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Magnetic BiOBr/FesO4/RGO composites with remarkable photocatalytic capability were prepared by
a simple hydrothermal method to load 3D flower-like microspherical BiOBr onto the surface of FesO4/
RGO. Under visible-light irradiation (A > 420 nm), the BiOBr/FezO4/RGO composite with 56% mass
percentage of FesO4/RGO shows the optimal removal ability for Rhodamine B, and the total removal
efficiency is 96%. The coupling of FesO4/RGO and BiOBr elevates the conduction band of BiOBr, which
enhances the reduction level of BiOBr/FezO4/RGO composites. Ultimately, based on experiments and
theoretical calculations, an n-type Schottky contact formed at the heterojunction interface between
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Accepted 16th April 2020 RGO doped with FezO,4 and BiOBr is proposed for photoexcited charge transfer. The RGO with great
adsorptivity plays a major role in the photocatalysts composed of BiOBr, RGO and FezOg,. Further, BiOBr/

DO 10.1039/d0ra01668¢ Fes04/RGO composites with permanent-magnetism can be recovered and reused easily by external
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Introduction

Semiconductor-based photocatalysis is identified as an
appealing advanced method for environmental contaminant
treatment.” Most of the photocatalytic reactions can be excited
by only about 3-5% ultraviolet (UV) light in the solar spectrum
or expensive artificial UV sources. Thus, the demand for
designing visible-light-driven photocatalysts with superior
performance is very urgent. Bismuth oxyhalides (BiOX, X =1, Br,
Cl)? as promising ternary photocatalysts with special electronic
structure and excellent photocatalytic performance have been
widely used in several fields.* Among them, BiOBr has a quite
suitable band gap with a little visible-light absorption. The
hybridization between O 2p and Bi 6s states induces the sepa-
ration of photoexcited e -h" pairs.* However, practical appli-
cations of BiOBr are still hampered by its insufficient light
absorption and high recombination probability of photoexcited
electron-hole pairs. Many approaches have been developed so
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magnetic field and maintain a total removal efficiency of 90% after four cycles.

as to overcome the drawback, such as the control of dominant
exposed facets,” doping metals and compound semi-
conductors,*” and construction of BiOBr-based heterojunction.®
Among those approaches, the heterojunction recombination of
BiOBr with carbonaceous materials can effectively improve the
separation of photoexcited e -h" pairs, thereby getting more
absorption of light, such as BiOBr-C;N,,” carbon nanofiber/
BiOBr," g-C3N,/BiOBr** and carbon nitride/BiOBr.**

The difficulty in separating and recovering the above pho-
tocatalysts from the treated liquid phase is another disadvan-
tage, especially for powder catalysts. The introduction of
magnetic materials, such as Fe;0,4," MnO,," NiO,"” Fe,03,"
CoFe,0,4 ¥ in composite systems, is a feasible way to overcome
the limitations. Among them, Fe;0, is one of the most widely
used magnetic materials with low-cost, biocompatibility,
outstanding photochemical stability and sufficient magne-
tism."® Especially, it is interesting that the cubic phase Fe;0,
nanoparticle possesses 1.40-1.85 eV band gap.***® These
features enable Fe;0,4 to couple with other semiconductors for
providing magnetism thereby promoting recovery in a magnetic
field environment, and making the photocatalyst highly resis-
tant to photocorrosion.*

Graphene-based materials have emerged as promising
candidates due to their large specific surface area, outstanding
charge carrier mobility and high thermal/chemical stability.
The presence of graphene can increase electric charges transfer
rate, which prevents the recombination of the photogenerated
electron-hole pairs and provides some active adsorption sites
from oxygen-containing functional groups on the surface of the
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sheets. Therefore, graphene can promote the synergistic effect
of adsorption-photocatalysis to accelerate the degradation of
pollutants.”*** Recently, many research efforts have been made
to combine BiOBr with RGO to form BiOBr/RGO hybrid cocat-
alysts.>** For instance, Yu et al. successfully prepared a three-
dimensional BiOBr/RGO heterostructure composites by a two
steps hydrothermal method with GO as precursors, which
exhibited an improved photocatalytic activity for degrading
methyl orange.”® Tu et al. and Liu et al. have synthesized BiOBr/
RGO photocatalyst for degradation of RhB under visible light,
which illustrates that RGO sheets as an electronic transmitter in
the photocatalytic reaction process expected to promote the
synergistic effect of adsorption-photocatalysis to accelerate the
degradation of pollutants.””*® Unfortunately, these BiOBr/RGO
composites are difficult to recycle after photodegradation
reactions, increasing the cost of degradation. Nowadays, some
studies have testified that the magnetic heterojunction system
showed a favorable candidate to overcome the above
problems.

