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Efficient photocatalytic dye degradation over
Er-doped BiOBr hollow microspheres wrapped
with graphene nanosheets: enhanced solar

energy harvesting and charge separation
Chuang Liu, Xiaoli Dong, “2* Yuchen Hao, Xiuying Wang, Hongchao Ma
and Xiufang Zhang

In this work, Er-doped BiOBr hollow microspheres wrapped with graphene nanosheets, which acted as
a photocatalyst with excellent photocatalytic activity and stability, have been successfully synthesized
method. The
photocatalyst were analyzed and a possible reaction mechanism was proposed. Incorporating the rare-

through a simple two-step hydrothermal related properties of the as-prepared
earth element Er into the BiOBr crystal lattice can greatly expand the optical window, maybe owing to
the reduced energy band gap by the impurity energy level introduced below the conduction band and
indirect utilization of long-wavelength visible light caused by the up-conversion performance. The
wrapping with surface graphene nanosheets can efficiently promote charge separation and transmission
over the hybrid photocatalyst. The synergistic effect between efficient solar energy harvesting and
charge separation gives rise to a remarkable improvement of photocatalytic activity for RhB degradation
under simulated sunlight irradiation. In addition, the as-prepared photocatalyst possesses excellent
photocatalytic stability, mainly due to the robust coordination interaction between the graphene and the
(001) facets of the BiOBr subunits. The rational design of this highly active and stable photocatalyst

rsc.li/rsc-advances

1. Introduction

Nowadays, semiconductor photocatalysts, such as TiO,, CdS,
MoS,, Bi,M0Os and WO3, which possess the ability of coupling
solar energy into chemical reactions, have been widely investi-
gated for solving some environmental and energy problems.*™**
Nevertheless, the traditional photocatalysts have disadvantages,
such as weak visible-light response and inefficient quantum
efficiency, forcing us to develop new types of semiconductor
photocatalytic materials. As a new type of photocatalyst, BiOX
(X = F, Cl, Br, I) are gaining increasing attention due to their
unique layered structure, good optical properties and high
photocatalytic activities.'**” In particular, the band gap of BiOBr
is the most reasonable.'®'” However, the pure BiOBr photo-
catalyst still faces some challenges which seriously limit its
photocatalytic activity; thus, the further optimization of the
conventional BiOBr photocatalyst is quite desirable and
urgent.’*?* To our knowledge, the photocatalysis reaction
process mainly contains three parts.?** The first part is solar
energy harvesting, in which the semiconductor photocatalysts
absorb solar energy and generate electrons and holes. The
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provides a promising approach for future applications.

second part is charge transfer, where photogenerated carriers
migrate to the photocatalyst surface along with the charge
recombination process. Finally, the surviving photocarriers over
the photocatalyst surface can attack the targets. Thereby, real-
izing the efficient solar energy harvesting and charge separation
can be considered as the effective pathway for improving the
catalysis activity of photocatalyst. Illuminated by the aforesaid
insight, introducing some foreign ions into BiOBr crystal or
incorporating some cocatalysts into BiOBr photocatalysis
system, which can efficiently boost the photoelectric conversion
efficiency, holds great promise for realizing the overall
improvement for the photocatalysis activity of the BiOBr
catalyst.>*>¢

The introduction of foreign ions, namely ion doping, has
been proven to be an effective way to improve the photocatalytic
activity of BiOBr.”’** To date, various experiments have been
reported, some metal ions (e.g., Zn and Fe) or nonmetal (e.g., B
and C) doped BiOBr photocatalysts were successfully
prepared®* and exhibited good photocatalytic performance,
which mainly attributed to several aspects, e.g. impurity energy
level introduced into the energy band, internal electric field
tuning and capture traps generated for electrons and holes.***”
Besides that, the inherent nature of dopant also affects the
catalytic activity of photocatalyst.’*** Compared with
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conventional materials, the up-conversion materials possess
the characteristic of converting low-energy photons into high-
energy photons.*>** Inspired this insight, incorporating appro-
priate amount of up-conversion materials which can indirectly
utilize long-wavelength visible-light, holds great promise to
extend the spectral response range of BiOBr and hence
achieving the effective enhancement for its photocatalytic
activity. Generally accepted, rare-earth elements mostly have
up-conversion property, where the lanthanide Er possesses rich
transition bands in the visible region, for example, at the
wavelengths of 488 nm, 520 nm and 650 nm.* Therefore, we
selected Er ions to coupled into the BiOBr crystal lattice,
forming the synthetic of Er doped BiOBr, to realize efficient
utilization of solar energy.

