Chemical Engineering Journal 258 (2014) 301–308

Contents lists available at ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

Enhanced visible-light-driven photocatalytic activity for antibiotic
degradation using magnetic NiFe2O4/Bi2O3 heterostructures
Ao Ren, Chunbo Liu, Yuanzhi Hong, Weidong Shi ⇑, Shuang Lin, Ping Li
School of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang, Jiangsu 212013, PR China

h i g h l i g h t s
 The novel NiFe2O4 /Bi2O3 heterostructures were synthesized for the ﬁrst time via a two-step process.
 The NiFe2O4/Bi2O3 heterostructures exhibited an enhanced visible-light-driven photocatalytic activity for TC degradation.
 The heterostructures can be recovered and recycled under a magnetic ﬁeld along with good stability.
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a b s t r a c t
The novel NiFe2O4/Bi2O3 heterostructures with visible-light-driven photocatalytic activity for antibiotic
degradation were prepared by a hydrothermal method following by a microwave-assisted synthetic
method. The composition and shapes of NiFe2O4/Bi2O3 heterostructures were discussed based on the
results of X-ray diffraction, scanning electron microscopy, transmission electron microscopy, UV–vis diffuse reﬂection spectroscopy. For the remove of tetracycline in water, the NiFe2O4/Bi2O3 heterostructures
exhibited signiﬁcantly higher visible light photocatalytic activity than that of a single semiconductor. The
effects of mass ratios between NiFe2O4 and Bi2O3 in the heterostructures on photocatalytic activity were
also investigated and the optimal percentage of doped NiFe2O4 was 50%. The enhanced photocatalytic
performance of the NiFe2O4/Bi2O3 heterostructures was mainly ascribed to the band potential of which
matched suitably followed by efﬁcient charge separation and transfer across the heterostructures interface. Further the heterostructures can be recovered and recycled under a magnetic ﬁeld along with good
stability.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Over the past years, semiconductor photocatalysts have
attracted intense attention as effective materials to the removal
of all kinds of organic pollutants in water for environmental remediation because it holds great potential for converting solar energy
to chemical energy in environmental remediation [1,2]. In this
respect, many studies have been carried out on developing semiconductor catalysts such as TiO2 [3], ZnO [4] SrTiO3 [5]. However,
these photocatalysts only have suitable band positions for excellent photocatalytic degradation under UV light irradiation, which
represents only about 5% of the energy in the solar spectrum, while
visible light contributes 45% of the energy from solar radiation
[6,7]. Therefore, it remains a great challenge to develop new
photocatalytic semiconductors with efﬁcient visible-light-driven
ability. Some new effective means are adopted to enhance visible
⇑ Corresponding author.
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spectral response of semiconductor photocatalysts, for instance,
deposition of noble metals [8,9], doping [10,11], and coupling of
different semiconductors [12,13].
Compared to single-component semiconductors, the heterostructure-based semiconductors have been studied as attractive
photocatalysts in improving photocatalystic performance under
visible light irradiation [14,15]. The well-established heterostructures can be employed to incorporate the multiple functionalities
of each component and lower recombination probability of photogenerated electrons and holes [16,17]. Bi2O3 is considered as a
promising photocatalytic semiconductor, which is attributable to
its narrow band gap (2.8 eV), good electrical conductivity, thermal
property and marked photoconductivity properties [2]. So far, several Bi2O3-based semiconductor heterostructures as UV responsive
photocatalysts (Bi2O3/ZnO [18] and Bi2O3/BaTiO3 [19]) and visiblelight responsive photocatalysts (Bi2O3/BiOI [20], Bi2O3/Bi2WO6
[21,22] and Bi2O3/NaBi(MoO4)2 [23]) have been synthesized and
applied in photocatalysis. It is worth mentioning that in Bi2O3/
TiO2 composites, the actual reduction of the recombination of
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photogenerated charge carriers was proved by photoluminescence
[24] and photocurrent measurements [25]. Unfortunately, among
them, these visible-light responsive photocatalysts have to face
with some obstacles, such as the limited visible light absorption
range, the difﬁcult recycle and the narrow application ﬁelds
focused on the organic dyes and small organic molecules. Therefore, it is of great importance to develop new effective photocatalysts in visible region.
Nickel ferrite (NiFe2O4), as an important class of semiconductor
materials, has an inverse spinel structure which exhibits ferrimagnetism deriving from a magnetic moment of antiparallel spins
between Fe3+ ions at tetrahedral sites and Ni2+ ions at octahedral
sites. NiFe2O4 with typical ferromagnetic properties, low conductivity and stable thermal ability are suitable for a wide range of
applications in many ﬁelds including gas sensors [26], microwave
devices [27], data storage devices [28], etc. NiFe2O4 has a band
gap of 1.7 eV and broad absorption in visible region which are beneﬁcial to photocatalysis.
Based on the background and consideration mentioned above,
we prepared a series of NiFe2O4/Bi2O3 heterostructures with different mass ratios based on the matching band potentials between
NiFe2O4 and Bi2O3. The new material was developed for visible
light photocatalysis and was applied for antibiotic removal as to
experiments its capability as photocatalyst. The results showed
that the 50% heterostructures exhibited superior photocatalytic
activity than that of pure NiFe2O4, pure Bi2O3 and heterostructures
with other mass ratios of NiFe2O4 and Bi2O3. Moreover, the catalyst
could be reused conveniently due to its excellent magnetic properties and stable photocatalytic activities. Furthermore, the possible
mechanism for the enhanced photocatalytic ability in the NiFe2O4/
Bi2O3 heterostructures is proposed.
2. Experimental section
2.1. Materials
Iron(III) nitrate nonahydrate (Fe(NO3)39H2O), nickel nitrate
(Ni(NO3)36H2O), Bismuth nitrate (Bi(NO3)35H2O), sodium sulfate,
sodium hydrate and ethanol were purchased from Aladdin (China).
Tetracycline was purchased by Shanghai Shunbo Biological Engineering Co. All chemicals were used as received without further
puriﬁcation.
2.2. Synthesis of pure NiFe2O4 nanoparticles
NiFe2O4 nanoparticles were prepared using the hydrothermal
method. First, 6.0 mmol Fe(NO3)39H2O and 3.0 mmol Ni(NO3)36H2O were dissolved in 30 mL deionized water to form an aqueous
mixture. The pH value of the mixed solution was adjusted to 14 by
using 2.0 M and 0.1 M NaOH solution. The mixed solution was then
transferred into a 50 mL Teﬂon-lined autoclave, which was sealed
and kept at 220 °C for 24 h and then cooled to room temperature
naturally. The precipitate was ﬁltered and washed with distilled
water and absolute ethanol several times. The obtained samples
were dried in vacuum at 80 °C for 12 h.
2.3. Synthesis of NiFe2O4/Bi2O3 heterostructures
The preparation of NiFe2O4/Bi2O3 heterostructures was performed using a rapid microwave-assisted synthetic method.
Firstly, a suitable amount of NiFe2O4 nanoparticles, 0.9702 g of
Bi(NO3)35H2O (2.0 mmol) and 0.4261 g of Na2SO4 (3.0 mmol) were
dissolved in 40 mL of distilled water and the solution was stirred
under vigorous magnetic stirring for 1.0 h. Then, 0.7200 g NaOH
(18 mmol) was dissolved in 40 mL of distilled water. The NaOH