Recently, for the BiOBr/Fe;0,/RGO composite, Janani et al.
ultrasonic dispersion method had been taken to obtain a pho-
tocatalyst, which is easy to magnetically separate and has
a relatively low band gap energy for the need of visible-light
absorption.** Xu et al. prepared a Fe;0,/BiOBr/RGO composite
photocatalyst by hydrothermal treatment, which has signifi-
cantly improved photocatalytic activity for degrading RhB.**
Nevertheless, the effect of RGO or Fe;O, on the interfacial
properties of BiOBr has not been discussed in depth, so the
photocatalytic mechanism of BiOBr/Fe;O,/RGO composites
needs further investigation. In this work, we proposed we con-
ducted a comprehensive and systematic study of the micro-
scopic mechanisms of interface interactions and charge
transfer in this system. The photocatalytic activity of BiOBr/
Fe;0,/RGO on dyes under visible-light irradiation and the
photocatalytic stability of magnetic recovery were systematically
evaluated and discussed. In addition, the interface interaction
and electron transfer mechanism of the composites were also
verified by first-principles calculations.

29,30
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Materials and methods

Chemicals and reagents

Bismuth nitrate (Bi(NOs);-5H,0), potassium bromide (KBr),
ethylene glycol (EG), natural flake graphite, sodium nitrate
(NaNO;), iron(m) chloride hexahydrate (FeCl;-6H,0), ethyl-
enediamine (EDA), sodium acetate trihydrate (CH;COONa-3H,-
0), hydrogen peroxide (H,0,), absolute ethyl ethanol, 2,2,6,6-
tetramethylpiperidin-1-yloxy (TEMPO), 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO), rhodamine B (RhB), methyl blue (MB), methyl
orange (MO), acid red (AR), amino black (AB) were purchased
from Sinopharm Chemical Reagent Co. Ltd., China. Other
reagents used in this study, including concentrated sulfuric acid
(H,SO,), potassium permanganate (KMnO,) and concentrate
hydrochloric acid (HCI) were obtained from Xinyang Chemical
Reagent Co. Ltd., China. All reagents were of analytical grade and
used without further purification.

Preparation of GO and Fe;0,/RGO

Graphene oxide was prepared by a modified Hummers' method,
and the detailed synthesis route was reported in our previous
work.** Fe;0,/RGO was prepared by a one-step hydrothermal
process. Briefly, GO suspension (0.1 g, 1 wt%) was added to
40 mL of EG under magnetic stirring, recorded as liquid A.
FeCl;-6H,0 (0.3 g) was slowly added to 10 mL of EG solution
under stirring, recorded as liquid B. Thereafter, the obtained
liquid B, CH3COONa-3H,0 (3 g) and EDA (10 mL) were slowly
added to the liquid A and continuously stirred to form
a homogeneous mixture. This homogeneous mixture was then
hydrothermally heated in a Teflon stainless steel reactor at
200 °C for 8 h. Finally, the obtained precipitate was washed with
ethanol, and dried under vacuum at 60 °C to obtain the Fe;0,/
RGO powder. For comparison, the preparation of Fe;O, is
unchanged except that GO were involved.

Preparation of BiOBr/Fe;0,/RGO

For the preparation of BiOBr, 0.7275 g Bi(NO;);-5H,0 and
0.1785 g KBr were added slowly into 16 mL EG solution and
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Scheme 1 The synthesis route of hydrothermal method for preparing BiOBr/FezO4/RGO composites.
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continuously stirred to form a homogeneous mixture. This
homogeneous mixed solution was transferred into a 50 mL
Teflon stainless steel reactor, and hydrothermal heated at
160 °C for 12 h to obtain BiOBr. The final product was washed
with ethanol and dried in air at 60 °C to obtain a white BiOBr
powder for further use. The BiOBr/Fe;0,/RGO composites were
prepared by a simple solvothermal method. In brief, 10 mg of
BiOBr was added to 75 mL of EG, respectively, and the solution
was stirred to completely disperse for 1 h. 25, 12.5, 8.3 and
6.25 mg of Fe;0,/RGO (i.e., the mass fraction of Fe;0,/RGO in
the precursor is 71%, 56%, 45%, and 38%) were slowly added to
the above mixed solution and stirred for 4 h. The hydrothermal
reaction was carried out at 160 °C for 12 h using a 100 mL Teflon
stainless steel reactor lined with polytetrafluoroethylene (PTFE).
Finally, the final product was washed with water and ethanol
several times, and dried under vacuum for 12 h to obtain
a powdery sample and labeled as BFG (Scheme 1). The BiOBr/
Fe;0,/RGO samples with different mass percentage x% of
Fe;0,/RGO were recorded as BFG-x%.

Characterization

The X-ray diffraction (XRD) patterns were obtained on a D8-
advance X-ray diffractometer (Bruker, Germany) equipped
a Cu Kua radiation source (A = 1.5418 nm). The microstructure
and morphology of samples were investigated using a JSM-
6390LV scanning electron microscope (SEM, JEOL, Japan) and
a JEM-2100 transmission electron microscope (TEM, JEOL,
Japan). The Raman spectrum was analyzed by a Lab RAM HR
Evolution (Horiba Scientific, France) with an excitation wave-
length of 633 nm. The surface functional groups of samples
were determined by Fourier transform infrared (FT-IR) spec-
troscopy using a Nicolet Nexus 470 IR spectrometer ranging
(Thermo Fisher Scientific, UK) from 4000 cm " to 400 cm ™.
The analysis of X-ray photoelectron spectra (XPS) was per-
formed at ambient temperature using an ESCALab 250Xi
photoelectron spectrometer (Thermo Fisher Scientific, USA).
UV-Vis spectra were recorded on a UV-2600 spectrometer using
BaSO, as a reference in the range of 200-800 nm (Shimadzu,
Japan). Electrochemical impedance spectra (EIS) and transient
photocurrent responses were characterized by an SP150 elec-
trochemical system (Bio-logic, France). The magnetization
measurements were carried out using a PPMS DynaCool
vibrating sample magnetometer (VSM) (Quantum Design, USA).
The activated species reacted in dyes were examined using
visible light (A > 420 nm) using an A300 type electron spin
resonance (ESR) spectrometer (Bruker, Germany), in which
DMPO and TEMPO were used as radical scavengers. The TOC-
LCPH type analyzer (Shimadzu, Japan) was used to determine
the total organic carbon (TOC) of the degraded solution.

