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hotocatalytic property of
magnetic SrTiO3/NiFe2O4 heterojunction
nanocomposites

Yongmei Xia,a Zuming He, *b Yalin Lu,a Bin Tang,c Shunping Sun,a Jiangbin Su c

and Xiaoping Lia

Novel multifunctional SrTiO3/NiFe2O4 nanocomposites were successfully fabricated via a two-step route.

The as-prepared samples were characterized by using X-ray diffraction (XRD), field-emission scanning

electron microscopy (FESEM), energy dispersive spectroscopy (EDS), field-emission transmission electron

microscopy (TEM), UV-visible diffuse reflectance spectroscopy (DRS), X-ray photoelectron spectroscopy

(XPS), photoluminescence (PL) spectroscopy and vibrating sample magnetometry (VSM). The results

indicate that the SrTiO3/NiFe2O4 heterostructures are composed of SrTiO3 spheroidal nanoparticles

adhered to NiFe2O4 polyhedra. The heterojunction established in the composite material accelerates the

process of electron–hole pair separation and boosts the photo-Fenton reaction. Among the samples,

15 wt% SrTiO3/NiFe2O4 nanocomposites exhibit a powerful light response and excellent room

temperature ferromagnetism. Subsequently, the photocatalytic degradation of RhB over the as-prepared

samples was investigated and optimized, revealing that the 15 wt% SrTiO3/NiFe2O4 nanocomposites

exhibit the best photocatalytic activity and stability under simulated solar light irradiation. Furthermore,

according to experimental results, the possible mechanism of improved photocatalytic activity was also

proposed.
1. Introduction

Photocatalysis has attracted researchers' interest due to its
potential application in degradation of organic compounds for
wastewater treatment, water splitting to produce high purity
hydrogen, solar panels, and so on.1–4 Several photocatalytic
semiconductor materials, for instance ZnO and TiO2, have been
widely used in degradation of organic compounds, neverthe-
less, most photocatalysts are faced with two problem: low effi-
ciency under visible-light irradiation and difficult recycling of
photocatalysts aer use. Thus, development of magnetic and
highly efficient visible-light-driven photocatalysts has become
an appealing challenge. Recent investigation of magnetic
semiconductor photocatalysts has attracted attention due to
their easy recycling, such as MFe2O4 (M ¼ Ni, Zn, Fe, Co, Cu).
Among these well-known magnetic semiconductors, NiFe2O4 is
a visible-light response semiconductor material, typical repre-
sentative of magnetic materials with high stability, high
magnetic permeability and high electrical resistivity. It has wide
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application for magnetic devices, catalysis, water treatment,
magnetic uids and microwave absorbing materials.5–8 Unfor-
tunately, pure NiFe2O4 exhibits lower photocatalytic activity
owing to fast recombination of photoelectron–hole pairs.9,10 To
improve the photocatalytic activity, many researchers have re-
ported combinations with other semiconductor materials and
doping to solve the problem meaningfully. Such as, Ji and Jing
synthesized the magnetic g-C3N4/NiFe2O4 hybrids by a facile
chemisorption method to degrade methyl orange dye,11 Zeng
and Song synthesized the Au/g-C3N4/NiFe2O4 nanocomposites
by a facile calcination method for enhanced visible-light-driven
photocatalytic hydrogen evolution12, Dongdong Lv, et al.
synthesized magnetic NiFe2O4/BiOBr nanocomposites by one-
pot combustion for degradation of model dyes MB,13 Wang
and Fu synthesized NiFe2O4/MWCNT to degrade phenol with
C/C0 reaching 90% in 400 min under UV light,14 Hua-Yue Zhu,
et al. synthesized the NiFe2O4/ZnO hybrids using a hydro-
thermal method to degrade congo red solution with C/C0

reaching 94.55% under simulated solar light irradiation for
10 min,15,16 and so on. SrTiO3 is perovskite p-type indirect
semiconductor, endowed with corrosion properties, thermal
stability, photocatalytic activity.17,18 However, pure SrTiO3 is
used for dye degradation only in the UV region due to its wide
band gap of 3.2 eV, consequently limiting its photocatalytic
activity to the visible light region of the sunlight spectrum.19