solution was added drop by drop into the above solution with vigorous magnetic stirring. After stirring for another 10 min, the
obtained mixture was transferred into a quartz-glass container
with a capacity of 100 ml. The microwave reaction was carried
out in a microwave reactor. The obtained mixture was heated in
the microwave reactor (XH-300UL, Beijing Xiang Hu Technology
Development Co. Ltd.) with an operating power of 800 W and
working temperature of 100 °C for 15 min. During heating, vigorous stirring of 2000 r min1 speed was carried out constantly. After
the container cooled to room temperature, the as-formed dark yellow precipitates were collected by centrifugation, washed with
deionized water and absolute ethanol three times, respectively,
and then dried in vacuum at 80 °C for 12 h.
For comparison, a series of NiFe2O4/Bi2O3 photocatalysts with
different mass ratios (10%, 30%, 50%, 70% and 100%) were prepared
by changing the added amount of NiFe2O4 nanoparticles. Similarly,
pristine Bi2O3 was also synthesized following the same procedure
as mentioned above.
2.4. Characterization of material
All of the powder X-ray diffraction (XRD) patterns were
obtained on a D/MAX-2500 diffract meter (Rigaku, Japan) using
Cu-Ka radiation source (k = 1.54056) at a scan rate of 5° min1 to
determine the crystal phase of the obtained samples. The accelerating voltage and the applied current were 50 kV and 300 mA,
respectively. Scanning electron microscopy (SEM, Nova 400 Nano),
transmission electron microscopy (TEM, TECNAI20, Philips) and
high-resolution transmission electron microscopy (HRTEM, Tecnai
G2, FEI Co.) have been used to characterize the samples. UV–vis diffused reﬂectance spectra of the samples were collected on a UV–vis
spectrophotometer (UV-2450, Shimadzu, Japan). BaSO4 was used
as a reﬂectance standard. The photoluminescence (PL) spectra of
samples were measured at room temperature using a ﬂuorescence
spectrophotometer (Cary Eclipse, VARIAN, American). X-ray photoelectron spectra (XPS) were carried out on Al Ka X-rays (Thermal
ESCALAB 250Xi).
2.5. Photocatalytic activity measurement
The photocatalytic properties of the NiFe2O4/Bi2O3 heterostructures were investigated by degradation of TC antibiotic under visible light irradiation at 298 K in our house-made instruments. The
photochemical reactor was irradiated with a 150 W xenon lamp
which was located with a distance of 8 cm at one side of the containing solution. UV lights with wavelengths less than 420 nm
were removed by a UV-cutoff ﬁlter in the visible-light-driven TC
degradation experiment. In the reaction, water was introduced
through the jacket to cool the solution. The photochemical reactor
contains 0.1 g catalyst and 100 ml of 10 mg/L TC aqueous solution.
The solution was magnetically stirred acutely. After 30 min in the
dark, it reached absorption balance and its initial absorbance was
determined. Then, the solution was irradiated by visible light and
was aerated. The sampling analysis was conducted at 10 min intervals. TC absorption concentration was determined using the TU1800 UV–vis spectrophotometer (Shanghai Ao Xi Technology
Instrument Co. Ltd.) by recording the variations of the absorption
band maximum at k = 357 nm (TC). The disappearance rate of TC
(DR) was calculated by the following formula