Photocatalytic experiment

Photodegradation of the dye aqueous solution was carried out
using a 300 W Xenon lamp (PLS-SEX300D, Beijing Perfect Light
Technology Co. Ltd., China) with a 420 nm cut filter as a light
source. In degradation experiment, 10 mg BiOBr, 35 mg BFG-
71%, 22.5 mg BFG-56%, 18.3 mg BFG-45%, and 16.25 mg BFG-
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38% were added to 50 mL of 20 mg L " RhB, placed in a 100 mL
glass jacketed reactor with the bilayer cooled by circulating
water to keep the temperature constant for ensure the same
experimental conditions, where the amount of photocatalysts is
designed to ensure that each composite includes 10 mg of
BiOBr. The suspension was vigorously stirred in the dark for
30 min before irradiation to reach an adsorption-desorption
equilibrium, and then irradiated for 60 min under visible light,
which the light source was placed 15 cm above the solution. At
the certain time interval, 5 mL of the suspension was taken out
from the reactor and centrifuged, and the degradation was
monitored with a SP-2500 series UV-Vis spectrophotometer
(Shanghai Spectrum Instruments Co. Ltd., China). The absor-
bance was then measured as a concentration, and a dye removal
efficiency were calculated using C,/C,, where C, (mg L™ ") and C,
(mg L") were the concentrations of dyes at time ¢ (min) and at
original, respectively. In a cycle experiment, the catalyst recov-
ered from the solution by an external magnet, washed with
deionized water and ethanol, and then dispersed in another
solution of the dye solution (50 mL, 20 mg L™ ).

Photoelectrochemical test

For electrochemical testing, measurements were made using
a traditional three-electrode system. A fluorine-doped tin oxide
conductive glass (FTO) coated with a sample, a standard
calomel electrode and a Pt plate were selected from the working
electrode, the reference electrode and the counter electrode,
respectively. In this experiment, 10 mg sample was added to
a mixture of 200 pL of 5% Nafion solution and 600 pL of
absolute ethanol, and the mixture was uniformly coated on
a 1.0 cm x 1.0 cm FTO glasses to form a uniform film. Further,
a 0.1 mol L™* potassium ferricyanide solution and a 300 W Xe
lamp with a 420 nm cutoff filter was used as the light source.

Theoretical calculations

Complete the theoretical work was done using projector
augmented wave (PAW) pseudopotentials, in which exchange
and correlation in Perdew-Burke-Ernzerhof (PBE) formalism of
density functional theory (DFT) as implemented in CASTEP.**
The valence atomic configurations are 6s°6p> for Bi, 4s”4p° for
Br, 2s5*2p* for O, and 2s*2s” for C, respectively. The energy cutoff
for planewave function set is 400 eV, and a Monkhorst-Pack
grid of 2 x 10 x 1 are used. In geometric optimization, the self-
consistent convergence criterion and the maximal force
between atoms are 1 x 10 ° eV per atom and 0.05 eV A™*,
respectively. The maximum displacement is 5 x 10~* A, and the
stress is less than 0.02 GPa. Here, the hybrid semi-empirical
solutions of Tkatchenko and Scheffler (TS) schemes are given
to represent vdW interactions, and damped atom paired
dispersion correction in the form of CeR ® in the DFT
formalism.*® The dispersion-corrected total energy E is
expressed as

Eiotal = Exs-prt + Evaw (1)
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where Exs prr is the conventional Kohn-Sham DFT energy and
E,aw is the dispersion correction. The semi-empirical method
provides the best compromise between the first-principles
assessment of the dispersion terms and the need to improve
the non-bond interactions in the standard DFT description.

Results and discussion

Structural characterization

The X-ray diffraction (XRD) patterns of BiOBr microspheres,
Fe;04/RGO and BFG-56% were recorded to confirm their crys-
tallinity and phase purity in Fig. 1. It can be observed that the
nine diffraction peaks of BiOBr powers could be indexed to
crystal planes of tetragonal BiOBr phase, which match perfectly
with the standard powder diffraction pattern (JCPDS#09-0393).
The Fe;0,/RGO sample exhibits six diffraction peaks that were
also consistent with XRD patterns of cubic Fe;O, nanoparticles
(JCPDS#65-3170).¢ However, the obvious diffraction peak of C is
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oo e(440)
«ee(220)