Besides, pure SrTiO3 photocatalyst is difficult to be separated
RSC Adv., 2018, 8, 5441–5450 | 5441
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and recycled from wastewater and easily produces secondary
pollution, which limits the practical application of SrTiO3. To
overcome the above problem, many researchers have adopted
metal or anion doping and coupling to other semiconductor to
enhance the photocatalytic ability of SrTiO3, such as lanthanum
and nitrogen-co-doped SrTiO3/TiO2,20 Cu-loaded SrTiO3,21 Cr-
doped SrTiO3/g-C3N4,22 g-C3N4/N-doped SrTiO3,23 Rh-doped
SrTiO3,24 Ag3PO4/Cr-SrTiO3,25 SrTiO3/BiOBr,26 LaFeO3/SrTiO3

(ref. 27) and Panpan Jing et al. synthesized the hierarchical
SrTiO3/NiFe2O4 porous nanotubes by electrospinning method
for degrade methyl orange dye.28,29 However, the electro-
spinning method is disadvantaged by high cost and rigorous
condition in procedure, and is unsuitable for industrial
production. If magnetic NiFe2O4 nanoparticles are coupled with
SrTiO3 by a facile and large-scale preparation method, it is
possible to improve the photocatalytic activity and convenient
separation from the waste water.

Inspired by the previous studies, we synthesized a series of
SrTiO3/NiFe2O4 nanocomposites with different percentage of
SrTiO3 by a simple two-step method. The photocatalytic
performance of the SrTiO3/NiFe2O4 nanocomposites catalysts
was evaluated by the photodegradation of rhodamine B (RhB)
dyes under simulated solar light illumination.
2. Experimental
2.1. Materials

Nickel chloride hexahydrate (NiCl2$6H2O $ 99.5%), iron chlo-
ride hexahydrate (FeCl3$6H2O $ 99%), sodium hydroxide
(NaOH $ 98.5%), strontium chloride (SrCl2$6H2O $ 99.5%),
acetic acid (CH3COOH $ 99%), citric acid (C6H8O7 $ 99%),
titanium isopropoxide (CH3CH3CHO)4Ti $ 99.5% 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 SrTiO3/NiFe2O4 nanocomposites

2.2.1 Preparation of SrTiO3. SrTiO3 was synthesized by
a sol–gel method. In a typical process,30 14.2 mL of (CH3CH3-
CHO)4Ti was dissolved in 24 mL of CH3COOH, and 20 mL water
was added to the (CH3CH3CHO)4Ti solution under magnetic
stirring till clear transparent solution was obtained. 12.797 g of
SrCl2$6H2O dissolved in 20 mL of water and 4 M C6H8O7 were
added to the above solution, and then the pH of the solution
was adjusted to 1.5. The solution was stirred for 6 h and heated
in waterbath at 65 �C for 8 h. The viscous sol obtained was again
heated at 110 �C for 12 h. The brown mass formed was dried at
200 �C for 8 h and heated at 500 �C for 8 h till it changed into
white powder.

2.2.2 Preparation of SrTiO3/NiFe2O4. First, 0.02 mol
FeCl3$6H2O was dissolved into 150 mL distilled water and
0.01 mol NiCl2$6H2O was dissolved into the FeCl3 aqueous
solution under magnetic stirring. The pH of the solution was
adjusted to 13.0 with NaOH solution, and heated in waterbath
at 80 �C for 1 h, during which time the red-brown products
gradually precipitated from the solution. Second, the pH of the
5442 | RSC Adv., 2018, 8, 5441–5450
solution was adjusted to 7.0 with distilled water, and then,
0.4136 g SrTiO3 was added to the solution under magnetic
stirring. Finally, the products were collected, repeatedly washed
with distilled water, and then annealed at 500 �C for 3 h in air.
The reddish brown 15 wt% SrTiO3/NiFe2O4 powder was ob-
tained. According to this method, other SrTiO3/NiFe2O4 pho-
tocatalysts with different SrTiO3 content were synthesized. To
comparison, pure NiFe2O4 was obtained without SrTiO3 while
keeping all the other conditions unchanged.
2.3. Instruments and characterization

