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gnetically separable NiFe2O4/BiOI
nanocomposites with enhanced photocatalytic
performance under visible-light irradiation

Yongmei Xia,a Zuming He, *b Jiangbin Su,c Bin Tang,c Kejun Hu,a Yaling Lu,a

Shunping Suna and Xiaoping Lia

A series of novel flower-like NiFe2O4/BiOI (NFO/BOI) nanocomposites have been synthesized via a facile

solvothermal method. The structure, morphology and magnetic, optical and visible-light photocatalytic

properties of the as-prepared nanocomposite were respectively characterized by X-ray diffraction, field-

emission scanning electron microscopy, energy dispersive X-ray spectroscopy, transmission electron

microscopy, X-ray photoelectron spectroscopy, photoluminescence spectroscopy, vibrating sample

magnetometry and UV-visible diffuse reflectance spectroscopy. Experimental results revealed that the

weight percent of NiFe2O4 has a considerable effect on the photodegradation of rhodamine B,

methylene blue and crystal violet under visible-light irradiation. Compared with pure NiFe2O4 and BiOI,

all the heterogeneous NFO/BOI nanocomposites exhibited significantly enhanced photocatalytic

efficiency. Among these prepared samples, the NiFe2O4/BiOI nanocomposite with 15% wt NiFe2O4

displayed the best photocatalytic activity. The enhanced photocatalytic performance was mainly ascribed

to the efficient separation of photo-induced electron–hole pairs and the formation of highly active

species, superoxide radicals (cO2c
�), in the NFO/BOI photocatalytic oxidation system. Furthermore, the

NFO/BOI nanocomposites could be easily separated and recycled from contaminant solution using

a magnet, which exhibited great potential application in the treatment of various pollutants in

wastewater by utilizing solar energy effectively.
1. Introduction

With the development of the world economy and the accelera-
tion of social activities, human consumption of energy has been
increasing. More and more harmful dye pollutants have been
released into the environment. The energy and environmental
problems are increasingly prominent, which have become two
major issues urgently needing to be solved.1–3 Solar energy is the
cleanest and safest source of energy among all kinds of energy
sources. Therefore, research on photocatalysis technology using
the solar energy degradation of organic pollutants has been
become one of the hottest research topics with regard to energy
and environment.4–6 The main advantage of this photocatalytic
degradation technology is complete degradation of organic
pollutants to CO2, H2O and other inorganic constituents with
solar energy as an endless energy source,7–10 using catalysts such
as TiO2 (ref. 11 and 12) and ZnO.13,14 However, these catalysts
rial Design and Additive Manufacturing,

su University of Technology, Changzhou

, Jingjiang 214500, China. E-mail:

ou University, Changzhou 213164, China
only absorb 4% of the solar spectrum energy due to their wide
band gap.15 In the last decade, Bi-based compounds like BiOX
(X¼ Cl, Br and I) have attracted much attention because of their
unique tetragonal matlockite structures.16–18 In the bismuth
oxyhalides, the band gap of BiOI is the narrowest [Eg ¼ 1.7–1.9]
with its absorption band edge extending to 680 nm and light
absorption range covering almost all the visible light range
(390–760 nm). Therefore, BiOI has a good visible-light response
and may be a promising photocatalyst. Unfortunately, as
a photocatalyst, pure BiOI has some shortcomings such as facile
electron–hole pairs recombination under visible-light irradia-
tion, difficult separation and recycling from wastewater, and
easy secondary pollution, which would greatly limit its practical
application. To improve its photocatalytic activity, some effort
has been made to nd other efficient semiconductors to form
BiOI-based composites such as Fe3O4/BiOI19 and BiOI/TiO2 (ref.
20) to enhance the charge separation. These composites were
demonstrated to show higher photocatalytic properties.

NiFe2O4 is a narrow band gap semiconductor material,
which has magnetic separability, chemical stability and pho-
tocatalytic property.21–23 It thus has wide applications in the eld
of catalysis, magnetic devices, lithium ion batteries and water
treatment24–27 and has attracted much attention of researchers.
In particular, due to its photocatalytic activity and easy recovery
This journal is © The Royal Society of Chemistry 2018
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of magnetic properties, NiFe2O4 has a broad application pros-
pect in sewage treatment. Unsatisfactorily, under visible-light
irradiation, pure NiFe2O4 exhibits lower photocatalytic activity
because of a fast recombination of photoelectron–hole pairs.
Considering their own characteristics of the BiOI and NiFe2O4,
once NiFe2O4 is introduced to BiOI, they may overcome the
above defects. To our best knowledge, preparation of magneti-
cally separable photocatalyst through coupling BiOI to NiFe2O4

has not been reported yet. Hence, we expect that it is mean-
ingful to attempt to add NiFe2O4 to BiOI photocatalyst and there
is a wide range of application of the NiFe2O4/BiOI (NFO/BOI)
nanocomposites.