iBFG-56%:
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Fig. 1 XRD patterns of BiOBr, Fezs04/RGO and BFG-56%.
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not detected, which is probably because of the low RGO content
and weak intensity of RGO. As for the BFG-56%, composite has
a similar XRD spectrum to the combination of pure BiOBr
spectrum and Fe;O,/RGO spectrum, which reveal that the
structure of Fe;0, and BiOBr do not decompose or convert to
other crystals after a series of functionalization processes. In
addition, the degree of defect in the composite and its carbon
structural changes are further explored by Raman techniques in
Fig. S1.t The extent of defects/disorder can be evaluated
through the intensity ratio of D-band and G-band, Ip/Ig.*” The
In/Ig values for Fe;0,/RGO (1.204) and BFG-56% (1.167) are
higher than that for GO (0.919), which is ascribed to the
reduction of GO to RGO after high-temperature hydrothermal
synthesis,*® accompanied by the surface of the RGO layer filled
with Fe;O, and BiOBr, indirectly suggesting the effective
synthesis of the ternary composite.

The microstructures of BiOBr, Fe;0,/RGO and BFG-56% has
been examined by SEM and TEM. A plurality of BiOBr micro-
spheres with average diameter of 1-2 um are observed in
Fig. 2(a). The enlarged image of BiOBr (Fig. 2(b)) clearly shows
a 3D flower-like microsphere structure self-assembled from
nanoleaflets with tens of nanometers thick, which allows it to
obtain more active sites and makes it more beneficial for light
absorption. Fig. 2(c) shows the TEM image of Fe;0,/RGO,
revealing that Fe;O, nanoparticles with an average diameter of
30 to 35 nm are uniformly supported on the transparent RGO
sheets, where an average spacing of 0.251 nm in the HRTEM
(Fig. 2(d)) corresponding to the (311) lattice plane of Fe;0,.
While in Fig. 2(e and f), BiOBr and Fe;0,/RGO sheets can be
clearly seen in the BFG-56% composites. Here, Fe;0,/RGO
sheets only cover a part of the surface of BiOBr, which hardly
affects the capture of photons by the BiOBr. Further, the adja-
cent connection between Fe;0,/RGO sheets and BiOBr enables
the transfer of charge carriers during the photocatalytic process,
enhancing the catalytic activity of composites. The TEM,
elemental mappings and EDS spectrum (Fig. 2(g-i) and S27)

Fig. 2 SEM images of the synthesized samples: BiOBr (a and b) and BFG-56% (e and f); TEM images (c and g) of Fez04/RGO and BFG-56%;
HRTEM images (d and h) of Fez04/RGO and BFG-56% and EDS mapping (i) of BFG-56%.
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Fig. 3 FT-IR spectra of GO, BiOBr, Fe304/RGO and BFG-56%.

further demonstrate the formation of BFG-56% photocatalysts
comprising BiOBr, Fe;0, and RGO, which is consistent with the
XRD and Raman results.

FT-IR analysis as shown in Fig. 3 is used to investigate the
chemical bonding attached on the surface of as-incorporated
composites. The spectrum of GO depicts a strong C=C peak
at 1620 cm ™" and the other functional groups of containing C-O
peak at 1048 cm™ ', C-O-H peak at 1377 cm™~ ' and C=0 peak at
1732 cm™ ' which are clearly visible.*® After modification by
Fe;O, nanoparticles, a new characteristic peak appears at
588 cm ', mainly due to the vibration of Fe-O, proving the
existence of Fe;O, nanoparticles.*’ Based on this, another new

View Article Online
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characteristic peak at 511 cm ™" appears in the BFG-56% spec-
trum, which corresponds to the Bi-O bond in the BiOBr spec-
trum. However, the characteristic peak of Bi-O appearing in the
BFG-56% spectrum is significantly weakened, due to the influ-
ence of the introduction of Fe;O, and RGO in composites.
Furthermore, the disappearance of some of the oxygen-
containing functional groups in the Fe;0,/RGO and BFG-56%
composites or the weakening of their characteristic peaks also
confirmed that GO was reduced to RGO after hydrothermal
treatment, which is consistent with the Raman spectrum. It is
worth noting that the BFG-56% exhibits a new broad absorption
at 1200 cm ' and its peak intensity is significantly reduced,
which may be attributed to Bi-C vibration, indicating the
possible presence of chemical bonding between BiOBr and
RGO.*

The XPS were analyzed to further determine the chemical
bond in BFG-56% composite. As shown in Fig. 4(a), the survey
XPS spectrum confirmed the presence of, Bi 4f, Br 3d, Fe 2p, C
1s and O 1s in BFG-56% with corresponding chemical binding
energies of ~163, ~70, ~718, ~287, ~531 eV. In the high
resolution For Bi 4f spectrum (Fig. 4(b)), two peaks at 165 and
160 eV correspond to Bi 4fs5,, and Bi 4f;,,, respectively, and the
chemical energy difference between the two peaks is 5 eV,
illustrating the presence of Bi**.** Compared with the XPS
spectrum of BiOBr in the literature,* the above two character-
istic peaks in Bi 4f have a slight shift to lower binding energy,
indicating that a strong chemical bond exists between BiOBr
and Fe;0,/RGO.* As depicted in Fig. 4(c), the similar shifts are
also noticed in Br 3d spectrum of BFG-56%, where the binding
energies of 70 and 69 eV correspond to Br 3d;,, and Br 3ds,, due
to the presence of Br™.* As for Fe 2p spectrum of BFG-56%, Fe

Survey speetrum Bi 4f spectrum

Te2p,, Fe2pQls

Intensity (a.u.)