X-ray powder diffraction (XRD) patterns were recorded with an
X-ray diffractometer model D/max-2500 (Rigaku, Japan) with Cu
Ka radiation (l ¼ 1.5418�A). The diffractometer was set at 40 kV
accelerating voltage and 20 mA applied current, and the
samples were scanned from 10� to 80� at a rate of 0.02� s�1. The
morphology and average grain size of the samples were
observed using eld emission scanning electron microscopy
(FESEM, SUAPR55, Zeiss, Germany) equipped with energy
dispersive X-ray spectroscopy (EDS). The microscopic features
of the samples were characterized by transmission electron
microscopy (TEM, FEI Tecnai F20). X-ray photoelectron spec-
troscopy (XPS) data were collected from a ESCALAB 250Xi X-ray
photoelectron spectrometer from VG Scientic using 300 W Al
Ka radiation (Thermo Fisher Scientic, USA). The UV-vis diffuse
reectance spectra (DRS) were obtained using a UV-9000S UV-
vis spectrophotometer (METASH, China). The photo-
luminescence (PL) spectra of samples were measured by
a FLs980 uorescence spectrophotometer (Edinburgh, UK). The
magnetism of the composites was analyzed on a MPMS XL-7
magnetometer (Quantum Design, USA).
2.4. Evaluation of photocatalytic performance

The photocatalytic performances of all the as-synthesized cata-
lysts were assessed by degradation of target pollutants RhB
solution under simulated solar light illumination. The photo-
degradation experiments were done according to procedures
described by us in previous report.31 The specic process is as
follows: 100 mg photocatalyst was added into the RhB solution
(20 mg L�1, 100 mL), which was stirred in the dark for 30 min.
The RhB solution was put in the photocatalytic experiment
device, where the 0.4 mW cm�2 light intensity was ensured.
During each photocatalytic experiment, 5 mL of the sample
suspension was taken out at certain time intervals and separated
to remove the residual particles. Residual RhB solution concen-
trations were analyzed by measuring the absorbance peak at
554 nm with the UV-9000S UV-vis spectrometer at ambient
temperature, respectively. The degradation efficiency h (%) of dye
solution can be calculated according to eqn (1)

hð%Þ ¼ ½ðA0 � AtÞ�=A0 � 100% (1)

where h (%) is the degradation rate of the dye (catalytic degra-
dation at any time t (min), A0 is the initial absorbance of the dye
solution, and At is the absorbance of the dye solution at
degradation time t (min).
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of pure SrTiO3, pure NiFe2O4 and 15 wt% SrTiO3/
NiFe2O4 nanocomposites.
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3. Results and discussion
3.1. XRD analysis

The XRD patterns of as-synthesized samples are presented in
Fig. 1. For the XRD pattern of the pure SrTiO3, all the diffraction
peaks at the 2q values of 22.75�, 32.39�, 39.95�, 46.47�, 52.34�,
57.78�, 67.82�, 72.56� and 77.18� can be indexed to (100), (110),
(111), (200), (210), (211), (220), (221) and (310) crystal planes of
perovskite SrTiO3 (JCPDS no. 73-0661), respectively.32 Besides,
no evidence of other impurities is found. From the XRD pattern
of pure NiFe2O4, it can be seen that the diffraction peaks can be
indexed to spinel crystals NiFe2O4 (JCPDS no. 54-0964).33,34 All
the diffraction peaks of NiFe2O4 at the 2q values of 18.39�,
Fig. 2 XPS spectra of the 15 wt% SrTiO3/NiFe2O4 nanocomposites: the XP