DR ¼



Ai
 100%
1
A0

where A0 is the initial absorbency of the TC antibiotic wastewater
solution which reached absorbency balance and Ai is the absorbency of the reaction solution.
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An Agilent Co. high performance liquid chromatography (HPLC)
system was applied to the determination of TC. The ﬂow rate of the
mobile phase of methanol and water was 1.0 mL min1 with a ratio
of 55:45. The injected volume was 20 lL, and the column efﬂuent
was monitored at a wavelength of 367 nm. Total organic carbon
(TOC) analyses were conducted on a multi N/C 2100 (Analytik Jena
AG, Germany) TOC analyzer.
3. Result and discussion
3.1. XRD analysis
The crystal structures of pure NiFe2O4 nanoparticles and NiFe2O4/Bi2O3 heterostructures with different mass ratios were revealed
by XRD pattern in Fig. 1. No diffraction peaks other than NiFe2O4
were detected, illustrating that there was no crystal phase impu-
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rity existing in the pristine NiFe2O4, which was in agreement with
the cubic phase with the space group Fd3m (PDF 03-0875). Similarly, the Bi2O3 was in agreement with the monoclinic crystal
phase (PDF 41-1449). In the nanocomposites, the diffraction peaks
of the Bi2O3 were sharp and intense with the highly crystalline
character of the sample while the diffraction peaks of NiFe2O4 were
weak with a small crystal size. When the mass ratio of NiFe2O4/
Bi2O3 was 30% or lower, only the Bi2O3 phase was detected, revealing that NiFe2O4 may be highly dispersed in the sample or the
amount of NiFe2O4 may be too small to be detected by the instrument. When the amount of doped NiFe2O4 was higher than 30%,
the diffraction peaks of NiFe2O4 could be observed in the XRD patterns. Aside from the characteristic perks of Bi2O3 and NiFe2O4, no
impurity peak was found, proving that the microwave processing
of NiFe2O4/Bi2O3 would not generate a new phase and the composites had a two-phase composition: NiFe2O4 and Bi2O3. In the microwave assisted process, deep inside heating facilitated
the nucleation and growth of Bi2O3 tubes [29]. Then the NiFe2O4
which was synthesized by the hydrothermal method was deposited onto the Bi2O3.
3.2. Microstructure analyses