In this paper, we successfully prepared magnetically sepa-
rable NFO/BOI nanocomposites by a facile two-step route. Then
the photocatalytic performance of as-synthesized NFO/BOI
nanocomposites was investigated by degradation three kinds
of dyes under visible-light irradiation. Finally, the possible
photocatalytic mechanism was also proposed.
2. Experimental
2.1. Materials

Bismuth nitrate (Bi(NO3)3$5H2O), iron chloride hexahydrate
(FeCl3$6H2O), sodium hydroxide (NaOH), ethylene glycol
(C2H6O2), nickel chloride hexahydrate (NiCl2$6H2O) and
potassium iodide (KI) were purchased from Aladdin Industrial
Co., Ltd (Shanghai, China). All the reagents were of analytical
grade and used without any further purication.
2.2. Preparation of NFO/BOI nanocomposites

The NFO/BOI nanocomposites were synthesized by a two-step
method, combining NiFe2O4 and BiOI fabrication by sol-
vothermal method route. The specic preparation process is as
follows:

2.2.1 Preparation of NiFe2O4. The rst step, 0.1 mol
FeCl3$6H2O was dissolved into 150 mL distilled water under
stirring. The second step, 0.05 mol NiCl2$6H2O was dissolved
into the FeCl3 aqueous solution of FeCl3 under dramatic
magnetic stirring for 20 min. The pH of this solution was then
adjusted to 12.0 with NaOH solution, and the red-brown
product gradually precipitated from the solution. The last
step, the red-brown products was collected, repeatedly washed
with distilled water, and then annealed at 500 �C for 3 h in air,
the reddish brown NiFe2O4 powder was obtained.

2.2.2 Preparation of the NFO/BOI nanocomposites. The
rst step, 4.851 g of Bi(NO3)3$5H2O was dissolved in 50 mL of
ethylene glycol under magnetic stirring for 20 min, which was
drop-wisely added into the same volume of (1.66 g) KI dissolved
in ethylene glycol under magnetic stirring for 20 min. The
second step, 0.4 g NiFe2O4 were added to the above mixed
solution and stirred at room temperature for 1 h. Then the
mixture solution by transferred to a Teon-lined autoclave at
140 �C for 36 h. The autoclave was naturally cooled to room
temperature. The last step, the solid products was washed by
deionized water and then dried at 80 �C to obtain 10 wt%
NiFe2O4/BiOI (10-NFO/BOI) nanocomposites. Other 5-NFO/BOI,
This journal is © The Royal Society of Chemistry 2018
15-NFO/BOI, 20-NFO/BOI nanocomposites materials with
different NiFe2O4 content were fabricated by the same method.

2.3. Structure characterization

The phases and crystalline structure were studied by X-ray
diffraction (XRD) with Cu Ka (l ¼ 0.15418 nm) radiation (D/
max-2500, Rigaku) of synthesized catalysts. Morphologies and
particle sizes were investigated using a eld-emission scanning
electron microscope (FE-SEM, SUAPR55, Germany Zeiss) with
energy-disperse X-ray spectroscopy (EDS). Valence states of
element were detected by X-ray Photoelectron Spectroscopy of
synthesized catalysts (XPS, ESCALAB 250Xi, Thermo Fisher
Scientic, USA). The transmission electron microscopy (TEM)
analysis was performed in a JEOL JEM-200CX microscope,
operating at 200 kV. The UV-vis diffuse reectance spectra (DRS)
were obtained using a UV-vis spectrophotometer (UV-2450,
Shimadzu). The photoluminescence (PL) spectra were
measured using a uorescence spectrophotometer of the
samples (FLs980, Edinburgh, UK). The magnetic measurement
was conducted with vibrating sample magnetometer (VSM).
Electrochemical measurement was conducted with electro-
chemical analyzer (CHI660C Instruments, Shanghai, China) in
a conventional three electrode cell, using an Ag/AgCl electrode
(3 M KCl) as the reference electrode and a Pt plate as the counter
electrode.