Intensity (a.u.)

Bidf,
165 ¢V

Br 3d spectrum Br3d,, C

B4t b
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Fe 2p spectr C 1s spectrum § spec
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(a) XPS of GO, Fez04/RGO and BFG-56%; BFG-56% spectra curve fitting: Bi 4f (b), Br 3d (c), Fe 2p (d), C 1s (e), O 1s (f).

RSC Adv, 2020, 10, 19961-19973 | 19965


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01668c

Open Access Article. Published on 27 May 2020. Downloaded on 2/7/2026 1:15:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

a
0.9
_— BFG-56%
3 |
&
L
20.64
&
=
2
<
0.3
BiOBr
0.0 v T T T T T v T v T T
200 300 400 500 600 700 800

Wavenumber (nm)

Fig. 5
(ahv)’? and photon energy (hv).

2p12 and Fe 2p3,, correspond to chemical energies of 725 and
711 eV, as shown in Fig. 4(d), respectively. Fig. 4(e) shows that
the deconvolution of C 1s consists of sp> C=C (285 eV), C-C
(286 eV), C-OH carbon atom (287 eV) and carbonyl C=0 (289
eV), which is almost consistent with the FT-IR result,* further
explaining that GO has been reduced successfully. Fig. 4(f)
shows that O 1s can be divided into three peaks, corresponding
Fe-O bond with the peak of 531 eV, O-H bond with the peak of
532 eV and Bi-O bond with the peak of 530 eV. According to the
above analysis, it is concluded that Fe;O,, RGO and BiOBr
coexist in the composite.

The photocatalytic properties of the catalyst are primarily
related to the light absorbing ability. UV-vis diffuse reflectance
spectra (DRS) curve fitting was used to characterize the optical
properties of BiOBr and BFG-56%, as shown in Fig. 5(a). The
optical energy bandgap was calculated using the Tauc equa-
tion"” and the relationship between (ahv)”? and photon energy
(hv) is plotted in Fig. 5(b). Each band gap E, is obtained by
making a tangent to the plotted relationship curve. The band
gap energy of BFG-56% is 0.54 eV, which is much lower than
that of pure BiOBr (2.58 eV). Thereby, it is calculated that the
absorption edges of BFG-56% and BiOBr are 2296 and 481 nm,
respectively. This clearly shows that Fe;O,/RGO can effectively
narrow the bandgap of BiOBr, and enhance the visible light
absorption of the photocatalyst.

The fluorescence lifetime of photo-induced electrons can be
obtained by transient photocurrent measurements. Fig. 6(a)
shows that the transient photocurrent responses of the three
switch intermittent illumination cycles for BiOBr and BFG-56%
under visible-light irradiation. Here, the transient photocurrent
densities of BiOBr and BFG-56% are 0.06 pA and 0.25 pA,
respectively. The photocurrent response of BFG-56% is 4 times
that of BiOBr, which is more effective for the separation of
photoexcited electrons and holes. The results indicate that the
introduction of Fe;0,/RGO can effectively enhance the interface
charge migration. The electrochemical properties of composites
were investigated by EIS, which is also a method to evaluate the
separation efficiency of e ~h" pairs of photocatalysts. It is well
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known that the higher the e -h" separation efficiency, the
smaller the semicircle, and thus the higher the photocatalytic
activity.*® The semicircular radius of EIS Nyquist curve for BFG-
56% is significantly smaller than those of other samples in
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Fig. 6 (a) Photocurrent response curves and (b) EIS Nyquist plots of
BiOBr and BFG-567%.
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Fig. 6(b). It is confirmed that the introduction of Fe;0,/RGO not
only reduces the charge transfer resistance, but also promotes
charge transfer and inhibits charge recombination.

A vibrating sample magnetometer (VSM) is used to charac-
terize the magnetic properties of composites at room tempera-
ture. The Fe;0,, Fe;0,/RGO and BFG-56% samples have typical
S-type hysteresis loops, and the residual magnetization tends to
zero, demonstrating that three materials are super-
paramagnetic, as shown in Fig. 7. The saturation magnetiza-
tions (M;) of pure Fe;0,4, Fe;0,/RGO and BFG-56% are 47.78,
42.39 and 26.49 emu g, respectively. It is obvious that Fe;0, is
the most magnetic. Compared with pure Fe;O,, Fe;0,/RGO
causes a slight decrease (5.39 emu g~ ') in M value due to the
introduction of RGO. The magnetic field strength M, of BFG-
56% is 15.90 emu g lower than that of Fe;0,/RGO, which is
ascribed to the influence of nonmagnetic BiOBr on BiOBr/
Fe;04/RGO.?* In addition, the magnetic separation of BFG-56%
was also investigated, as shown in the inset of Fig. 7. Fe;0,/RGO
and BFG-56% are well dispersed in water. However, the
suspension can be changed from dark gray to transparent
within 22 s when an external magnetic field approaches the

d
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bottle. All the composites are separated from water under an
external magnetic field, which verifies that BiOBr/Fe;0,/RGO
composite has the excellent magnetic response. Thus, the work
provides a convenient and efficient magnetic separation
method for recovery and recycling of photocatalyst.