Graphene, as a novel two-dimensional carbon material,
possesses excellent electron mobility, superior optical trans-
parency and high specific surface area.”*** As the precursor of
graphene, graphene oxide (GO) possesses abundant surface
oxygen functional groups which enable it compound tightly
with other materials and reduced to graphene simultaneously.*®
Recently, using GO as the precursor, many BiOBr-graphene
composites have been successfully synthesized, in which gra-
phene was performed as an excellent co-catalyst. For example,
Lee's group presents the composites via a simple solvothermal
route.”” Zhang et al. successfully prepared the hybrids through
a single-step microwave irradiation strategy.*® The composites
showed good photocatalytic activity, owing to the efficient
interface charge separation and transmission caused by the
surface presence of graphene over BiOBr catalyst.*” In addition,
the high flexibility of graphene and robust coordination inter-
action between graphene and BiOBr may give rise to high
photocatalytic activity and stability of the photocatalyst.

For the first time, Er-doped BiOBr hollow microspheres
wrapped with graphene nanosheets were successfully synthe-
sized through a simple two-step hydrothermal method.
Utilizing XRD, FT-IR, SEM, TGA, XPS, TEM, BET, UV-diffuse and
PL techniques, a series of characterization of the samples were
performed. In order to investigate the photocatalytic activity
and stability of samples, photocatalytic degradation experi-
ments under simulated visible-light were completed, using
rhodamine B (RhB) solution as the target pollutants. Further-
more, the radicals trapping experiment was carried out and
a possible mechanism for the photocatalytic reaction was put
forward.

2. Experimental
2.1 Materials

2.1.1 Preparation of BiOBr hollow microspheres. In
a typical process, Bi(NO3);-5H,0 (240 mg) and NaBr (520 mg)
were sequentially dissolved in 20 ml boiled ethylene glycol
solution (EG). After stirring for 30 min, the above solution was
added drop-wise to 60 ml isopropanol (IPA) solution. Then, the
mixture solution was sealed in 100 ml Teflon-lined autoclave,
heating at 160 °C for 12 h. The product was collected, washed,
and dried under room temperature for further characterization.
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2.1.2 Preparation of Er-doped BiOBr hollow microspheres.
Typically, the up-conversion element Er-doped BiOBr hollow
microspheres were synthesized via a simple modification by
adding appropriate amounts of Er(NOs);-5H,0 into the IPA
solution in advance. The mole ratios of Er/Bi in as-prepared
samples were 0.005, 0.01, 0.015 and 0.02, for convenience,
which were marked as BE-0.5%, BE-1%, BE-1.5% and BE-2%
respectively.

2.1.3 Synthesis of graphite oxide. GO was prepared from
pre-oxidation graphite powder (325 mesh) via a modified
Hummers' method as previous published.

2.1.4 Fabrication of BE-1.5% wrapped with graphene
nanosheets. The hybrid photocatalysts of BE-1.5% wrapped
with graphene nanosheets were prepared by a simple hydro-
thermal method. The mixture of BE-1.5% and appropriate
amounts of GO aqueous solution was vigorous stirred for 4 h,
then transferred to 100 ml Teflon-lined autoclave, to fill up to
80% of the total volume and, heated at 100 °C for 12 h. After
filtrating, washing and drying, the final grey products were
collected for further characterization. The mass ratio of GO and
BE-1.5% were 1%, 3%, 5% respectively. According to the mass
ratio, the as-prepared photocatalysts were marked as BE@GR-1,
BE®@GR-3, BE@GR-5, respectively.