2.4. Photocatalytic evaluation studies

The performance of photocatalysis of as-fabricated samples was
evaluated by removing rhodamine B (RhB), crystal violet (CV)
and methylene blue (MB) under visible-light irradiation. A
500 W xenon lamp equipped with UV cut-off lters (l > 420 nm)
was used as a visible light source, and a light intensity of 0.4
mW cm�2 was ensured. 100 mg of as-prepared sample was put
into 100 mL (20 mg L�1) dye solution. Prior to irradiation, the
dye solution was stirred for 30 min in the dark. During each
photocatalytic experiment, 3 mL of the dye solution was with-
drawn every 20 minutes and magnetically separated remove
catalyst for analysis. The concentration of the dye solution was
measured by UV-vis spectroscopy at its maximum absorption.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of as-synthesized samples are presented in
Fig. 1. The (111), (220), (311), (222), (400), (422), (511), (400) and
(533) crystal planes of spinel NiFe2O4 (JCPD no. 54-0964) can be
indexed to the diffraction peaks at the 2q values of 18.39�,
30.28�, 35.68�, 37.33�, 43.32�, 53.83�, 57.26�, 62.90� and 74.64�,
respectively.28 Besides, no other impurity peak is found. The
exhibited diffraction peaks at 19.36�, 24.29�, 31.65�, 33.16�,
37.05�, 39.36�, 43.64�, 45.37�, 51.34�, 55.15�, 59.18�, 60.20�,
66.12�, 70.04�, 74.09� and 75.13� are conforming to the (002),
(101), (110), (111), (103), (004), (113), (200), (114), (212), (213),
(115), (220), (116), (302) and (310) crystal planes of BiOI (JCPD
No. 10-0445), respectively. The XRD pattern of the 15-NFO/BOI
nanocomposites displayed that all the peaks can be well
RSC Adv., 2018, 8, 4284–4294 | 4285
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Fig. 1 XRD patterns of BiOI, NiFe2O4 and 15-NFO/BOI
nanocomposites.
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indexed to spinel structure of NiFe2O4 and tetragonal phase of
BiOI. There is no obvious peaks of impurity observed, indicating
that the NFO/BOI nanocomposites were indeed two-phase
hybrids.
3.2. XPS analysis

To investigate the elemental composition and chemical states
of the as-prepared samples, XPS measurement was carried out
to characterize the 15-NFO/BOI nanocomposites, and the
results are displayed in Fig. 2. The XPS survey scan spectrum of
NiFe2O4/BiOI nanocomposites is shown in Fig. 2a, which
Fig. 2 XPS patterns of 15-NFO/BOI nanocomposites (a) survey; (b) Ni 2

4286 | RSC Adv., 2018, 8, 4284–4294
revealed the existence of Ni, Fe, Bi, I and O elements in the
composites. All the obtained binding energies were referenced
to the C 1s (284.82 eV). In Fig. 2b, the two peaks at 854.16 eV and
873.62 eV were corresponding to the banding energies of Ni 2p3/
2 and Ni 2p1/2 respectively, which suggests the typical banding
energy of Ni2+.29 In Fig. 2c, the peak at 710.41 eV is corre-
sponding to the binding energy of Fe 2p3/2, and the other peak
at 724.72 eV is corresponding to Fe 2p1/2 signal. It indicates that
the Fe element exists in the form of Fe3+ ion.30 In Fig. 2d, the two
strong peaks at 158.72 and 164.07 eV are assigned to Bi 4f7/2 and
Bi 4f5/2 peaks of Bi3+ in the NFO/BOI nanocomposites with
a peak difference of 5.35 eV. In Fig. 2e, we can observe two
strong peaks at 618.71 and 630.22 eV, corresponding to I 3d5/2
and I 3d3/2 respectively. In addition, the peaks at 529.68 eV and
532.82 eV in Fig. 2f were attributed to O 1s. These two peaks
indicate the different types of oxygen molecule such as lattice
oxygen and surface oxygen. The XPS result further conrmed
the formation of 15-NFO/BOI nanocomposites and intimate
integration has been achieved, which agrees well with the XRD
results.