This journal is © The Royal Society of Chemistry 2018
30.28�, 35.68�, 37.33�, 43.37�, 53.82�, 63.10� 67.33�and 74.58�

are corresponded to (111), (220), (311), (222), (400), (422), (511),
(440), and (533) crystal planes, respectively. From the XRD
pattern of the 15 wt% NiFe2O4/SrTiO3 nanocomposites, it found
that the (100), (110), (111), (200), (210), (211), (220), (221) and
(310) peaks correspond to SrTiO3 phase and the (111), (220),
(311), (222), (400), (422), (511), (440) and (533) peaks conform to
spinel NiFe2O4 phase. No other impurities are observed.
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 wt% SrTiO3/NiFe2O4 nanocomposites,
and the results are displayed in Fig. 2. The XPS survey scan
spectrum of SrTiO3/NiFe2O4 nanocomposites is shown in
Fig. 2a, indicating the existence of Ni, Fe, Sr, Ti and O elements
in the composites. Furthermore, all the obtained binding
energies were referenced to the C 1s (284.65 eV). Fig. 2b shows
the XPS spectrum of Ni 2p, where the two peaks at 854.16 eV and
873.62 eV correspond to the banding energies of Ni 2p3/2 and Ni
2p1/2, respectively, which suggests the typical banding energy of
Ni2+.35 Fig. 2c shows the XPS spectrum of Fe 2p. The peak at
710.41 eV corresponds to the binding energy of Fe 2p3/2, and the
peak at 724.72 eV ascribes to Fe 2p1/2 signal, indicating that the
Fe element exists in the Fe3+ ions.36 In the spectrum of Sr 3d
(Fig. 2d), the peaks at 132.50 eV and 134.25 eV conform to the
binding energies of Sr 3d5/2 and Sr 3d3/2, respectively, indicating
the existence of the Sr2+ state.37 As displayed in Fig. 2e, the peaks
at 457.90 eV and 463.80 eV are observed in the spectrum of Ti
2p, which correspond to the Ti 2p3/2 and Ti 2p1/2, respectively,
suggesting that the Ti element exists in the Ti4+ state. The peaks
S survey spectrum (a), Ni 2p (b), Fe 2p (c), Sr 3d (d), Ti 2p (e) and O 1s (f).

RSC Adv., 2018, 8, 5441–5450 | 5443

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12393k


Fig. 3 SEM image of pure NiFe2O4 (a), pure SrTiO3 (b), 15 wt% SrTiO3/NiFe2O4 nanocomposites (c) and EDS spectrum of 15 wt% SrTiO3/NiFe2O4

nanocomposites (d).
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of O 1s can be divided into three peaks located at 531.2 eV,
529.5 eV and 533.1 eV, revealing three different kinds of O
chemical state in the as-prepared samples (Fig. 2f). The peak at
Fig. 4 TEM (a), HRTEM image (b–d) and the SAED pattern (e) for the SrT

5444 | RSC Adv., 2018, 8, 5441–5450
529.5 eV is ascribed to the lattice oxygen of SrTiO3/NiFe2O4, the
peak at 531.2 eV is generally attributed to the chemisorbed
oxygen caused by oxygen vacancies, and the peak at 533.1 eV is
iO3/NiFe2O4 nanocomposites.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The corresponding elemental mapping images (a–f) and spot EDS pattern (g) for the SrTiO3/NiFe2O4 nanocomposites.
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ascribed to the water molecules.38 The XPS result further
conrms the coexistence of SrTiO3 and NiFe2O4 in the 15 wt%
SrTiO3/NiFe2O4 nanocomposites.
3.3. SEM and TEM analysis

The particle size and morphology of the samples was investi-
gated by means of SEM, as shown in Fig. 3. In Fig. 3a, it can be
clearly observed that the pure NiFe2O4 is made up of polygon
particles with average diameter size about 50 nm. Fig. 3b
exhibits the pure SrTiO3 consists of spheroidal or spherical
particles with diameters in the range of 300–800 nm. Fig. 2c
illustrates that SrTiO3 spheroidal nanoparticles are adhered to
the NiFe2O4 polygon, which would be benet to form a hetero-
junction structure and promote the separation efficiency of
photoinduced carriers. Furthermore, the as-synthesized 15 wt%
SrTiO3/NiFe2O4 nanocomposites were analysed by EDS, as
shown in Fig. 3d. The elements Fe, Ni, Ti, Sr and O are present
in 15 wt% SrTiO3/NiFe2O4 nanocomposites, and the atomic
ratio is the same as that of stoichiometric composition of the
sample.