2.2 Characterization of the catalysts

The crystalline structure of the samples was characterized via
a Shimadzu XRD-6100 diffractometer. Fourier transform
infrared spectroscopy (FT-IR, Nicolet 380) was used to deter-
mine the surface functional groups. The sample morphology
was obtained using a field emission scanning electron micro-
scope (JSM-7800F, JEOL) equipped with an energy dispersive
analysis system of X-ray (EDX) and elemental mapping system.
X-ray photoelectron spectroscopy (XPS) measurement by
a Thermo VG ESCALAB-250 system. TEM images were per-
formed by a JEOL JEM-2100F transmission electron microscope.
UV-Vis diffuse reflectance spectra of the samples were measured
by UV-Vis spectrophotometer (CARY100&300, VARIAN). The PL
spectra of the photocatalysts were obtained using Hitachi F7000
fluorescence spectrophotometer. The TGA analysis was per-
formed by the PerkinElmer diamond TG/DTA analyzer (Japan)
at a heating rate of 10 °C min~". The N,-sorption measurement
was performed by using Micromeritics Tristar 3000 at 77 K, the
specific surface area and the pore size distribution were esti-
mated using the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods, respectively.

2.3 Photocatalytic test

The photocatalytic activity is proportional to the photocatalytic
degradation rate, where we adopt RhB solution as the target
pollutant. Typically, under simulated sunlight, the photocatalyst
(20 mg) was dissolved into RhB solution (10 mg 17 "). First, the
mixture was stirred for 40 min to achieve adsorption/desorption
equilibrium without light irradiation. Then, under illumination,
the mixture was sampled every five minutes and centrifuged to
remove the photocatalyst. Finally, the samples were quantita-
tively analyzed by using UV-Vis spectrophotometer. Afterwards,
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the degradation efficiency (%) was measured, using the
following formula:

Degradation efficiency (%) = (Co — C)/Cy x 100% (1)

where C, is the initial concentration of RhB and C is the time-
dependent concentration of dye upon irradiation. Further-
more, the degradation efficiency (%) in photocatalytic cycle
experiments was obtained using the same process.

3. Results and discussion
3.1 XRD analysis

X-ray diffraction (XRD) is an effective way to study the crystal
structure. The XRD patterns of BiOBr, BE-1.5% and BE@GR-3
were demonstrated (Fig. 1). Seven distinct diffraction peaks of
the samples at 10.9°, 25.3°, 32.3°, 39.4°, 46.3°, 57.3° and 67.6°
indexed to (001), (011), (110), (112), (020), (212) and (220) crystal
planes (JCPDS 73-2061) of tetragonal phase BiOBr, indicating
the successful synthesis of BiOBr-based hybrids. The peaks of Er
ion and graphene are not found in the BE-1.5% and BE@GR-3,
attributing to the low-amount of the species. For the samples
modified with Er ions, their phases keep the same with pure
BiOBr. However, the peaks indexed at (001) can be found with
slight shift. In addition, the peaks intensity of BE-1.5% and
BE@GR-3 are lower than that of pristine BiOBr. The poor
intensity and slight shift of diffraction peaks maybe ascribed to
the introduction of element Er into BiOBr crystal lattice, which
causing the crystal lattice defects of BiOBr. Focusing on (001)
crystal planes, BE@GR-3 displays a lower peak intensity
compared with BE-1.5%, suggesting the formation of coordi-
nation interaction between graphene and the (001) facets of
BiOBr subunits.” In summary, the hybrid photocatalyst (Er-
doped BiOBr wrapped with graphene) was successfully
synthesized.