3.3. SEM and TEM analysis

The surface morphologies and nanostructures of pure NiFe2O4,
BiOI and 15-NFO/BOI nanocomposites were observed by FE-
SEM. Fig. 3a displays the pure NiFe2O4 nanoparticles with
grain sizes of 30–80 nm. It is observed that the NiFe2O4 nano-
particles appears a little aggregated together to some extent.
From Fig. 3b, as-prepared pure BiOI is composed of cauliower-
like nanosheets with a range of diameter about 50–200 nm and
an average thickness about 45 nm Fig. 3c demonstrated that
NiFe2O4 nanoparticles adhered to the BiOI nanosheet in the 15-
NFO/BOI nanocomposites, which would promote the
p; (c) Fe 2p; (d) Bi 4f; (e) I 3d; and (f) O 1s.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM images of NiFe2O4 (a), BiOI (b) and 15-NFO/BOI nanocomposites (c) and EDS results of 15-NFO/BOI nanocomposites (d).
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separation efficiency of photoinduced carriers. Furthermore,
the result of EDS analysis (Fig. 3d) is in accord with the
elements of 15-NFO/BOI nanocomposites. The elements Fe, Ni,
Bi, I and O are present in 15-NFO/BOI composites, and the
atomic ratio is the same as that of stoichiometric composition
of the sample.

Fig. 4a shows the TEM image of NFO/BiOI nanocomposites,
which are uniformly dispersed onto the BiOI without any
accumulation. Moreover, in the HRTEM image of NFO/BiOI
nanocomposites (Fig. 4c and d), the lattice fringes with a d-
spacing of 0.286 nm and 0.295 nm from different regions could
be corresponding to the (311) lattice planes of BiOI and (220)
lattice planes of NiFe2O4, respectively. In addition, the
elemental mappings are shown in Fig. 4e–j. It can be seen that
the signals of Fe, Ni, Bi, I and O elements are the same in the
spatial distribution.
3.4. Optical properties analysis

As we known, photocatalytic activity of semiconducting photo-
catalysts is closely related to the optical absorption ability and
the optical properties play a vital role in determining the pho-
tocatalytic performance. Thus, UV-vis DRS was used to show the
photoabsorption ability of the prepared samples and the results
are displayed in Fig. 5a. It was found that BiOI showed a weak
absorption in the range of wavelength around 580 nm.
However, with the increase of NiFe2O4 (from 5 wt% to 20 wt%),
the ability of NFO/BOI nanocomposites for absorption in the
This journal is © The Royal Society of Chemistry 2018
visible range became considerably stronger and exhibited a blue
shi in the visible-light region compared with pure BiOI. The
enhanced light absorption may accelerate the production of
electron–hole pairs, thus improve the photocatalytic perfor-
mance. Fig. 5b shows the band gap energy (Eg) of the pure
NiFe2O4, BiOI and 15-NFO/BOI nanocomposites, they were
calculated by the following formula based on the UV-vis DRS
results:31

ahn ¼ A(hn � Eg)
n/2 (1)

where a, h, n, n and A are absorption coefficient, plank
constant, light frequency, the nature of transition and
a constant respectively.32,33 The value of n depended on the
types of photon transition in semiconductors (n ¼ 1 for direct
transition and n ¼ 4 for indirect transition). Sine NiFe2O4 and
BiOI were the indirect transition and direct transition,
respectively,34 both substituted in eqn (1). Thus, Eg value of the
samples can be estimated from a plot (ahn)n/2 versus photon
energy (hn). The intercept of the tangent to X axis would give an
approximation of the band gap energy of the sample. The band
gap energy of pure NiFe2O4, BiOI were about 1.68 eV and
1.92 eV respectively, which agreed with the results previously
reported.35,36 When NiFe2O4 was introduced to BiOI, it created
the impurity in the energy level of BiOI and hence modied the
optical properties in visible region. Therefore, the 15-NFO/BOI
(Eg ¼ 1.84 eV) nanocomposites showed lower band gap values
than pure BiOI.
RSC Adv., 2018, 8, 4284–4294 | 4287
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Fig. 4 TEM image (a), HRTEM image (b–d) and the corresponding elemental mapping images (e–j) of 15-NFO/BOI nanocomposites.
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3.5. Magnetic hysteresis loops analysis

The magnetic hysteresis loops of the 15-NFO/BOI and pure
NiFe2O4 under an applied magnetic eld of �2 T at room
temperature were shown in Fig. 6. The pure NiFe2O4 nano-
particles exhibited a typical ferromagnetic behavior, and its
4288 | RSC Adv., 2018, 8, 4284–4294
saturationmagnetization (Ms) is about 38.54 emu g�1. TheMs of
15-NFO/BOI nanocomposites was about 25.35 emu g�1, which
still had higherMs compared with other magnetic photocatalyst
reported earlier.37 The ferromagnetic property of as-synthesized
15-NFO/BOI catalysts ensures the convenient magnetic separa-
tion aer used. As shown in the inset of Fig. 6, the 15-NFO/BOI
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) UV-vis diffuse reflectance spectra (DRS) of as-prepared samples, (b) band gap energies of BiOI, 15-NFO/BOI and NiFe2O4.

