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Artic{e history: A self-assembled nanocomposite of lamellar BiOBr covalently bonded with conductive network of disper-
Received 21 May 2020 sive one-dimensional carbon nanotubes (1D CNT) and two-dimensional reduced graphitic-like flakes (2D
Revised 17 June 2020 GF) had been in situ constructed using one-pot facile solvothermal technique. Through self-assembly,
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Available online 27 June 2020 BiOBr/CNT/GF (BiOBr/CG) displayed three-dimensional architectures in which a strong interfacial contact

interaction and covalent banding between BiOBr nanostructures and CNT/GF network appeared.
Furthermore, visible-light-driven catalytic activity of BiOBr/CG for RhB dye degradation was superior
to that of pure BiOBr or BiOBr/C. Interestingly, the photodegradation activity of the BiOBr/CG nanocom-
Carbon nanotubes posite could be improved further by subsequent facile annealing treatment, in which the annealed BiOBr/
Reduced graphitic oxide CG-DS had degraded almost 97.9% of RhB dye within only 100 min of visible-light irradiation. Moreover,
Photocatalytic degradation analysis of the photodegradation mechanism revealed that the repression of electron-hole recombination
Self-assembly in the nanocomposites, with sufficient covalent interfacial contact with CNT/GF as effective electron col-
lecting and transferring system, were responsible for the outstanding photocatalytic performance. This
effect, in turn, led to the continuous generation of .0~ and .OH reactive oxygen species for the degrada-
tion of RhB dye, which was verified by active species trapping and ESR spectra.
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1. Introduction

In the management and treatment of serious environmental
pollution, an efficient and environmental friendly purification
method is greatly desired. One technology that has been consid-
ered for this application is semiconductor photocatalysis, and
recently, various types of semiconductor photocatalysts have
been developed and explored, which can utilize sunlight energy
to degrade pollutants directly and effectively [1-4]|. Among the
numerous photocatalysts, lamellar BiOBr has high visible photo-
catalytic oxidation and reduction activity because of its appropri-
ate band-gap (2.75 eV) providing enough space to polarize the
[Bi»0,] layers and interleaved double sheets of Br atoms, which
then in turn induces strong internal static electric fields between
the [Bi;O,] layer and Br slabs [5,6]. These actions promote the
separation of photogenerated electron-hole pairs enabling the
wide application of lamellar BiOBr in the photocatalytic degrada-
tion (PCD) of organic dyes and other pollutants. To further
improve their photocatalytic performance, many efforts have
been focused onto construction of 3D hierarchical structures [7],
or elemental doping [6], or crystal facet engineering with specific
exposed facets and crystal sizes [8,9]. It has been reported that
[001] facet normally displays reactively higher photocatalytic
activity than the (010) facets [9]. Additionally, the fabrication
of carbon-based composites or heterojunctions by effective
microstructure control or efficient electron transport has also
drawn much attention [10,11].

For this task, carbon materials, including carbon nanotubes,
carbon quantum dots, graphene, and graphene quantum dots,
are appropriate candidates due to their superior optical and
excellent electron-transfer properties [12-15|. Among these
materials, graphene flakes, carbon nanotubes, as single or multi-
layered graphene sheets and their nanometer-size cylindrical
tubes, are ideal one- or two-dimensional structures. Indeed, the
basic constituent of carbon nanotubes (CNTs) is graphite, and
they exhibit excellent optical absorption and electron-transfer
properties [16,17]. Although a variety of carbon based BiOBr
nanocomposites with improved photocatalytic activity have been
developed, to our knowledge, there has been very little system-
atic research reported on a multidimensional graphitic-like struc-
ture to aid in the performance of BiOBr photocatalysts by
providing abundant photocatalytic active sites and shortening
the electron-transfer distance [11-14]. It has been reported that
carbon nanotube/reduced graphene oxide (CNT/RGO) hybrids
with dispersible graphene and CNTs have much higher electrical
conductivities than those of pure graphene or pure CNT film
[17]. Maarouf A.A., et al. has also reported that a graphene-con
ducting-carbon-nanotube hybrid system has high application
potential as a transparent electrode in photovoltaic applications
because it has higher conductivity than pristine graphene [18].
Therefore, because of the efficient interfacial interaction when
the same substrate is co-modified with different dimensions of
graphitic-like structures, it is expected that enhanced photo-
voltaic properties could be obtained over those of bare graphene
or CNT itself. It is also reasonable to assume one ideal and possi-
ble route to optimize the performance of the BiOBr semiconduc-
tor ingredients would be to combine individual 1D CNTs and 2D
RGO together with the BiOBr semiconductor ingredients fully and
intimately in order to synergistically improve the original electri-
cal conductivity of CNT/RGO hybrids. In this scenario, because the
CNTs could act as conducting bridges with an increased number
of contact sites between RGO and CNTs, they would then form
effective conductive paths between the RGO sheets, by which
we could maximize their excellent electron conductivity through
the sufficient interfacial contact between carbon materials and