3.2 FT-IR spectra analysis

The information of functional groups or chemical bonds over
the catalysts was analyzed by FT-IR spectra. Fig. 2 shows the FT-
IR spectra of GO, BiOBr, BE-1.5% and BE@GR-3, marked as a, b,
¢, d respectively. The absorption band at 510 cm ™, as evidenced
in the spectrum of BiOBr, BE-1.5% and BE@GR-3, is classified
as the Bi-O functional group. Besides that, the absorption peaks
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Fig.1 XRD patterns of BiOBr, BE-1.5% and BEQGR-3.
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Fig.2 FT-IR spectra of (a) GO, (b) BiOBr, (c) BE-1.5% and (d) BEQRGR-3.

of BE@GR-3 consist of O-H stretching vibration (3540 cm™ %),
C=C stretching vibration and O-H bending vibration (1600
cm '), and carboxylates C-O stretching vibration (1120 cm™ ).
Specially, the C-O stretching peak at 1120 cm ' is found in
BE@GR-3 and bare GO, which is absent in the BiOBr and BE-
1.5%, indicating the successful synthesis of the BiOBr wrapped
with graphene. The C=0 stretching vibration (1727 cm™*) and
other characteristic peaks of GO are not found in the BiOBr-
based catalysts, revealing that the reduction of GO. The peak
at 1380 cm ™! for pristine BiOBr is classified as carboxyl O-H
stretching vibration (1400 cm™'), which is not found in BE-
1.5%, owing to the introduction of element Er into BiOBr crystal
lattice.

3.3 SEM analysis

The SEM images of BiOBr, BE-1.5% and BE@GR-3 were dis-
played (Fig. 3). We can see that the pristine BiOBr composed of
quasi microspheres with a diameter of 1-2 pm (Fig. 3a). The
enlarged view of BiOBr shows the microspheres with hollow
structure assembled by irregular nanosheets (Fig. 3b).
Compared with the pristine BiOBr, the morphology of BE-1.5%
basically unchanged (Fig. 3c), and the hollow structure
remained (Fig. 3d). The results demonstrate there is no obvious
effect on the morphology structure of the catalyst by incorpo-
rating element Er into the BiOBr crystal lattice. Fig. 3e shows the
graphene nanosheets with many wrinkles surface coated on BE-
1.5% hollow microsphere. High magnification SEM image of

Fig. 3 SEM images with different magnification of (a and b) BiOBr, (c
and d) BE-1.5% and (e and f) BEQGR-3.
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BE®@GR-3 further determines the hollow microspheres BE-1.5%
wrapped with graphene nanosheets (Fig. 3f). The SEM images
clearly show the successful formation of Er-doped BiOBr hollow
microspheres wrapped with graphene nanosheets.

3.4 EDS analysis

The type and distribution of typically elements from the
samples were received from EDS mapping images. Fig. 4a-c
represent the EDS mapping images of BiOBr, BE-1.5% and
BE@GR-3 respectively. From Fig. 4a, the elements Bi, O and Br
are distributed homogeneously within individual microspheres,
suggesting the successful synthesis of BiOBr hollow micro-
spheres. The morphology of BE-1.5% remains unchanged
comparison with the pristine BiOBr, however, the chemical
component is indeed altering after incorporating the element
Er into BiOBr matrix (Fig. 4b). The element Er is distributed
homogeneously with the element Bi and Br, indicating the
successful synthesis of Er-doped BiOBr. Fig. 4c shows the focus
of graphene nanosheets which are deposited over the BE-1.5%
microspheres, identified as element C, which is in agreement
with the conclusion of Er-doped BiOBr microspheres wrapped
with graphene nanosheets.

3.5 Thermogravimetric analysis (TGA)

TGA measurement was used to evaluate the weight percentage
of graphene in BE@GR-3. As can be seen in Fig. 5, the first
weight loss in the temperature range from 20 to 150 °C is mainly
assigned to the de-intercalation or removal of moisture content,
mainly water molecules. The second major weight loss centered
at 200-530 °C was mainly ascribed to the removal of oxygen
containing functional groups and the decomposition of carbon
skeleton in composite, which is corresponding to the loss of
graphene (~3.0%), consistent with the experimental value.
Finally, when the BE@GR-3 composite was heated to 650 °C, the
residual mass was calculated as 81%, which reveals the good
thermal stability of photocatalyst.>»*> The main reason was the
strong interaction between the GO and the BiOBr matrix that
made the composite highly stable.

Br Lal

Br Lal

Er Lal

Bi Mal

Fig. 4 SEM images and EDS mappings of (a) BiOBr with Bi, Br, O
elemental maps, (b) BE-1.5% with Bi, Br, Er elemental maps and (c)
BE@GR-3 with C, Bi, Er elemental maps.
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Fig. 5 TGA spectrum of BEQGR-3 composite.