Adsorption and photocatalytic performances

In order to evaluate the photocatalytic performance of BiOBr/
Fe;0,/RGO photocatalysts, the abilities of photocatalysts with
different ratios of Fe;0,/RGO (BFG-71%, BFG-56%, BFG-45%
and BFG-38%) to remove RhB in aqueous solution under dark
and visible light (1 > 420 nm) at the temperature of 30 °C are
investigated to determine the optimal ratio of BiOBr in
composites. Fig. 8(a) shows that all BiOBr/Fe;0,/RGO compos-
ites moderately reached the adsorption-desorption equilibrium
after dark treatment in the RhB aqueous solution for 30 min.
The overall BiOBr/Fe;0,/RGO composites with various doping
amounts of Fe;0,/RGO have higher adsorption capacity and
photocatalytic activity than pure BiOBr. With the reduction of
Fe;0,/RGO doping ratio, the adsorption capacities of BiOBr/
Fe;0,/RGO composites decrease gradually (28% for BFG-71% >
19% for BFG-56% > 13% for BFG-45% > 10% for BFG-38%). It
can be reasonably believed that the more active sites of RGO, the
greater affecting the capture for RhB molecules. Upon visible
light irradiation, the concentration of all RhB solutions
continued to decreased, which is mainly caused by the photo-
catalytic degradation of BiOBr in composites. It is worth noting
that the degradation rate of RhB for BFG-56% increased from
19% to 96% within 60 minutes with a range of increase of 77%,
which is significantly higher than 63% for BFG-71%, 69% for
BFG-45% and 66% for BFG-38%, indicating that BiOBr/Fe;0,/
RGO composite with 56% Fe;0,/RGO loading has the topgallant
photocatalytic degradation of RhB in all composite photo-
catalysts, which is believed that excess Fe;0,/RGO does not
effectively the photocatalytic performance of
composites.

It is expected that Fe;0,/RGO has a synergistic effect on
BiOBr during photocatalysis. In order to determine whether

improve
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Fig. 8 Effect of reaction time (a) performance test of pure BiOBr and BiOBr/Fe;O4/RGO composites in different masses of Fez04/RGO under
dark and visible light and (b) performance testing of Fes04/RGO, BFG-56%, BiOBr&FezO4/RGO and BiOBr/RGO in dark and visible light.
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BiOBr&Fes04/RGO and BiOBr/RGO.

RGO or Fe;0, in composites improve the photocatalytic activity,
we synthesized BiOBr/RGO composites in which the ratio of
BiOBr to RGO is consistent with that of BFG-56%. The detailed
preparation procedures and structure characterization of
BiOBr/RGO composites could be obtained from the ESI (Fig. S3
and S4t). To prove this hypothesis, we tested the removal
capacities of 12.5 mg Fe;0,/RGO, their physical mixtures
(BiOBr&Fe;0,/RGO) and 13.1 mg BiOBr/RGO for RhB under the
same conditions. As shown in Fig. 8(b), the overall removal
capacity of BiOBr&Fe;0,/RGO for RhB is approximately equal
the sum of pure BiOBr and Fe;0,/RGO, indicating that the
physical mixing of Fe;04,/RGO with BiOBr does not effectively
improve the photocatalytic ability. In comparison, the prepared
BFG-56% improved the overall removal capacity by 15%, which
indicates that a chemical combination between BiOBr and
Fe;0,4/RGO is in favor of their photocatalytic performance. It is
worth noting that the removal effect of BiOBr/RGO is close to
that of BFG-56%, which shows that RGO in BFG-56% plays
a major role in promoting photocatalysis, and Fe;O, in BFG-
56% mainly plays a magnetic recovery role.

To further illustrate the enhancement, the photocatalytic
activity of BFG-71%, BFG-56%, BFG-45%, BFG-38%,
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BiOBr&Fe;0,/RGO and BiOBr/RGO from 0 to 60 min is
compared using a pseudo-first-order kinetic equation with
a Langmuir-Hinshelwood (L-H) model:

C
—In (?0) = kappt (2)
where k.

app 18 the pseudo-first-order rate constant, which can be
obtained from the slope of the —In(Cy/C;) versus t plot. Fig. 9(a)
shows that the L-H model matches the photocatalytic phase of
the above five samples, and the comparison of k., values of
samples is shown in Fig. 9(b). It can be seen intuitively that the
order of k,p, from large to small is: BFG-56%, BiOBr/RGO, BFG-
71%, BFG-45%, BFG-38% and BiOBr&Fe;O0,/RGO, further
demonstrating that the chemical bonding of RGO can delay the
recombination of e -h" pairs, thereby enhancing the photo-
catalytic activity of BiOBr. For further demonstration of the
excellent photocatalysis performances of the optimized BFG-
56% for removal on RhB aqueous solution, the k,p, values of
BiOBr-based composite photocatalysts degradation for RhB
under visible light irradiation reported in the literature are
summarized in Table S1.}