the semiconductor. As a result, upon light irradiation, the semi-
conductors yield photogenerated electron-hole pairs with a life-
time that could be prolonged much more effectively than if
they are generated with simple integration of pure RGO and
semiconductors, for which the interfacial contact between the
BiOBr and RGO is rather insufficient due to the strong tendency
of the reported flat BiOBr sheets to restack with one another
and less numerous contacts between only the RGO sheets [19].
Therefore, for the synthesis of high efficiency photocatalytic prod-
ucts for practical applications, the benefit of an efficacious elec-
tron transfer system that presents sufficient interfacial contacts
between BiOBr and CNT/graphene conductive pathways, resulting
in abundant catalytic active sites and short charge-transfer dis-
tance should not be overlooked.

Herein, we have reported a solution-based method to fabricate
the self-assembled BiOBr/CG heterostructure through a one-step
in situ solvothermal reaction that does not require any expensive
chemicals. This method sufficiently utilizes dispersible conjugated
carbon with oxygen-containing groups in an aqueous or organic
phase, thereby resulting in excellent interfacial contact between
BiOBr and the graphitic-like surface. The synthesized samples are
confirmed by multiple characterization techniques, and their pho-
tocatalytic activities are evaluated through the degradation of Rho-
damine B (RhB) under visible light irradiation. The resulting data
reveals that the introduction of a dispersive 2D GF and 1D CNTs
into this self-assembled BiOBr/CG heterostructure not only could
efficiently prevent them from restacking with each other, thus
endowing them excellent physiochemical stability, but it also
achieves the ultimate purposes of broadly absorbing solar light,
reducing the recombination of photogenerated electron-hole pairs,
as well as the high-speed transfer of the excited electrons from the
semiconductor surface. Furthermore, we have investigated and
discussed the promoting effect of the calcination procedure on its
photocatalytic performance and its mechanism in detail.

2. Experimental
2.1. Materials

Bi(NOs3)-5H,0 (>99%), ethylene glycol, Rhodamine B (RhB), and
ethanol were obtained from China Reagent Company, LTD. All
chemicals were of analytical grade, and were used as received
without further purification. To prepare the BiOBr/CG photocat-
alytic composites, the used multi-walled carbon nanotube (CNT)
purchased by the Chinese Academy of Sciences in Sichuan (China)
was further acid oxidized via an improved acid oxidation proce-
dure, hereafter named f-CNT [20]. The highly purified (>99%) natu-
ral graphite flakes (320 mesh), supplied by Alfa Aesar, were
modified with the improved Hummers’ method utilizing chemical
oxidization and sonication exfoliation, to obtain what it was here-
after called graphitic oxide (GO) [21].

2.2. Synthesis of BiOBr/CG

In a typical procedure, the hybrid catalysts were prepared
through a modified BiOBr synthesis program [6]: different
amounts of 6 mg/ml graphitic oxide (0.2 ml mg, 0.5 mg, and
1 mg) and oxidized CNT (2 mg) were ultrasonically dispersed into
ethylene glycol (10 ml) for 1 h in order to obtain homogeneous dis-
persion. Soon afterwards, Bi(NO);-5H,0 (0.73 g) and KBr (0.82 g)
were dissolved into fresh ethylene glycol (10 ml) with continuous
stirring, and then the above-mentioned homogeneous solutions
were mixed and then transferred to a Teflon-sealed autoclave for
reaction at 170 °C for 6 h. Finally, the products were washed
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Fig. 1. SEM micrographs of the BiOBr/CG (a, b), BiOBr/CG-DS (c, d) hybrid, BiOBr (e, f) BiOBr/C(g, h).

several times with distilled water and ethanol, and then dried in
vacuum at 40 °C for 12 h, hereafter calling after BiOBr/CG, BiOBr/
CG-2 and BiOBr/CG-3) For comparison, pure BiOBr or BiOBr/C
was also obtained utilizing a similar procedure without oxidized
CNT or graphitic oxide, which were called after BiOBr or BiOBr/C,
respectively. Additionally, BiOBr/CG was further modified by sub-
jecting it to supplementary annealing at 400 °C in air for 2 h, here-
after calling after BiOBr/CG-DS.