3.6 XPS analysis

The surface element composition of BE@GR-3 was further
studied by X-ray photoelectron spectroscopy (XPS), and the
corresponding chemical states were received. The XPS survey
spectra of BE@GR-3 reveals that the sample is composed of
elements of Bi, Br, Er, O and C (Fig. 6a), which is according with
the chemical composition of photocatalyst. The corresponding
chemical states of elements were respectively investigated in
Fig. 6b-f. Two strong peaks at 159.1 and 164.5 eV in the high-
resolution Bi 4f spectra are assigned to Bi 4f;, and Bi 4f;),,
which are characteristic of the Bi*" in BE@GR-3 sample
(Fig. 6b). Meanwhile, the peak with binding energy of 68.4 eV
(Fig. 6¢), belonged to Br 3d, is the characteristic of Br™ in the
photocatalyst. The peak in Er 4d spectra (Fig. 6d) at 168.6 eV is
consistent with erbium in Er,03, revealing the existence of
Er*" in the sample. As shown in Fig. 6e, the spectrum for O 1s
can be fitted to two peaks at 529.9 and 531.9 eV, which are
ascribed to the lattice oxygen and surface hydroxyl groups of
catalyst, respectively. The low intensity of surface hydroxyl
groups is compatible with the results of FT-IR analysis. The C 1s
spectra centered at 284.6 eV as reference can be deconvoluted to
two peaks at 284.5 and 286.3 eV, which are assigned to the
typical carbon-carbon (C-C) bonds and C-O bonds, respec-
tively.>* Besides that, the peak of C=0 bonds around 288.4 eV is
also not found, further verifying the FT-IR analysis.

3.7 TEM images analysis

The TEM images further determine above morphology and
microstructure analysis. Fig. 7a shows the TEM image of BiOBr
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Fig. 6 XPS spectra of the as-prepared BE@QGR-3: (a) survey, (b) Bi 4f,
(c) Br 3d, (d) Er 4d, (e) O 1s, and (f) C 1s.
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Fig.7 TEM images of (a) BiOBr, (c) BE-1.5%, (d) BEQGR-3 and HRTEM
image of (b) BiOBr.

with black round edge and bright center, further evidencing the
hollow microsphere structure of BiOBr. Besides that, the black
round edge is inserted with irregular nanosheets, which is well
consistent with the SEM images of BiOBr. The HRTEM image of
BiOBr (Fig. 7b) shows crystals with interplanar spacing of
0.277 nm, which corresponding to the (110) spacing of BiOBr.
The above results can infer the conclusion of (001) dominant
exposed-facet of BiOBr.** The TEM image of BE-1.5% is similar
with the pristine BiOBr, which is according with the SEM
analysis (Fig. 7c). As shown in the image of BE@GR-3 (Fig. 7d),
ultrathin mist-like graphene with distinct wrinkle were
anchored on the hollow microsphere can be clearly observed,
confirming the synthesis of BiOBr hollow microspheres wrap-
ped with graphene nanosheets.

3.8 BET analysis

Fig. 8 shows the nitrogen sorption isotherms of BiOBr, BE-1.5%
and BE@GR-3, respectively. All the nitrogen sorption isotherms
exhibit type IV classification with typical hysteresis loops in the
relative pressure (P/P,) range of 0.45-0.95, which belong to
mesopore characteristics. The pore sizes of the samples were
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Fig. 8 Nitrogen adsorption—desorption isotherms of BiOBr, BE-1.5%
and BE@GR-3; inset: the corresponding pore-size distribution.
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calculated to be 11 nm, using the Barrette-Joynere-Halenda
(BJH) method (Fig. 8 inset). The Brunauer-Emmett-Teller (BET)
surface areas are about 29, 27 and 43 m”> g~ ' for the pristine
BiOBr, BE-1.5% and BE@GR-3, respectively. The specific surface
area of BE-1.5% is generally equaled with the pristine BiOBr,
confirming the remained of morphology and structure. The
increase in the surface area of the BE@GR-3 composites mainly
results from the addition of the graphene nanosheets with a low
density and high surface area, which may offer a large interface
to facilitate the adsorption and catalytic performance.