To get more detailed insight into the microarchitectures of
the two SrTiO3/NiFe2O4 composites, TEM analysis was further
carried out. Fig. 4a shows the TEM image of SrTiO3/NiFe2O4

nanocomposites, from which one can see that NiFe2O4 particles
are uniformly dispersed onto the SrTiO3 without any accumu-
lation. Moreover, from the HRTEM image of SrTiO3/NiFe2O4

nanocomposites (Fig. 4c and d), it is clearly seen that SrTiO3 and
This journal is © The Royal Society of Chemistry 2018
NiFe2O4 nanoparticles are closely connected to each other. The
lattice fringes with a lattice spacing of 0.275 nm and 0.256 nm
from different regions could be corresponding to the (110)
lattice planes of SrTiO3 and (311) lattice planes of NiFe2O4,
respectively. The SAED pattern (Fig. 4e) contains two sets of
diffraction rings, which further indicates the polycrystalline
nature of the SrTiO3/NiFe2O4 nanocomposites. The rst set of
diffraction rings (bright circles) composed of bright spots are
indexed to the (311), (400) and (440) of NiFe2O4, while another
set (dusky circles) is indexed to the (110), (200) and (211) of
SrTiO3. In addition, the elemental mappings are shown in
Fig. 5a–f. It can be seen that the signals of Fe, Ni, Sr, Ti and O
elements are the same in the spatial distribution. To prove that
the SrTiO3/NiFe2O4 nanocomposites is a uniform mixture of
SrTiO3 and NiFe2O4 nanoparticles, spot EDS scanning analysis
was carried out further, as shown in Fig. 5g. Peaks corre-
sponding to any impurities were found to be absent, peaks
corresponding to C and Cu are observed due to the use of
carbon coated Cu grids for the analysis.
3.4. UV-vis analysis

Fig. 6a shows the UV-vis diffuse reectance spectra reected
(DRS) of the pure NiFe2O4, pure SrTiO3 and SrTiO3/NiFe2O4

nanocomposites to reveal their optical properties. The pure
SrTiO3 exhibits a 385 nm absorption band-edge in the UV
region, corresponding to band gap energy of 3.15 eV.39,40 The
pure NiFe2O4 absorption band extends to the whole visible-light
RSC Adv., 2018, 8, 5441–5450 | 5445
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Fig. 6 UV-vis DRS (a) and band gap energy (Eg) (b) of the pure NiFe2O4, pureSrTiO3 and 15 wt% SrTiO3/NiFe2O4 nanocomposite.
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region and the absorption peak intensity is more stronger. We
also observe that the 15 wt% SrTiO3/NiFe2O4 composite has the
strongest absorption intensity, which suggests that the inte-
gration of SrTiO3 and NiFe2O4 could promote the photo-
absorption ability. Based on the UV-vis DRS results, the
bandgaps of the samples can be estimated using Tauc's
equation:41

aһn ¼ A (һn � Eg)
n (2)

where a, һ, n, n and A are absorption coefficient, Plank constant,
light frequency, the nature of transition and a constant,
respectively. Since both SrTiO3 and NiFe2O4 have the indirect
allowed transition, n¼ 2 is substituted in eqn (2). Thus, Eg value
of the samples can be estimated from a plot (aһn)2 versus
photon energy (һn). The intercept of the tangent to X axis would
give an approximation of the band gap energy of the sample.
From Fig. 6b, the band gap energy of pure SrTiO3, NiFe2O4 and
15 wt% SrTiO3/NiFe2O4 nanocomposites were about 3.15 eV,
1.82 eV and 1.42 eV, respectively, which basically conform to the
previous studies.28,41 The narrowed band gap of 15 wt%
SrTiO3/NiFe2O4 nanocomposites would enhanced absorption in
UV and visible light regions.
Fig. 7 The hysteresis loops of pure NiFe2O4 and 15 wt% SrTiO3/
NiFe2O4 nanocomposite (inset: the magnetic separation of 15-NFO/
BOI nanocomposites by a magnet).
3.5. Magnetic properties