Fig. 1. XRD spectra of NiFe2O4 nanoparticles (NFO) and NiFe2O4/Bi2O3 heterostructures (NFO/BO) with different mass ratios.

The pure Bi2O3 and 50% NiFe2O4/Bi2O3 heterostructures were
investigated to explore the size and interactions among the components in the synthesized photocatalysts. As can be seen in
Fig. 2a, the as-obtained Bi2O3 products are almost relatively uniform micrometre-scale tubes with lengths of 20–40 lm and thickness of 200–450 nm. Fig. 2b and c illustrated the typical SEM and
TEM images of the coupling photocatalysts 50% NiFe2O4/Bi2O3,
clearly exhibiting that after the microwave treatment the NiFe2O4/
Bi2O3 heterostructures almost unchanged except for the slightly
coarse surface (Fig. 2b) comparing to the unmodiﬁed Bi2O3. NiFe2O4
can be successfully absorbed onto the surface of Bi2O3 in the microwave heating process and the addition of NiFe2O4 had no effect to
the formation of Bi2O3. To further obtain information about the
structure of the sample, the NiFe2O4/Bi2O3 was characterized by
TEM. As shown in Fig. 2c, when 50% NiFe2O4 was loaded, NiFe2O4

Fig. 2. (a) SEM image of Bi2O3; (b) SEM and (c) TEM images of 50% NiFe2O4/Bi2O3 heterostructures; (d) HRTEM image of the loaded NiFe2O4.
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nanoparticles with a small size of 40–60 nm were tightly coupled
on the surface of Bi2O3, indicating a NiFe2O4/Bi2O3 heterostructures
was formed in the composite catalyst. The NiFe2O4 particles on the
NiFe2O4/Bi2O3 heterostructures were further characterized by high
resolution transmission electron microscopy (HRTEM) (Fig. 2d). A
typical HRTEM image recorded from one (3 1 1) oriented branch
was shown in Fig. 2d. The d-spacing of adjacent lattice planes
was determined to be 0.251 nm, which corresponded to the mean
value of the (3 1 1) planes of NiFe2O4 and was in good agreement
with d311 value calculated from XRD results (0.2514 nm).
3.3. XPS and UV–vis absorption spectra analyses
The chemical state of elements in NiFe2O4/Bi2O3 heterostructures was further investigated by XPS. Fig. 3a displayed the XPS
survey spectrum for the NiFe2O4/Bi2O3 heterostructures, which
showed Ni2p, Fe2p, Bi4f, O1s, and C1s peaks, while the C element
could be ascribed to the adventitious carbon-based contaminant,
and the binding energy for C1s peak at 284.6 eV was used as the
reference for calibration. In Fig. 3b, the Ni 2p3/2 signal
appeared at 854.9 eV, and the peak at 872.5 eV was ascribed to
the Ni 2p1/2 level. The peaks at binding energies of 710.4 and
724.9 eV could be attributed to Fe 2p3/2 and Fe 2p1/2 (Fig. 3c), separately. In addition, binding energy peaks at 164.5 and 158.6 eV were
in agreement with the Bi 4f5/2 and Bi 4f7/2 (Fig. 3d), respectively.
The UV–vis diffuse reﬂectance spectra of Bi2O3 and 50%
NiFe2O4/Bi2O3 heterostructures are shown in Fig. 4. As could be
seen from the curve, pure Bi2O3 exhibited the main absorption in
the UV region but little absorption in the visible light region. As
for NiFe2O4, the spectrum displayed a sharp absorption edge at
about 750 nm. It is observed that there are two prominent absorption bands for the NiFe2O4/Bi2O3 heterostructures, the former is
assigned to the absorption of Bi2O3, and the latter is attributed to
the characteristic absorption of NiFe2O4. The appearance of two
kinds of characteristic absorption bands conﬁrms that the NiFe2O4/
Bi2O3 sample is composed of NiFe2O4 and Bi2O3. However, to our