Fig. 6 Magnetic hysteresis loops of 15-NFO/BOI nanocomposites and
NiFe2O4 (inset: the magnetic separation of 15-NFO/BOI nano-
composites by a magnet).
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nanocomposites could be easily separated from the wastewater
with a common magnet and quickly collected on the side of the
glass vial for 10 s, which indicates that 15-NFO/BOI nano-
composites might be easily recycled from wastewater by
external magnetic eld.38
3.6. Photocatalytic activity

RhB is a typical articial aromatic compound dye with
a molecular formula C28H31ClN2O3 and commonly used as
a colour additive in industry although it is not easy to decom-
pose, highly toxic and probably causes cancer.39 The degrada-
tion of RhB was used here to evaluate the photocatalytic
performance of the as-prepared all samples under visible-light
irradiation at room temperature, as shown in Fig. 7a. Obvi-
ously, the pure NiFe2O4 and BiOI possessed poor photocatalytic
ability, which are consistent with the reported values.40,41 The
photocatalytic activities of the NFO/BOI nanocomposites
increased rstly and then decreased with the increase of
NiFe2O4 content from 5% to 20%. Among all proportions 15-
NFO/BOI showed the best photocatalytic efficiency of approxi-
mately 91.6% under visible-light irradiation for 120 min. It is
This journal is © The Royal Society of Chemistry 2018
clearly evident that the weight percent of NiFe2O4 has
a substantial inuence on the degradation RhB reaction and
could improve the photocatalytic activity. Moreover, the degra-
dation of RhB was used to evaluate the photocatalytic perfor-
mance of the 15-NFO/BOI physically mixed under the same
condition. It was found that photocatalytic activity was nearly
the same as that of NiFe2O4. UV-vis spectra were severally
observed during degradation of RhB solution under visible-light
irradiation. Fig. 7b shows that the intensity of the characteristic
absorption peaks of RhB catalyzed by 15-NFO/BOI nano-
composites. It decreased as reaction time went on and mole-
cules of RhB were almost completely degraded aer the light
irradiation for 120 min. The results disclosed that the 15-NFO/
BOI nanocomposites possessed a powerful photo-oxidizing
ability and could be utilized as a photocatalyst for practical
applications.

To reveals the reaction kinetics of the photo-degradation of
RhB on different photocatalysts, the degradation rates were
computed using the following pseudo-rst-order kinetics
(eqn (2))

ln(C0/Ct) ¼ Kappt (2)

where C0, Ct, and Kapp stand for the initial concentration, the
concentration at time t, and the apparent pseudo-rst-order
rate constant respectively.42,43 As shown in Fig. 7c, �ln(Ct/C0)
exhibits a well linear relationship with irradiation time and the
photocatalytic reaction belongs to the pseudo-rst-order reac-
tion. The Kapp value of the RhB solution decomposition ob-
tained for BiOI, NiFe2O4, 5-NFO/BOI, 10-NFO/BOI, 15-NFO/BOI
and 20-NFO/BOI are 3.18 � 10�3, 4.6 � 10�3, 7.28 � 10�3, 8.725
� 10�3, 1.64 � 10�2 and 1.225 � 10�2 min�1 respectively.
Among these composites, the 15-NFO/BOI nanocomposites
displayed the maximum degradation rate constant, which was
superior to the as-prepared other samples.

For the purpose of testing the recyclability and stability of
the 15-NFO/BOI photocatalysts, multiple cycle degradation
experiments were carried out. The experiments were performed
under the identical condition. Aer the completion of each
experiment, the photocatalyst could be quickly collected by an
external magnet from the dye solution, washed, dried, and then
applied in the next run. As shown in Fig. 7d, their catalytic
RSC Adv., 2018, 8, 4284–4294 | 4289
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Fig. 7 (a) Photocatalytic degradation of RhB for all samples under visible-light irradiation; (b) absorption spectra of RhB over 15-NFO/BOI
nanocomposites; (c) �ln(Ct/C0) vs. time plot for photodegradation of RhB by different catalysts; (d) cycling degradation rate for RhB of 15-NFO/
BOI nanocomposites under visible-light irradiation.