Magnetic performance is also very important aspect for magnetic
photocatalysts. So the hysteresis loops of pure NiFe2O4 and
15 wt% SrTiO3/NiFe2O4 nanocomposites are shown in Fig. 7. It is
seen that the saturation magnetization (Ms) of pour NiFe2O4 is
about 40 emu g�1. Owing to the presence of the non-magnetic
SrTiO3, the Ms values for 15 wt% SrTiO3/NiFe2O4 nano-
composites, obtained as about 23.35 emu g�1, is lower than that
of pure NiFe2O4. Even so, the 15 wt% SrTiO3/NiFe2O4 nano-
composites is adequate to collect and recycle the photocatalyst
from the wastewater solution by an external magnetic led, as
shown in the inset of Fig. 6. The results suggest that the 15 wt%
SrTiO3/NiFe2O4 nanocomposites is an excellent magnetic pho-
tocatalysts, which will play an important role in recycling of
photocatalysts.
5446 | RSC Adv., 2018, 8, 5441–5450
3.6. Photocatalytic performance

RhB is a typical articial aromatic compound dye with a molec-
ular formula C28H31ClN2O3 and is commonly used as a colour
additive in industry, but it is not easy to decompose by itself. RhB
is highly toxic and probably causes cancer.42 So the degradation
of RhB is used to evaluate the photocatalytic performance of the
as-prepared pure NiFe2O4, pure SrTiO3 and SrTiO3/NiFe2O4

nanocomposites, as shown in Fig. 8a. It can be seen that the
degradation percentage of the dye reaches 38.8%, 47.7%, 59.4%,
84.8%, 97.62%, 74.01% for NiFe2O4, SrTiO3, 5 wt% SrTiO3/
NiFe2O4, 10 wt% SrTiO3/NiFe2O4, 15 wt% SrTiO3/NiFe2O4 and
20 wt% SrTiO3/NiFe2O4 under simulated solar light irradiation
for 120 min, respectively. In addition, in the absence of photo-
catalysts, the RhB dye is very stable and its self-decomposition
can be neglected. The photocatalytic efficiency of pure NiFe2O4

in the RhB solution is the lowest, only 38.8% of the dye is
observed to be decolorized, which may be ascribed to the fast
recombination of photo-generated carriers. These results clearly
reveal that 15 wt% SrTiO3/NiFe2O4 nanocomposites exhibit the
best photocatalytic performance as high as 97.62% under simu-
lated solar light irradiation for 120 min, the photodegradation
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Photocatalytic degradation of RhB for all samples under simulated solar light illumination (a), absorption spectra of RhB over 15 wt%
SrTiO3/NiFe2O4 nanocomposites (b), �ln(Ct/C0) vs. time for photodegradation of RhB by different catalysts (c), cycling degradation rate (d) for
RhB of 15 wt% SrTiO3/NiFe2O4 nanocomposites under simulated solar light illumination.
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rate for 15 wt% SrTiO3/NiFe2O4 nanocomposites is approximately
2.5 times and 2 times higher than those for NiFe2O4 and SrTiO3,
respectively, which is superior to the previous studies.43 The
superior photocatalytic performance of 15 wt% SrTiO3/NiFe2O4

nanocomposites should be attributed to the strong adsorption
abilities and great facilitation of the electron–hole pairs separa-
tion. UV-vis spectra are severally observed during degradation of
RhB solution under simulated solar light irradiation, as shown in
Fig. 8b, revealing the decomposition behaviours of RhB solution
over the photocatalysis of 15 wt% SrTiO3/NiFe2O4 nano-
composites. The peak intensity of the characteristic absorption at
about 554 nm is found to be decreased as reaction time goes on.

