.05), (c) NiFe2O4-G(0.10), (d) NiFe2O4-G(0.15), (e) NiFe2O4-

G(0.20), (f) NiFe2O4-G(0.40), (g)NiFe2O4-G(0.30), and (h) NiFe2O4-G(0.25). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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graphene results in a dramatic conversion (Figure 3B (f-h)).
With increasing graphene content in NiFe2O4-graphene
photocatalyst, faster MB degradation was observed, and 25%
(w/w) graphene in NiFe2O4-graphene gave the best perform-
ance in photocatalytic activity (Figure 3B (h)).

It is well recognized that the photocatalytic degradation of
MB follows a pseudo-first-order kinetics behavior. The rate
constant (k) can be calculated for the photocatalytic degrada-
tion of MB under visible-light irradiation at 25�C according
to Eq. 1

k ¼ 1

t
ln

c

c0

(1)

where C0 and C are the concentration of MB when reaction
time is 0 and t, respectively.

Figure 4A shows the values for the pseudo-first-order rate
constant (k) for the photodecomposition of MB by NiFe2O4-
graphene photocatalysts with different graphene content.
Among these catalysts, NiFe2O4-G(0.25) showed the best
photocatalytic activity (k ¼ 0.02421 min�1). In contrast,
NiFe2O4-graphene with lower graphene content (\20%)
gave poorer activity, and pure NiFe2O4 showed no photoca-
talytic activity at all.

The influence of temperature on the rate constant (k) was
also monitored and the results are shown in Figure 4B. It
can be seen that the rate constant (k) first increased and then
decreased with rising temperatures. It reached a maximum
value at 0.02421 min�1 at 25�C. It is known that the prelim-
inary adsorption of MB on the CoFe2O4-graphene photocata-
lyst surface is a prerequisite for highly efficient photooxida-
tion.42,43 Figure 4C displays the remaining solution of MB
after reaching the adsorption-desorption equilibrium in the
dark with the pure NiFe2O4 and with NiFe2O4-G(0.25). It can
be clearly seen that a large amount of dye molecules (ca. 65%)
was adsorbed on the surface of NiFe2O4-G(0.25). The

enhanced adsorptivity should be largely assigned to larger
surface area of NiFe2O4-G(0.25), which can offer more active
adsorption sites and photocatalytic reaction centers, and the
p-p stacking and/or electrostatic attraction between MB and
p-conjugation regions of the graphene sheets.17

The photocatalytic activity of the recycled NiFe2O4-G(0.25)
catalyst was also investigated, and the results are shown in
Figure 4D. There was no noticeable change in the photocata-
lytic activity of the recycled catalyst after three cycles under
visible light irradiation, indicating that the magnetically sepa-
rable photocatalyst NiFe2O4-G(0.25) is stable and effective for
the degradation of organic pollutants in water.

Mechanism of photocatalytic activity enhancement

As indicated earlier, NiFe2O4-G(0.25) gave the best photo-
catalytic activity for MB degradation. The significant
enhancement in photoactivity under visible light irradiation
can be ascribed to the remarkable synergistic effect between
NiFe2O4 and the graphene sheets, leading to the efficient
separation of photogenerated carriers in the NiFe2O4 and
graphene coupling system. A possible mechanism of photo-
catalytic activity enhancement is proposed as follows

NiFe2O4 þ hv ! NiFe2O4ðh þ eÞ (1)

NiFe2O4ðeÞ þ graphene ! NiFe2O4 þ grapheneðeÞ (2)

grapheneðeÞ þ O2 ! O��
2 þ graphene (3)

NiFe2O4ðhÞ þ OH� ! NiFe2O4 þ �OH (4)

NiFe2O4ðhÞ þ �OH þ O��
2 þ MB ! CO2 þ H2O þ SO2�

4

þ NO�
3 þ Cl� þ NHþ

4 ð5Þ

Upon visible-light excitation, the electron-hole pairs are
generated on the NiFe2O4 surface (Reaction 1), followed by