Besides the activity and removal capacity of photocatalysts,
evaluation on the stability and reusability of photocatalyst is
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Fig. 10 (a) The removal ability of BFG-56% for five dyes (RhB, MB, MO,

AB, AR); (b) the cycle test of BFG-56% for photocatalytic degradation
of RhB.
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indispensable in practical applications. The removal ability of
BFG-56% for five dyes (RhB, MB, MO, AB and AR) has also been
explored. Fig. 10(a) shows that the total removal efficiency of
BFG-56% for the cationic dyes RhB and MB are 96% and 86%,
respectively. In comparison, the total removal efficiency of the
anionic dyes MO, AB and AR are reduced to 75%, 45% and 26%,

View Article Online
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respectively. This mainly illustrates the high response of BiOBr/
Fe;0,4/RGO to cationic dyes during the adsorption process and
visible-light degradation. Besides the activity and removal
capacity of photocatalysts, the evaluation on the stability and
reusability is indispensable in practical applications, from the
economic and environmental points of view. The applied BFG-
56% was quickly separated from the degraded RhB solution by
an external magnetic field, washed with ethanol and water, and
vacuum dried to obtain the sample. Fig. 10(b) shows that BFG-
56% retains more than 90% removal efficiency even after four
cycles in a short contact time, demonstrating its great stability
and reusability for practical application. As shown in Fig. S5,
despite 4 cycles of recycling, the crystal form of BFG-56%
sample did not change significantly, indicating that the
prepared sample with good stability.

The degree of mineralization of the pollutant is very impor-
tant as the intermediate product might possess a more virulent
form. Therefore, it is necessary to investigate the TOC removal
efficiency during the photocatalytic degradation process. The
TOC removal ratio of RhB over BFG-56% is shown in Fig. 11
which increase with the irradiation time. About 91.45% of RhB
is removed and mineralized to CO, and H,O under visible light
irradiation for 60 min. The mineralization process indicates
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Fig. 12 Photocatalytic degradation of RhB using BFG-56% catalyst with different capture agents under visible-light irradiation (A > 420 nm) (a);
ESR BFG-56% spectra curve fitting of (b) TEMPO-h* (c) DMPO-"OH and (d) DMPO-"0, " adducts in BFG-56% samples in dark and visible light.
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that the BFG-56% photocatalyst has very strong mineralization
ability.

Discuss degradation mechanisms

In order to systematically investigate the photocatalytic degra-
dation mechanism of BFG-56%, free radical trapping experi-
ments are performed to explore activated species that play
a vital part in the reaction system, as shown in Fig. 12. Gener-
ally, the ordinary active species is hydroxyl radicals (‘OH),
superoxide radicals ('O,”) and photo-excited holes (h") in
photocatalytic degradation. Isopropanol (IPA), benzoquinone
(BQ) and ethylenediaminetetraacetic acid (EDTA) are used to
remove "OH, ‘O, and h', respectively. Fig. 12(a) illustrates that
the effects of the addition of different capture agents on the
degradation of RhB. When the IPA inhibitor is added to the
solution, degradation efficiency of RhB is almost unchanged,
proving that "OH has almost no effect on the photocatalytic
reaction. However, when BQ and EDTA are added as scavengers
for ‘0O, and h', the degradation efficiency of RhB decreases
sharply, confirming that "O,~ and h" are the primary activated
species. To further verify the main activated species of BFG-56%
in the photocatalytic process, ESR spin-trap of DMPO and
TEMPO techniques is carried out under visible-light irradiation.
The signal of DMPO-'OH is relatively weak, and there is no
signal in the darkness, which indicates that "OH has negligible
influence in Fig. 12(b). The characteristic peak of DMPO-"0,~
has no signal in the dark, but gradually increases with time
under visible-light irradiation, indicating that the ‘O, plays
a major role in the overall photocatalytic reaction, as shown in
Fig. 12(c). The characteristic peaks in Fig. 12(d) of TEMPO-h"
have a strong signal in the dark, and its reduction under visible
light is conspicuous, which means that h* is also significant.
The influence order of the activated species in the process of
RhB photodegradation is ‘O,~ > h" > "‘OH. In summary, 'O,
and h" are the significant activated species in the photocatalytic
reaction.

In order to explore the reaction mechanism of degradation of
RhB by BiOBr/Fe;0,/RGO composites, the entire process of
efficient generation, separation and transfer of photoexcited

Energy/eV

Fig. 13 Calculated energy band structures of (a) BiOBr (b) RGO (c)
BiOBr/RGO heterostructure.
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e -h" pairs should be considered. It is well known that the
potentials of the VB and CB of BiOBr determine the separation
and transfer of e -h" pairs at the interface. The VB potential
(Evs) and CB potential (Ecp) of the semiconductor can be ob-
tained from the absolute electronegativity of the atoms and the
band gap as follows:**

EVB =X — E‘e + OSEg (3)
Ecp = Evp — E, (4)

where y and E, are the average absolute electronegativity and
band gap of the semiconductor, respectively. E, is 4.5 eV vs. the
normal hydrogen electrode (NHE),* and the y values for BiOBr
are 6.45 eV. According to the calculated band gap result of BiOBr
(Fig. 13), the obtained Ecg and Eyg of BiOBr were 0.76 and
3.14 eV vs. NHE with a band gap of 2.38 eV.