Fig. 8 (a) XRD patterns, (b) and (c) SEM images before reaction and
after five cycle of 15-NFO/BOI nanocomposites.
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activity shows no notable decrease even aer the h recycle.
Consequently, the as-synthesized 15-NFO/BOI nanocomposites
can work as effective photocatalysts for dye degradation with
good stability.

Furthermore, the phase and morphology changes of the 15-
NFO/BOI nanocomposites were characterized aer cycling light
irradiation. The 15-NFO/BOI nanocomposites was examined by
XRD and no detectable difference was observed between the as-
prepared and the used samples (Fig. 8a). Hence, the 15-NFO/
BOI nanocomposites had excellent photostability. SEM images
in Fig. 8(b and c) show the 15-NFO/BOI nanocomposites before
and aer the photocatalytic degradation reaction. Fig. 8b shows
the morphology of the catalyst before the photocatalytic reac-
tion, in which distinct NiFe2O4 aggregates were attached to the
edge and surface of the BiOI sample. Aer the photocatalytic
degradation reaction, as shown in Fig. 8c, the surface structure
and morphology of the 15-NFO/BOI nanocomposites remained
intact, further indicating the structural stability of the 15-NFO/
BOI sample.

In order to investigate whether the 15-NFO/BOI nano-
composites are of wide applications or not, they have been
further tested the photocatalytic performance of CV and MB
under the same conditions. Fig. 9a and c show the photo-
catalytic performances of the as-prepared all samples. The 15-
NFO/BOI nanocomposites exhibited the best photocatalytic
ability for CV and MB removal. Furthermore, about 92.5% CV
and 96%MBwere degraded within 120 min, respectively. UV-vis
spectra were severally observed during degradation of CV
solution and MB solution under visible-light irradiation,
4290 | RSC Adv., 2018, 8, 4284–4294
respectively, as shown in Fig. 9b and d. The decomposed
behaviours of CV solution and MB solution over the photo-
catalyst of 15-NFO/BOI nanocomposites. It was obvious that the
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) Photocatalytic degradation and (b) absorption spectra of CV by 15-NFO/BOI nanocomposites photocatalysts under visible-light
irradiation; (c) photocatalytic degradation and (d) absorption spectra of MB by 15-NFO/BOI nanocomposites photocatalysts under visible-light
irradiation.
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peak intensity of the characteristic absorption at about 585 nm
and 658 nm were found to be decreased as reaction time went
on, respectively. The results indicate that the 15-NFO/BOI
nanocomposites was efficient in catalyzing degradation of
dyes under visible-light irradiation.
Fig. 10 Reactive species trapping experiments over 15-NFO/BOI
nanocomposites.
3.7. Photocatalytic mechanism discussion

In order to better reveal the photocatalytic mechanism, we
carried out the trapping experiments, iso-propyl alcohol (IPA),
disodium ethylene-diaminetetraacetate (EDTA-2Na) and ben-
zoquinone (BQ) were used as the scavengers of the hydroxyl
radical (cOH), holes and superoxide radical (cO2c

�), respectively.
As shown in Fig. 10, addition of IPA had almost no effect on RhB
degradation for NFO/BOI nanocomposites, indicating that no
cOH radicals were generated. Nevertheless, a signicant
decrease was observed aer the addition of BQ and EDTA-2Na,
demonstrating that cO2c

� and holes were involved in the RhB
decomposition process.

In order to investigate the migration and separation effi-
ciencies of photo-generated charge carriers in pure BiOI and 15-
NFO/BOI nanocomposites, a room-temperature PL emission
spectrum were measured, as shown in Fig. 11. For pure BiOI
a strong emission peak at 607 nm were observed. The similar PL
spectra was obtained for 15-NFO/BOI nanocomposites. It could
This journal is © The Royal Society of Chemistry 2018
be seen that the peak intensity of the spectrum for the 15-NFO/
BOI nanocomposites is lower than that of the pure BiOI sample.
As we known, intensity of the PL spectrum of a semiconductor
mainly results from the recombination of electrons–holes pairs.
Hence, there is a strong correlation between PL emission
RSC Adv., 2018, 8, 4284–4294 | 4291
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Fig. 11 PL spectra (excited at 325 nm) of pure BiOI and 15-NFO/BOI
nanocomposites.
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intensity and separation of the photo-generated charge carriers.
For this reason, the weakened emission intensity in 15-NFO/BOI
nanocomposites indicates inhibition of electron–hole recom-
bination due to the co-catalytic effect of NiFe2O4, which
lengthens the lifetime of charge carriers and is benecial for the
improvement of photocatalytic activity.