Figure 4. The rate constant for the photodecomposition of MB (A) on NiFe2O4-graphene photocatalysts with differ-
ent graphene content, (B) on NiFe2O4-G(0.25) photocatalysts at different temperatures, (C) bar plot show-
ing the remaining MB in solution after reaching the adsorption-desorption equilibrium in the dark for 60
min with stirring, and (D) the photodegradation rate of MB in solution for 3 cycles using NiFe2O4-G(0.25)
photocatalyst.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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instant transfer of photogenerated electrons onto graphene
sheets via a percolation mechanism (Reaction 2), and
then the negatively charged graphene sheets can activate the
dissolved oxygen to produce superoxide anion radical
(Reaction 3), while the holes can react with the adsorbed
water to form hydroxyl radical (Reaction 4). Finally, the
active species (holes, superoxide anion radical and hydroxyl
radical) oxidize the MB molecules adsorbed on the active
sites of the NiFe2O4-graphene system through the p-p stack-
ing and/or electrostatic attraction (Reaction 5).

To analyze the synergistic effect between NiFe2O4 and gra-
phene, the measurements of the PL spectra were performed to
disclose the migration, transfer, and recombination processes
of the photogenerated electron-hole pairs. Figure 5A displays
PL emission spectra of pure NiFe2O4 and NiFe2O4-G(0.25)
photocatalyst monitored at an excitation wavelength of 270
nm. It can be seen that the emission of pure NiFe2O4 is cen-
tered at 360 nm, which is attributed to the recombination of
holes and electrons in the valence band and conduction band.
The NiFe2O4-G(0.25) heteroarchitecture exhibited a much
lower emission intensity than pure NiFe2O4, implying that the
recombination of photogenerated electrons and holes is inhib-
ited greatly in the NiFe2O4-G(0.25) system. Because of their
efficient electron-transport property, graphene sheets can sig-
nificantly quench the fluorescence of NiFe2O4 anchored on
them. The photogenerated electrons of excited NiFe2O4 were
transferred instantly from the conduction band of NiFe2O4 to
graphene via a percolation mechanism, resulting in an
improved and efficient charge separation and offering much
enhanced photocatalytic activity.5,44

The synergistic effect between NiFe2O4 and graphene can
be further examined by the electrochemical impedance
technique which is a reliable way to characterize electrical

conductivity. As shown in Figure 5B, the impedance plot of
NiFe2O4-G(0.25) involves an extremely small radius, much
smaller than those of GO and pure NiFe2O4 electrodes. A large
decrease in charge-transfer resistance of NiFe2O4-G(0.25) is
definitely due to the reduction of GO in the hydrothermal reac-
tion process. To a great extent, the significant enhancement of
photocatalytic activity is ascribed to the reduction of GO since
the photogenerated electrons of NiFe2O4 can transfer easily
from the conduction band to the reduced GO which has supe-
rior electrical conductivity (the inset of Figure 5B), effectively
preventing a direct recombination of electrons and holes.

To give further evidence to investigate the synergistic
effect between nanoparticles and graphene sheets, the tran-
sient photocurrent responses of pure NiFe2O4, ZnFe2O4-
G(0.2) and NiFe2O4-G(0.25) electrodes were recorded via
several on-off cycles of irradiation. Figure 5C shows the
photocurrent transient responses under visible light and dark
for these samples where the photocurrent was measured at
0.0 V vs. SCE in 0.5 M Na2SO4 aqueous solution. The pho-
tocurrent of the NiFe2O4-G(0.25) electrode (0.2 lA) was
about 13 times as high as that of the NiFe2O4 electrode
(0.015 lA), indicating that the separation efficiency of pho-
toinduced electrons and holes was much improved as a result
of the electronic interaction between NiFe2O4 nanoparticles
and graphene sheets. It can also be noted that the ZnFe2O4-
G(0.2) electrode only gave a photocurrent response of 0.05
lA, much smaller than that of NiFe2O4-G(0.25), and this
may explain why ZnFe2O4-G(0.2) can show a high-photoca-
talytic activity only in the presence of hydrogen peroxide.27