2.3. Characterization

X-ray diffraction (XRD) pattern was recorded with an X-ray
diffractometer (Bruker D8 Advance) using Cu-Ko radiation (A = 1.
5406 A) for crystal structure analysis, and the average crystallite
size of the synthesized samples was calculated using the Scherrer’s

formula (D = K)\/B cos 0) [22,23]. The morphologies and microstruc-
tures of the synthesized samples could be examined using an elec-
tron microscope (SEM, FEI Nova NanoSEM 450) and transmission
electron microscope (TEM, Jeol Jem-2100F). Fourier transform
infrared (FT-IR) spectra were measured with the Thermo Nico-
1et6700 using the KBr pellet technique. The confocal Raman spec-
trum was obtained using the confocal Raman system with
532 nm He: Ne laser (Renishaw in Via). The surface elements and
chemical states of the synthesized samples were determined using
X-ray photoelectron spectroscopy (XPS) with an XPS spectrometer
(Thermo Escalab 250XI, USA) and Al-Ka radiation (hv = 1486.6 eV).
UV-vis diffuse reflectance spectroscopy (DRS) was performed
using a Cary 5000 UV-vis-NIR spectrophotometer. Next, the Photo-
luminescence (PL) spectroscopic characterization was obtained
with a Hitachi F-4600 fluorescence spectrophotometer. The surface
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Fig. 2. TEM micrographs of the BiOBr/CG-DS hybrid at different magnifications (a, b, ¢). High-resolution TEM micrographs of the BiOBr/CG-DS hybrid (d).
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Fig. 3. XRD patterns of pure BiOBr and its compound.

photovoltage (SPV) measurements were made through sand-
wiched capacitor consisting two FTO substrates with interposition
of powdered samples and a piece of mica placed between the film-
like sample and bottom FTO substrate made using the laser pulse
(355 nm with a pulse width of 4 ns) as reported by Y. Lei et al
[24]. Photocurrent measurements as a function of time with
switching on and off cycles were carried out using a conventional
three-electrode system with the electrochemical workstation (CH
Instruments, CHI 660) in 0.1 M KCl electrolyte under simulated
sunlight irradiation (approximately 100 mW/cm?) [11,25].

2.4. Photocatalytic activity

The photocatalytic activity of the synthesized BiOBr samples
was evaluated through the degradation of an aqueous Rhodamine
B solution under visible light irradiation. The visible light was pro-
vided by a 500 W Xe lamp with an UV cutoff filter (A > 420 nm),
and a series of synthesized BiOBr-based samples (10 mg) were
added to 50 ml of the Rhodamine B solution (10 mg/L) with suffi-
cient stirring in dark to ensure adsorption/desorption equilibrium.
After that, the suspension was removed from the reactor at regular

——BiOBr
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—— BiOBr/CG
—— BiOBr/CG-DS
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Fig. 4. Raman spectra of pure BiOBr, BiOBr/C, and BiOBr/CG.

time intervals under visible light irradiation. After centrifugation,
the concentration of Rhodamine B as a function of irradiation time
around 554 nm was analyzed by UV/vis spectroscopy (Agilent
Cary-5000). The photocatalytic activity was calculated according
to ¢ = C/Co, Where ¢ is considered the degradation efficiency,
and C; and C, represent the concentration of RhB in the solution
at the time taken out in the photocatalytic process of t and O,
respectively [26]. The active species during the photodegradation
reaction were determined by dissolving different scavengers, such
as methanol, potassium permanganate (KMnO,), t-butyl alcohol
(TBA), and benzoquinone (BQ), which could capture photo-
induced holes and electrons as well as their corresponding .OH
radicals and .03 radicals, respectively [11,26,27].

3. Results and discussion
3.1. Morphology and microstructure analysis

We have investigated the morphology and microstructures of
the samples by SEM and TEM, the results from which are shown
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Fig. 5. FT-IR spectra of BiOBr, BiOBr/CG, and BiOBr/CG-DS.

in Figs. 1 and 2. The SEM images of BiOBr/CG and BiOBr/CG-DS
have revealed that both possess similar micrometer microsphere
structure incorporated with scattered individual thin graphitic-
like sheets and narrow nanotubes, which are confirmed by the sub-
sequent TEM characterization, as can be seen in Fig. 1a, b and
Fig. 1c, d. For contrast with pure BiOBr in Fig. 1e, f, this 3D-like
modular construction of BiOBr/C in Fig. 1g, h, BiOBr/CG and
BiOBr/CG-DS is unchanged. Many radially grown nanosheets com-
prise an individual microsphere, in which these nanosheets inter-
weave together as nanopores separate the nanosheets resulting
in the open porous structure. TEM characterization has further
evaluated the interior contact interface information from the inte-