To reveal the reaction kinetics of the photo-degradation RhB
on different photocatalysts, the degradation rates are calculated
using the following pseudo-rst-order kinetics (eqn (3))

ln(C0/Ct) ¼ Kappt (3)

where C0, Ct, and Kapp stand for the initial concentration, the
concentration at time t, and the apparent pseudo-rst-order rate
constant, respectively.44,45 Fig. 8c shows that �ln(Ct/C0) exhibits
a good linear relationship with irradiation time and the photo-
catalytic reaction belongs to the pseudo-rst-order reaction. The
Kapp

46 value obtained for SrTiO3, NiFe2O4, 5 wt% SrTiO3/NiFe2O4,
10 wt% SrTiO3/NiFe2O4, 15 wt% SrTiO3/NiFe2O4 and 5 wt%
SrTiO3/NiFe2O4 are 5.4 � 10�3, 4.1 � 10�3, 7.5 � 10�3, 1.45 �
10�2, 2.29 � 10�2 and 1.1 � 10�2 min�1, respectively. Among
This journal is © The Royal Society of Chemistry 2018
these composites, the 15 wt% SrTiO3/NiFe2O4 nanocomposites
display the maximum degradation rate constant.47 As depicted in
Fig. 8d, the dye degradation over the 15 wt% SrTiO3/NiFe2O4

nanocomposites show no obvious deterioration aer the nano-
composites are reused ve times, indicating the excellent stability
of the 15 wt% SrTiO3/NiFe2O4 nanocomposites photocatalysts.48
3.7. Photocatalytic mechanism discussions

In order to better reveal the photocatalytic mechanism, we
carried out the trapping experiments on the degradation of RhB
under the same conditions. Iso-propyl alcohol (IPA), disodium
ethylene-diaminetetraacetate (EDTA-2Na) and benzoquinone
(BQ) were used as the scavengers of the hydroxyl radical (cOH),
holes and superoxide radical (cO2c

�), respectively, as shown in
Fig. 9. It is found that the addition of BQ or EDTA-2Na to the
reaction solution has only a minor suppression on the degra-
dation of RhB and the dye degradation still maintains a high
level of 94.72% and 91.78% aer 120 min of photocatalysis,
respectively, indicating that h+ and cO2c

� are not the dominant
reaction species in the photocatalysis. However, when adding
IPA to the reaction solution, the dye degradation is signicantly
inhibited. Only 24% of the dye is observed to be decolorized on
adding IPA, and the decolorization is mainly attributed to the
adsorption effect. This implies that the dye degradation is
highly correlated with cOH.49

In order to investigate the migration and separation effi-
ciency of photo-generated charge carriers in as-prepared
RSC Adv., 2018, 8, 5441–5450 | 5447
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Fig. 9 Reactive species trapping experiments over 15 wt% SrTiO3/
NiFe2O4 nanocomposites.
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samples, PL emission spectra for pure NiFe2O4 and 15 wt%
SrTiO3/NiFe2O4 nanocomposites are shown in Fig. 10. For pure
NiFe2O4, a strong emission peak at 441 nm is observed. A
similar PL spectrum was obtained for 15 wt% SrTiO3/NiFe2O4

nanocomposites, but the overall emission intensity is appar-
ently reduced compared to that of the pure NiFe2O4. In general,
high PL intensity manifests a high electron–hole recombination
rate and poor photocatalytic performance.50 Therefore, the weak
emission intensity in 15 wt% SrTiO3/NiFe2O4 nanocomposites
indicates the composition of SrTiO3 and NiFe2O4 was conducive
to prevent the recombination of electrons and holes, which is
benecial for the improvement of photocatalytic performance.

In SrTiO3/NiFe2O4 nanocomposites, the band positions of
SrTiO3 and NiFe2O4 play an important role in the generation,
transference and recombination of photo-generated electron–
hole pairs. The band positions of NiFe2O4 and SrTiO3 are
theoretically calculated using the atom's Mulliken electroneg-
ativity denition (eqn (4) and (5)):51

EVB ¼ c � Ec + 0.5Eg (4)
Fig. 10 PL spectra (excited at 325 nm) of pure NiFe2O4 and 15 wt%
SrTiO3/NiFe2O4 nanocomposites.