Fig. 4. UV–vis diffuse reﬂectance spectra of NiFe2O4, Bi2O3 and 50% NiFe2O4/Bi2O3.

surprise, the NiFe2O4/Bi2O3 heterostructures showed an additional
transition, with the absorption from 430 to 600 nm. We believed
that a partial interfacial charge transfer between p-type Bi2O3
and n-type NiFe2O4 was probably responsible for this absorption
because such a transition cannot be assigned to either Bi2O3 or
NiFe2O4.
The optical band gap energy (Eg) of a crystalline semiconductor
was estimated by the formula:

ahm ¼ Aðhm  Eg Þn=2
The band gap energies for the prepared materials were determined from (ahm)2 versus hm plots, as also shown in Fig. S4. The
band gap of NiFe2O4 and Bi2O3 were estimated to be 1.70 and

Fig. 3. XPS spectra of 50% NiFe2O4/Bi2O3 heterostructures: (a) survey spectrum, (b) nickle spectrum, (c) ferrum spectrum, (d) bismuth spectrum.
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Fig. 5. Photocatalytic activity of NiFe2O4 (NFO), Bi2O3 (BO) and NiFe2O4/Bi2O3
heterostructures with different mass ratios (10%, 30%, 50%, 70%, 100%) under the
illumination of visible light.

2.80 eV, respectively, which were consistent with the literature.
[2,26] It is found that the band gap of 50% NiFe2O4/Bi2O3 heterostructures was 1.67 eV.

3.4. Photodegradation of TC under visible light irradiation
TC was used as a model contaminant in this study to evaluate
the photocatalytic performance of as-synthesized photocatalysts.
Before the photocatalytic reaction, the TC solution was ﬁrst synthesized in the absence of the photocatalysts to examine its stability.
The result showed that the antibiotic TC is not decomposed, even
after long illumination with visible irradiation. In addition, the
concentration of TC solutions almost did not change under dark
conditions after these NiFe2O4, Bi2O3 and NiFe2O4/Bi2O3 photocatalysts and TC solutions reached the adsorption–desorption equilibrium. Therefore, the presence of both these photocatalysts and
illumination was necessary for efﬁcient degradation. The photocatalytic degradation behaviors of TC by as-obtained NiFe2O4, Bi2O3
and NiFe2O4/Bi2O3 heterostructures under visible irradiation
(P420 nm) were shown in Fig. 5.
In Fig. 5, under visible light irradiation, poor activity was
obtained on the single NiFe2O4 (47.43%). The NiFe2O4/Bi2O3 system
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exhibited outstanding enhanced activity under visible light irradiation and the photodegradation efﬁciency of TC increased initially
with increasing NiFe2O4 concentration, and then decreased as the
NiFe2O4 concentration further increased. The 50% NiFe2O4/Bi2O3
sample exhibited the highest level of activity and the degradation
of TC could be reach to 90.78% in 90 min. To evaluate the rate of the
photocatalytic degradation better, the initial reaction rates of TC
disappearance were calculated via the Fig. S5. The initial rates of
TC photodegradation (rTC init) were obtained from the tangent
of the initial part of the TC curve. It was easy to see that the rTC init
of 30% NiFe2O4/Bi2O3 was the biggest (0.54 mg L1 min1) among
that of NiFe2O4, Bi2O3 and NiFe2O4/Bi2O3 heterostructures with different mass ratios.
The photocatalytic degradation process of TC with 50% NiFe2O4/
Bi2O3 heterostructures under visible irradiation was also investigated by the time course UV–vis spectra. The temporal UV–vis
adsorption spectral changes for the TC solution as a function of
irradiation time during the photocatalytic reaction were also
shown in Fig. 6 in which TC showed a strong peak at 357 nm. As
time went on, the peak intensity of TC was decreased quickly,
and nearly disappeared after 90 min. Only a slight migration of
the peak was observed, clarifying that the degradation of TC under
the visible irradiation process resulted in the destruction of the
structure. TC can rapidly be degraded under visible irradiation in
the presence of NiFe2O4/Bi2O3 composites.
The results in Figs. 5 and 6 illustrated that the coupling of NiFe2O4 with Bi2O3 could generate a new visible-light driven photocatalyst. The photocatalytic activity of the NiFe2O4/Bi2O3
heterostructures was signiﬁcantly higher than that of NiFe2O4 or
Bi2O3 under visible light.
The photocatalytic degradation process of TC with NiFe2O4/
Bi2O3 heterostructures (50%) under visible light irradiation was
also investigated by means of HPLC analysis. Fig. S1 showed that
the peak of TC is weakened with the time, and the relative variation of peak area was displayed in Fig. S6. The results proved that
the absorption bands of aromatic degradation intermediates and
the parent compound do not overlap. In 90 min, the peak area
had been reduced by about 90 percent, which was consistent with
the disappearance curves obtained by UV–vis spectroscopy.
It was further proved that the 50% NiFe2O4/Bi2O3 heterostructures as a visible light photocatalyst for antibiotic water treatment
were efﬁcient and promising.
To further demonstrate photocatalytic properties of the photocatalysts, the total organic carbon (TOC) for the NiFe2O4/Bi2O3 heterostructures (50%) (Fig. S2) has been studied the extent of
mineralization during photodegradation under visible light. In
the degradation of TC after 90 min, the removal rate of TOC