To understand the photocatalytic mechanism, the main
active oxidant in the photocatalytic reaction process should
be identified. It is well-known that the oxidants generated in
the photocatalytic process can be measured through trapping

Figure 5. (A) The room-temperature photoluminescence (PL) spectra of pure NiFe2O4 and NiFe2O4-G(0.25) (kex 5 270
nm), (B) The electrochemical impedance spectra (EIS) of NiFe2O4-G(0.25), pure NiFe2O4, GO and reduced GO.

The spectrum in the inset is enlarged to show the impedance of NiFe2O4-G(0.25) and reduced GO, (C) photocurrent transient

responses of pure NiFe2O4, ZnFe2O4-G(0.2) and NiFe2O4-G(0.25) electrodes under visible-light irradiation, [Na2SO4] ¼ 0.5M, and

(D) ion chromatography analysis of (a) the solution after the photocatalytic reactions on the NiFe2O4AG(0.25) system, (b) sodium

chloride standard solution, (c) sodium nitrate standard solutionand, and (d) sodium sulfate standard solution (eluent: 20 mM

KOH; flow Rate: 1.0 mL/min; applied current: 75 Ma; injection volume: 10 lL; detection: duppressed conductivity). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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by tert-butyl alcohol (t-BuOH) and disodium ethylenedia-
mine tetraacetate (EDTA-2Na).22 It can be clearly seen from
Figure 7S (Supplementary materials) that the addition of
t-BuOH greatly reduces the photodegradation rate of MB in
the NiFe2O4-G(0.25) suspension. In contrast, the addition of
EDTA-Na has little effect on the photodegradation rate of
MB. This implies that most of the holes react with the
adsorbed water to produce OH radicals, and only a few of
them can directly oxidize MB molecules. Therefore, we can
conclude that OH radicals play the role of the main oxidant
in the NiFe2O4-G(0.25) system and the radicals’ oxidation
reaction is obviously dominant.

It can be seen that there are three observable peaks to SO4
2�,

NO3
�, and Cl� ions in the chromatogram (Figure 5D). The

stong peak of SO4
2� indicated the sulfur atoms were com-

pletely oxidized to SO4
2� ions, and the relatively weak signal

of NO3
� indicated that only a part of nitrogen atoms were

oxidized to NO3
�, implying NH4

þ was the main product of
nitrogen transformation for the photodegradation.45

Conclusions

In conclusion, a magnetically separable NiFe2O4-graphene
photocatalyst with different graphene content has been suc-
cessfully prepared via a one-step hydrothermal method.
TEM observations indicate that graphene sheets are fully
exfoliated and decorated with NiFe2O4 nanocrystals having
an average diameter of 6.05 nm and a narrow particle-size
distribution. The photocatalytic activity measurements dem-
onstrate that the combination of NiFe2O4 nanoparticles with
graphene sheets results in a dramatic conversion of the inert
NiFe2O4 into a highly active catalyst for the degradation of
methylene blue (MB) under visible light irradiation. The sig-
nificant enhancement in photoactivity can be ascribed to the
reduction of GO, as the excellent conductivity of the reduced
GO sheets is favorable for the efficient separation of photo-
generated carriers in the NiFe2O4 and graphene coupling
system. It was found that the hydroxyl radical oxidation
reaction was obviously dominant in the photodegradation
process. Finally, it should be pointed out that there are very
large and useful changes in photocatalytic activity after cou-
pling nickel ferrite with graphene sheets, however, much
more remains to be done, especially when considering the
practical application of these graphene supported magneitc
semiconductors in visible-light-sensitive photocatalysts for
organic pollution degradation and water splitting.
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