5448 | RSC Adv., 2018, 8, 5441–5450
ECB ¼ EVB � Eg (5)

where EVB is the valence band (VB) potential, ECB is the
conduction band (CB) potential, EC is the energy of free elec-
trons on the hydrogen scale (ca. 4.5 eV), Eg is the band gap
energy of the semiconductor, and c is the absolute electroneg-
ativity of the semiconductor.52,53 Therefore, the EVB and ECB of
NiFe2O4 are calculated to be 2.62 eV and 0.80 eV, respectively,
whereas the EVB and ECB of SrTiO3 are about 2.02 eV and
�1.13 eV, respectively.

According to the above results, the possible photocatalytic
mechanism of the SrTiO3/NiFe2O4 nanocomposites is illus-
trated in Fig. 11. When the photocatalyst was irradiation with
simulated solar light, the electrons on the VB position are
excited to the CB position for both SrTiO3 and NiFe2O4. The
electrons in the CB of SrTiO3 move to the CB of NiFe2O4 and
holes in the VB of NiFe2O4 transferred to the VB of SrTiO3, and
therefore, the electrons–holes pairs get effective separation and
avoid recombination. In addition, because the CB value of
NiFe2O4 (0.8 eV) is more positive than the potential of O2/cO2c

�

(�0.33 eV vs. NHE),54 the photo-electrons at the CB of NiFe2O4

are trapped by O2 to form reactive cO2
� on the photocatalyst

surface. cO2c
� can react with h+ to form HO2c and H2O2, and the

H2O2 reacts with HO2c to generate hydroxyl (cOH) radicals,
which cause the degradation of the RhB dye. Compared with the
E0(cOH/OH�) (1.99 eV vs. NHE),31,55 the VB potential of SrTiO3

(2.02 eV) and NiFe2O4 (2.62 eV) is more positive, which implies
that holes can not react directly with RhB,56 but the VB holes of
SrTiO3 can react with OH� to produce cOH radicals, cOH is
a powerful oxidizing agent and can degrade most pollutants.
Additionally, owing to the photo-Fenton reaction, photo-
electrons at the CB of NiFe2O4 can react with H2O2 and Fe3+

to produce cOH for the oxidation of RhB.57,58 There action
processes can be written as follows:

SrTiO3 + hv / SrTiO3(e
�)CB + SrTiO3(h

+)VB (6)

NiFe2O4 + hv / NiFe2O4(e
�)CB + NiFe2O4(h

+)VB (7)
Fig. 11 Schematic illustration of excitation and separation of photo-
induced electron–hole pairs for SrTiO3/NiFe2O4 heterojunction
nanocomposites under simulated solar light irradiation.

This journal is © The Royal Society of Chemistry 2018
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SrTiO3(e
�)CB + NiFe2O4 / SrTiO3 + NiFe2O4(e

�)CB (8)

NiFe2O4(e
�)CB + O2 / cO�

2 (9)

cO�
2 + H+ / HO2c (10)

2HO2c / O2 + H2O2 (11)

H2O2 + cO�
2 / cOH + OH� + O2 (12)

SrTiO3(h
+)VB + OH� / cOH (13)

Fe3+ + H2O2 + hv / Fe2+ + cOH + H+ (14)

Fe2+ + H2O2 + hv / Fe3+ + cOH + OH� (15)

4. Conclusion

In summary, novel multifunctional SrTiO3/NiFe2O4 nano-
composites were successfully fabricated by coupling SrTiO3

with NiFe2O4 through a two-step route. It demonstrates that the
SrTiO3/NiFe2O4 heterojunction structure is composed of
NiFe2O4 nanoparticles adhered to the SrTiO3 spheres. The het-
erojunction established in the composite material accelerates
the process of electron–hole pair separation and boosts the
photo-Fenton reaction. Among all the samples, the 15 wt%
SrTiO3/NiFe2O4 nanocomposites exhibit a powerful light
response, excellent room temperature ferromagnetism, and the
best photoactivity for degradation of RhB organic pollutants
under simulated solar light irradiation. Furthermore, according
to experimental results, the possible mechanism of improved
photocatalytic activity is also proposed.
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