Photocurrent measurements were performed to further
investigate the generation and transfer of photoexcited charge
carriers in the photocatalytic process. As shown in Fig. 12,
15-NFO/BOI nanocomposites exhibited enhanced photocurrent
responses compared to the pure BiOI and NiFe2O4. These
photocurrent efficiencies are consistent with the degrees of
photocatalytic activity. Therefore, in the 15-NFO/BOI nano-
composites, the separation and transfer efficiency of the
photoinduced electrons–holes pairs was improved by the
interfacial interactions between NiFe2O4 and BiOI.

To describe mechanism of the enhanced photocatalytic
activity of the NFO/BOI nanocomposites under visible-light
irradiation, the corresponding conduction band (CB) and
Fig. 12 Photocurrent responses of the samples under visible-light
irradiation.

4292 | RSC Adv., 2018, 8, 4284–4294
valence band (VB) positions for NiFe2O4 and BiOI were theo-
retically computed using the atom's Mulliken electronegativity
denition (eqn (3) and (4)):

EVB ¼ c � Ec + 0.5Eg (3)

ECB ¼ EVB � Eg (4)

where EVB is the VB potential, ECB is the CB potential, Ec is the
energy of free electrons on the hydrogen scale (ca. 4.5 eV), Eg is
the band gap energy and c is the absolute electronegativity of
the semiconductor.44, Therefore, the EVB and ECB of BiOI were
computed to be 2.64 eV and 0.718 eV, whereas the energies for
NiFe2O4 were about 1.28 eV and �0.6 eV, respectively.

According to the above results, the possible photocatalytic
mechanisms of the NFO/BOI nanocomposites were illustrated in
Fig. 13. Under visible-light irradiation (l > 420 nm), the electrons
of BiOI and NiFe2O4 can be excited and then transit from the VB
position to the position of CB. Then the electrons on the CB of
NiFe2O4 jumped to inject into the more positive CB of the
surrounding BiOI, while the same amount of holes in the VB of
BiOI migrated to the more negative VB edge position of NiFe2O4,
leading to the rapid separation of the photoinduced electrons and
holes. Because of the CB potentials of BiOI (0.718 eV) are more
positive than that of O2/cO2c

� (�0.33 eV vs. NHE),45 the oxygen
(O2) in the solution was trapped by the electrons to form cO2c

� on
the NFO4/BOI surface, then cO2c

� further oxidized the organic
contaminants to H2O and CO2 as nal products. However, the
photo-induced holes accumulated on NiFe2O4 cannot oxidize
surface-bound water or hydroxyl group into cOH (2.38 V vs.
NHE),46 due to the more negative VB potential of NiFe2O4, indi-
cating that photogenerated holes of such catalyst have strong
oxidation ability than cOH and H2O2. Therefore, photogenerated
holes react directly with adsorbed molecules of RhB to produce
degradation products. As a result, both of the cO2c

� and holes play
important roles in degradation of organic pollutants.
Fig. 13 Schematic illustration of excitation and separation of photo-
induced electron–hole pairs for NFO4/BOI nanocomposites under
visible light irradiation.

This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

In this work, novel multifunctional NFO/BOI nanocomposites
were fabricated through the hybridization of NiFe2O4 and BiOI.
For the heterogeneous materials, the optimal content was
achieved to be the 15-NFO/BOI, which exhibited excellent
capacity for the degradation of RhB, CV and MB under visible-
light irradiation. The enhanced photodegradation perfor-
mance can be attributed to the promoted separation and
inhibited recombination of electron–holes pairs in the hetero-
structures of NFO/BOI nanocomposites. Moreover, the excellent
room temperature ferromagnetism and stability of NFO/BOI
nanocomposites ensure the convenient magnetic separation.
Since the unique NFO/BOI material with high activity and
recyclable magnetic separation, it have potential applications in
organic pollutant removal and environmental remediation.
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