Fig. 6. The UV–vis variation diagram of the degradation of 50% NiFe2O4/Bi2O3 heterostructures on TC.
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reached 51.95%. It can be concluded that in the process of photocatalytic degradation, TC is not only degraded into CO2 and H2O,
but also other organic mediators. Further studies are needed in
improving the removing ratio of TOC.
To quantitatively compare the photocatalytic activities of these
samples, the kinetic behavior of photocatalytic degradation using
these NiFe2O4/Bi2O3 heterostructures was investigated further.
Langmuir–Hinshelwood kinetic equation was usually used to
describe the heterogeneous photo-degradation kinetic behavior
[30,31]. On the basis of the Langmuir–Hinshelwood kinetic equation, (KC  1)

r ¼

dc
¼ kKc ¼ kapp c
dt

ð1Þ

And hence the Eq. (1) gives following equation:

ln

C0
¼ kapp t
C

ð2Þ

where C0 and C were the concentration of initial and t time. kapp, the
apparent ﬁrst-order rate constant, could be obtained from the slope
of the linear regression. As shown in Fig. 7b, the kapp for NiFe2O4/
Bi2O3 (50%) was largest. The TC removal rate over NiFe2O4/Bi2O3
(50%) (k = 0.045 min1) was about 7.50 and 2.64 times as much as
that of pure NiFe2O4 (k = 0.006 min1) and Bi2O3 (k = 0.017 min1),
respectively. The calculated results were in agreement with the previous experimental results in Fig. 5. So, the high photocatalytic
activity of NiFe2O4/Bi2O3 heterostructures could be ascribed to the
close interactions between NiFe2O4 nanoparticles and Bi2O3
microtubes.

Fig. 8. Photodegradation of TC over 50% NiFe2O4/Bi2O3: (a) without radical
scavenger, (b) with isopropyl alcohol, and (c) with EDTA-2Na.

3.5. Mechanism of photocatalysis
It was well known that the main oxidative species in photocatalytic process could be detected through the trapping experiments
of photoinduced holes (h+VB) and the formed hydroxyl radicals
(OH). Here, EDTA-2Na was employed as a hole scavenger and isopropyl alcohol as a hydroxyl radical scavenger to determine the
active species in the photocatalytic reactions [32]. In Fig. 8, the
addition of isopropyl alcohol as a hydroxyl radical scavenger
caused a higher photocatalytic degradation of TC (89.78%), while
TC degraded little (65.81%) with the addition of the capture of
holes (EDTA-2Na). The result clearly indicated that holes were
the main active species of the TC degradation.
On the basis of the above experimental results and discussion, a
proposed mechanism for the enhanced photoactivity over the present NiFe2O4/Bi2O3 was shown schematically in Fig. 9. Under visible
light irradiation, the photogenerated electrons were excited from
the valence bands (VB) to the conduction bands (CB), leading to
the formation of holes in the valence band of the semiconductors.