3.9 Formation mechanism

Based on the above experimental results, the BiOBr-based
catalysts with hollow sphere structure are indeed synthesized
and a possible growth pattern and formation mechanism is
shown in Scheme 1. First, the alkoxide complexes formed by
Bi** cations and EG lead to a slow nucleation of BiOBr, which
tend to assemble into spherical agglomerates driven by
reducing the surface energy of the nanoparticles (step 1 in
Scheme 1).* To our knowledge, the BiOBr crystalline with
tetragonal matlockite structure are constructed by [Bi,O,] slabs
interleaving double slabs of bromine atoms, which is partly
similar to Bi,WO¢ and Bi,M00g.?”*®* Then the solution envi-
ronment is weakly acidic, the smaller crystallites in the spher-
ical agglomerates are gradually dissolved and Bi,0,”" and Br~
ions are generated under solvothermal conditions because of
the concentration difference between the solution and the
surface of the microspheres, which is similar to the previous
research.®® And the ions of Bi,0,>" and Br~ in the solution
preferential recrystallization on the small protuberances of
spherical surface, which provide many high-energy sites for
nanocrystalline growth.® Then, these self-agglomerate spheres
would further dissolve and recrystallize to generate BiOBr
nanosheets assembled into hollow microspheres for high
intrinsic anisotropic properties. Thus, hierarchical BiOBr
hollow microspheres are synthesized because of mass diffusion
and Ostwald ripening (step 2 in Scheme 1). And, few Er ions
doping not obviously affect the growth process, as performed by
the experiment result. Finally, the Er-doped BiOBr hollow
microspheres wrapped with graphene nanosheets were
synthesized via a simple hydrothermal method (step 3 in

ity g
Bi(NO,);5H,0

: 3)5'5H,
: NaBr
1
1
1
I

nucleation ostwald

EG
isopropanol

Scheme 1 The formation mechanism of Er-doped BiOBr hollow
microspheres wrapped with graphene nanosheets.
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Scheme 1), using CTAB as the surfactant, which is inspired by
Zhao's study.®

3.10 UV-Vis spectroscopy analysis

The optical absorption property of samples was tested by UV-Vis
diffuse reflectance spectra. The spectra of the samples with
different concentrations of Er element were put forward
(Fig. 9a). After incorporating element Er into BiOBr crystal
lattice, obvious shift of the photoabsorption edges can be
found. On the other hand, the intensity and range of the pho-
toabsorption were also significantly improved. Furthermore,
the lower absorbance of BE-2% compared with BE-1% and BE-
1.5%, which is contrary with the doping amount maybe owing
to the resulting poor crystallization. In summary, 1.5% mole
ratio doping amount endowed the as-prepared sample with best
optical absorption property. Interestingly, two characteristic
absorption peaks at the wavelength of 520 nm and 650 nm were
found (Fig. 9a inset), which were not found in the pristine BiOBr
and other BiOBr-based hybrids. This optical phenomenon can
be ascribed to the up-conversion effect of rare earth element Er.
Besides that, the energy band gap can be evaluated through
using the eqn (2).

ahv = A(hv — Eg)'? (2)

The energy band gap (E, values) of BiOBr and BE-1.5% were
estimated to be about 2.7 eV and 2.45 eV respectively (Fig. 9b),
suggesting the impurity energy level introduced below the
conduction band. The reduced energy band gap and indirect
utilization of long-wavelength visible-light were simultaneously
achieved by the novel introduction of up-conversion element Er
into the BiOBr photocatalyst.
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Fig. 9 (a) UV-Vis diffuses reflectance spectra of the Er-doped BiOBr