With the formation of BiOBr/Fe;0,/RGO composites, the
relative positions of the CB and VB of BiOBr changed due to the
tendency of an equalized Fermi level after intimate contact. It is
well known that the inherent reference for band alignment of
materials is the work function. Here, work function is defined as
follows:

¢ = Ey,c — Ef (5)

where E,,. is the energy of a stationary electron in the vacuum
near the surface. Er is the Fermi level. The geometry structures
of BiOBr/Fe;0,/RGO heterostructure were constructed and
described in Fig. 14. The Fig. 14(a) and (b) indicate that the
calculated electrostatic potentials for RGO sheets, and BiOBr
are 4.43, and 6.24 eV (vs. vacuum), respectively. The work
function of RGO is lower than that of BiOBr, which caused
electrons to move from RGO to BiOBr until the Fermi energy of
the two semiconductors were aligned. The work function of the
BiOBr/RGO heterostructure is 4.68 eV, as shown in Fig. 14(c),
which between the work function of RGO and BiOBr. As a result,
a lot of negative charges accumulate on the surface of BiOBr,
while RGO gathers positive charges. The net positive and
negative charges induced an internal electric field directed from
RGO to BiOBr, which is consistent with the result of charge
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Fig. 14 Calculated electrostatic potentials of (a) RGO (b) BiOBr (001)
and (c) BiOBr/RGO heterojunction.
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density difference (Fig. 15). With the changes of Fermi level, the
VB and CB of BiOBr shift downward 1.56 eV. Thus, the CB and
VB edge of BiOBr change to —0.80 and 1.58 eV vs. NHE,
respectively, which eventually builds up an n-type Schottky
barrier (—0.80 eV, Fig. 16). Here, according to the Schottky—Mott
model at the metal/semiconductor interface,® the n-type
Schottky barrier height is expressed as the energy difference
between the minimum value (CBM) of the conduction band and
the Fermi level. It is noteworthy that due to the energy differ-
ence between CBM and Fermi level of BiOBr is less than the
energy difference between VBM (the maximum value of valence
band) and Fermi energy, RGO doped with Fe;0, and BiOBr form
an n-type Schottky contact.”
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The composition of the heterojunction interface plays
a significant role in charge transfer and separation. As
mentioned above, the Fermi level moves towards the negative
direction of BiOBr and the positive direction of RGO until they
are equal, when the BiOBr/RGO (001) interface is equilibration.
At this moment of the CB and VB of BiOBr are pulled in the
negative direction a little, and then form a slightly downward
band bending close to the interface between BiOBr and RGO.
When the BiOBr/Fe;04,/RGO heterojunction absorbs visible
light, the BiOBr layer receives photon energy, causing electrons
to be transmitted from VB to CB, and then continuously flow
into RGO through the permeation mechanism,> while it is no
way for electrons in RGO to migrate back to BiOBr, and thus are
trapped in RGO. Therefore, this n-type Schottky junction
promotes the flow of electrons from BiOBr to RGO and leaves
holes in BiOBr, which promotes the separation of photo-
generated carriers.® In effect, it is easily for the adsorbed O,
molecules to capture electrons on the surface of RGO sheets to
generating ‘O, ", due to the standard redox potential of O,/"0,~
(—0.28 Vvs. NHE) is more negative than the CB potential of RGO
in the interface.** In this case, the standard redox potential of
'OH/OH™ (1.99 Vvs. NHE) is more positive than the VB potential
(1.58 V vs. NHE) of the BiOBr layer, indicating that OH™ cannot
be oxidized 'OH free radicals with a very strong oxidation
capacity by the photogenerated holes in the VB of the BiOBr
layer. Certainly, the VB edge is more positive than the redox
potential of RhB (1.43 V).** It is possible to oxidize holes directly
through photoexcitation to generate energy in this hetero-
junction, thereby degrading RhB.***” Thus, the responsible
causes of RhB degradation is the superoxide radical anions and
photogenerated holes.

L"""""“"CCOZ H,O
BiOBr RGO
After contact

Fig. 16 Diagram of the band edge positions before and after contact of BiOBr and RGO.
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Conclusion

In summary, we were constructed recyclable magnetic BiOBr/
Fe;0,/RGO composites with a notable catalytic activity by
a simple solvothermal strategy. The prepared BiOBr/Fe;O,/RGO
composite with 56 wt% content of Fe;0,/RGO used as photo-
catalysts for the removal of dyes in aqueous solution exhibit an
excellent adsorption—-photocatalysis synergistic effect, and its
reaction rate is about 2.23 times that of pure BiOBr. The het-
erojunctions interface properties of the composite for photo-
excited charge transfer are proposed by experiments and
theoretical calculations. RGO doped with Fe;O, regulates the
BiOBr interface to form a n-type Schottky junction, which
promotes the separation of photo-excited electrons. More
importantly, the developed photocatalysts could be separated
easily from the solution through an external magnetic field and
demonstrated excellent reusability over multiple cycles. There-
fore, the BiOBr/Fe;O0,/RGO composites have a remarkable
prospect in the treatment of industrial wastewater without
secondary pollution.
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