Fig. 9. The proposed mechanism for the enhanced photoactivity over NiFe2O4/Bi2O3
heterostructures under visible-light irradiation.

Then, electrons in the conduction band of NiFe2O4 were injected
into the CB of Bi2O3 because the more negative CB of NiFe2O4 than
that of Bi2O3, which was beneﬁcial for reducing the recombination
of photogenerated electrons and holes. At the same time, the main
active species, the photogenerated holes in the VB of NiFe2O4 thus
act as main active species in the oxidative degradation of TC, as
supported by tests with hole and hydroxyl radical scavengers.
Hence, the remarkably increased photoactivity for the NiFe2O4/
Bi2O3 could be ascribed to the efﬁcient separation of the photogenerated electron–hole pairs and the photogenerated holes had been

Fig. 7. The ﬁrst-kinetic of photocatalytic (a) and pseudo-ﬁrst-order rate constants (b) of degradation of TC over NiFe2O4, Bi2O3 and composites with different mass ratios.
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water and photocatalysts more easily. The degradation rates are
90.78%, 88.69%, 85.56%, respectively. Fig. 11 shows that there is
only a slight change in the photocatalytic activity among the three
runs, indicating the good recycling properties of 50% NiFe2O4/Bi2O3
heterostructures in degradation of TC under visible light irradiation, which is important for its practical application. To study the
efﬁciency of the magnetic recovery of the photocatalysis, UV–vis
absorbance of the clear solution before and after the photocatalyst
removal were determined as Fig. S3. In the Fig. S3, the UV–vis
absorbance of the clear solution after the photocatalyst removal
with magnetic recovery were decrease obviously, comparing with the value before the photocatalyst removal. So the
data showed the feasibility and effectiveness of
the
magnetic
recovery of the photocatalysis.
4. Conclusions
Fig. 10. PL spectra of Bi2O3 and 50% NiFe2O4/Bi2O3 heterostructures.

demonstrated to play a major role for the degradation of TC over
the NiFe2O4/Bi2O3 heterostructures.
The photoluminescence (PL) spectra was employed to further
demonstrate that the improvement of photocatalytic activity can
be ascribed to the better photogenerated carrier separation efﬁciency in NiFe2O4/Bi2O3 heterostructures (Fig. 10). It was well
acknowledged that the PL emission intensity of a semiconductor
was proportional to the opportunity of the recombination of photoinduced electron–hole pairs. We can observe that Bi2O3 shows
strong broad emission peaks around 528 and 605 nm, implying
the high recombination rates of the photoinduced carriers. The
lower PL emission intensity of 50% NiFe2O4/Bi2O3 heterostructures
suggested that the NiFe2O4/Bi2O3 heterostructures had less of an
opportunity for electron–hole pairs’ recombination and facilitates
the migration of charge-carriers more effectively than Bi2O3.
To investigate the recyclability of the NiFe2O4/Bi2O3 photocatalysts, their life cycle assessment of 50% NiFe2O4/Bi2O3 heterostructures was performed. All the experiments were conducted under
the same conditions (initial TC concentration: 10 mg/L; visible
light irradiation time: 90 min). The sample powders after each
run were collected by magnet and reused in the next photocatalytic reaction. As shown in the inset of Fig. 11, the NiFe2O4/Bi2O3
photocatalysts possess remarkable magnetic properties due to
the addition of NiFe2O4, which makes the separation between

In summary, the magnetically separable NiFe2O4/Bi2O3 heterostructures was synthesized for the ﬁrst time via a two-step process
based on the match of lattice and energy level between NiFe2O4
and Bi2O3. The NiFe2O4/Bi2O3 heterostructures exhibited an
enhanced visible-light-driven photocatalytic activity, giving the
highest degradation rate of 90.78% in 90 min and the kapp of
0.360 min1 when 50% of NiFe2O4 was loaded on the Bi2O3. This
enhancement has been demonstrated to be due to the effective
electron hole pair separation via the interfacial junction. Overall,
this work opens intriguing perspectives for the potential application of heterostructures materials in the ﬁeld of the treatment of
TC in industrial application.
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