samples with different Er values and (inset) the corresponding part
ranging from 500 nm to 700 nm and (c) BE-15% wrapped
with different amounts of graphene nanosheets and (inset) digital
photographs of catalyst grains of BE-1.5% and BEQGR-3, (b) curves of
(ahw)Y'? versus photon energy (hv) of the as-prepared samples and (d)
the PL spectra of as-prepared samples.
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The spectral responsive property of the BE-1.5% wrapped
with graphene nanosheets was investigated (Fig. 9¢). No evident
shift of the photoabsorption edges of the samples are found,
revealing the graphene is surface wrapping the photocatalyst,
which is consistent with the FT-IR analysis. The absorbance at
the wavelength ranging from 200 nm to 450 nm for BE-1.5%,
BE@GR-1, BE@GR-3 and BE@GR-5 is similar. The high absor-
bance in the tail region can be ascribed to the dark background
owing to the graphene nanosheets wrapping. The optical prop-
erty has been reported in other hybrid photocatalysts coupling
with graphene.®**® In summary, the incorporated graphene is
not essentially impacting the solar energy utilization.

3.11 PL spectrum analysis

The separation efficiency of photogenerated electrons and holes
was investigated by photoluminescence emission spectra (PL
spectra) (Fig. 9d). Generally accepted, high fluorescence inten-
sity represents the high recombination rate of photocarriers
which gives rise to low photocatalytic activity. The fluorescence
intensity of samples were BE-2%, BiOBr, BE-0.5%, BE-1%, BE-
1.5%, BE@GR-1, BE@GR-3 and BE@GR-5 from top to bottom,
and the last three were significant lower than that of the others.
It is worth noted that minor Er elements doping slightly
decreased the fluorescence intensity of catalysts, indicating the
enhanced charge separation caused by the impurity energy level
incorporating. However, excess impurity ions are incorporated
into the photocatalyst which become new charge recombination
centers, resulting in a weak charge separation and strong fluo-
rescence effect. After coupling with graphene nanosheets, the
fluorescence intensity of photocatalyst was obviously decreased,
confirming the incorporated graphene into the photocatalysis
system is an effective pathway to repress the recombination of
photocarriers and thus resulting efficient charge transfer, which
is very beneficial for the enhancement of photocatalytic activity.

3.12 Photocatalytic activity analysis

Fig. 10 shows the photocatalyst degradation performance over
BiOBr-based samples, using RhB as the target pollution. It is
found that the self-photodegradation of RhB is almost negligible
and the Er-doped BiOBr samples have higher photocatalytic
degradation rates (Fig. 10a), confirming the incorporated Er ions
have a good effect on the photocatalytic activity. Furthermore,
BE-1.5% possesses the best photocatalytic activity, according
with the above property analysis. The influence of coupling
graphene on the photocatalytic degradation rate was explored
(Fig. 10b). Interestingly, the dye absorption performances are
significantly increased with graphene wrapping, and when BE-
1.5% wrapped with 3 wt% graphene nanosheets exhibits the
most excellent photocatalytic activity. To directly observe the
photocatalytic activity, the photocatalytic degradation kinetics
equation was using (Fig. 10c),

—In(Cyl/C,) = kt 3)

where C, and C; are the concentrations of RhB at times 0 and ¢,
respectively, and k is the apparent first-order rate constant

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Variation of RhB concentration against irradiation time using
(a) Er-doped BiOBr samples with different REr values, (b) BE-1.5%
wrapped with different concentrations of GO, (c) —In(C¢/Cop) versus
irradiation time and (d) the rate constant k of the degradation of RhB in
the presence of different catalysts.

(min~"). The corresponding k values of samples incorporated
with different amounts of Er element and graphene were
calculated to be 0.013, 0.01944, 0.02599, 0.03007, 0.01748,
0.03565, 0.04658 and 0.02697 min ' respectively (Fig. 10d). BE-
1.5% possesses the maximum k value in the Er-doped BiOBr
samples, which is almost 2.3 times higher than that of the
pristine BiOBr. In addition, the BE@GR-3 exhibits the best
photocatalytic decomposition efficiency.

3.13 Radical trapping experiments

To investigate the surface reaction mechanism of BE@GR-3,
radical trapping experiments were performed. In the typical
degradation experiment, three radical scavengers, isopropanol
(IPA), 1,4-benzoquinone (BQ) and methanol as the scavengers of
‘OH, O, radicals and h', were added into the degradation
process system respectively, and the results were shown in
Fig. 11a.

As shown, the degradation efficiency of BE@GR-3 with the
addition of IPA is nearly coincident with that of the control
group, implying "OH played little influence upon the reaction.
Moreover, higher curves with the presence of methanol and BQ
represent the low photocatalytic activity. It can be inferred that
both h" and "0, play key roles in the photocatalytic degrada-
tion reaction.

3.14 Photocatalytic stability tests

The excellent photocatalyst should possess high photocatalytic
stability for future application. To study the photocatalytic
stability of the BE@GR-3, photocatalytic cycle reaction was
carried out, and the results were shown in Fig. 11b. After five
cycles, the degradation rate of the catalyst is slightly decreased,
maybe ascribed to the loss of photocatalyst in the washing
stage. The XRD patterns of BE@GR-3 before and after the five
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Fig. 11 (a) Radical trapping experiments over BEQGR-3 using different
scavengers, (b) recycling tests over BEQGR-3 for the degradation of
RhB under visible light irradiation, (c) XRD diffraction patterns of the
BE@GR-3 before and after five cycles and (d) proposed mechanism for
the photocatalytic degradation of RhB over BE@QGR-3 under visible-
light irradiation.

cycles were demonstrated (Fig. 11c), which are basically
unchanged, further confirming the excellent stability.

3.15 Proposed mechanism

Herein, we propose a possible mechanism for the photocatalytic
degradation process (Fig. 11d). Based on the experiment results,
BiOBr hollow microspheres wrapped with graphene nanosheets
wrapping possess large specific surface area, resulting with
strong dye adsorption performance and abundant surface
reaction sites. Under simulated sunlight irradiation, the BiOBr
microspheres with hollow structure assembled by nanosheets
make multiple scattering for incident light, realizing the better
solar energy harvesting.>* Following, BiOBr photocatalyst can
convert the absorbed photons into energetic electrons and
holes, respectively. The introduction of up-conversion element
Er into the BiOBr crystal lattice gives rises to impurity energy
level introduced below the conduction band. The impurity
energy level paves a shorter channel for the energy conversion,
leading to the broadened photoresponse range. In addition, the
dramatic photoresponse at the wavelength around 520 nm and
650 nm of photocatalyst was found, due to the up-conversion
property of rare-earth element Er. That is, the introduction of
element Er endows BiOBr matrix the ability to absorb the nearly
all visible light, which greatly broaden the optical window,
resulting the efficient solar energy harvesting. As a result, the
efficient solar energy harvesting leads to the more photoin-
duced electrons (or holes) generated. Then, the electrons can be
captured and transferred rapidly by the graphene nanosheets,
thus greatly suppressing the surface charge recombination. The
active electrons on the surface of catalysts can react with
adsorbed O, and generate ‘O, ", in which ‘O, can decompose
the RhB. On the other hand, the photoinduced holes can
directly oxidize the RhB. The synergistic effect between efficient
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solar energy harvesting and charge separation is contributed to
the high photocatalyst activity. Moreover, the robust coordina-
tion interaction between graphene and the (001) facets of BiOBr
subunits, enables the remarkable photocatalytic stability for
repeated utilization of photocatalyst.

4. Conclusion

In summary, we successfully synthesized the novel photo-
catalyst of Er-doped BiOBr hollow microspheres wrapped with
graphene nanosheets, which possesses excellent photocatalytic
activity and stability. The Er-doped BiOBr hollow microspheres
possess efficient solar energy harvesting, attributing to two
aspects, one is the reduced energy band gap by introducing
impurity energy level into the energy band, and the other is
indirectly utilizing long-wavelength visible-light caused by up-
conversion effect. The sample wrapped with graphene nano-
sheets displays better photocatalytic activity, owing to the effi-
cient interface charge separation and transmission. What's
more, the high photocatalytic stability of as-prepared sample
maybe ascribed to the robust coordination interaction between
graphene and the (001) facets of BiOBr subunits. This work
sheds light on the comprehensive promoting the photocatalytic
activity by means of a rational design.
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