Bi4f Survey (a)
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rior architecture of the nanocomposite. The typical TEM images of
BiOBr/CG-DS are shown in Fig. 2a-c. As seen in the figure, the lat-
tice fringes are easily found, and the lattice spacing is approxi-
mately 2.82 A between adjacent lattice planes, which is
consistent with the d-spacing of the [012] reflection (2.82 A) of
BiOBr [28]. Moreover, several layers of the as-prepared graphitic-
like sheets display wrinkled and transparent edges. TEM investiga-
tion has further confirmed that the electronic coupling between
the BiOBr and the conductive network of graphitic-like sheets as
well as carbon nanotubes should take place between the BiOBr
[012] plane and the graphitic-like sheets and nanotubes [002]
plane [29,30]. The presence of the large and closely contacted
interface between the BiOBr and graphitic-like sheets as well as
carbon nanotubes provides a favorable scenario for charge transfer
between the three components.

3.2. Compositional and structural information

In order to explore the crystal phase and structure of the pure
BiOBr and its composites, we have investigated the XRD patterns.
Fig. 3 illustrates that all of the as-prepared samples display similar
diffraction peaks in the XRD patterns, indicating that they were
highly pure and crystalline devoid of impurity peaks for all sam-
ples. The XRD patterns are indexed to the tetragonal crystal phase
of BiOBr (JCPDS file card no. 73-2061) [7]. Although, there is no
apparent carbon structure diffraction (002) peak around 26.0°
for CNT or graphene. This is most likely attributed to the overlap-
ping of the main peak of the graphene-like materials around 26.0°
and the (011) peak of tetragonal BiOBr at 25.3°, which strongly
agrees with earlier reports of BiOBr/graphene [31]. It should be
noted that incorporation of conjugated carbon does not change
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Fig. 6. XPS spectra of the BiOBr, BiOBr/CG, and BiOBr/CG-DS samples. (a) survey spectra, (b) Bi 4f core level, (c) Br 3d core level, (d) O 1s core level.
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the crystal structure of BiOBr, however, the diffraction peaks of all
nanocomposites slightly shifts to a lower angle compared to that of
pure BiOBr. This shift suggests that the partial introduction of C
atoms into BiOBr possibly induced crystal lattice defects, and lat-
tice constant variation in BiOBr/CG-DS indicates the presence of
certain interaction between the BiOBr crystal and graphitic-like
structure after the solvothermal and sequent annealing reactions
[5,32]. Furthermore, the relative intensity of the (001)/(110) peak
of BiOBr/CG-DS greatly increases to 0.85 and that of BiOBr/CG
increases to 0.75 from 0.25 for pure BiOBr, while the (001) peak
of the BiOBr/CG-DS composite becomes relatively sharper after
the occurred calcination process. This result can possibly be attrib-
uted to preferential attachment along the (001) plane and related
structural combinations incorporated with graphitic-like structure
and subsequent calcination [31].

We have further measured the Raman spectra of the synthe-
sized samples in order to identify the existence of carbon struc-
tures in the different samples, as shown in Fig. 4. The composites
clearly contain both the characteristic G bands (~1575.7 cm™’,
stretching of sp? carbon atom) and D bands (~1349.4 cm ™!, vibra-
tion of defect states), which are not observed in the pure BiOBr, fur-
ther confirming the introduction of carbon structures [33]. This
finding reveals that the BiOBr/C, BiOBr/CG, and BiOBr/CG-DS
nanocomposites have been successfully constructed. After the cal-
cining process, the typical G band for BiOBr/CG located at
1575 cm™! has exhibited an obvious shift compared to that for
BiOBr/CG-DS at 1601 cm™!. This result indicates that the annealing
treatment induced an interaction between the BiOBr and the con-
jugated graphitic-like structure. Generally, the intensity ratio of
the D band and the G band (Ip/lg) is calculated at 0.873 for
BiOBr/CG, while after the calcining process, this value decreases
to 0.825 for BiOBr/CG-DS. This observed decrease in the D/G inten-
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Fig. 7. DRS spectra (a) and the band gaps (Eg) of the different samples (b).

sity ratio indicates that the extent of defects/disorder in the
oxygen-bearing graphitic-like structure decreases, leading to an
increase in the average size of the sp?> domains [26]. Next, we go
on to confirm the chemical structure combination for BiOBr and
BiOBr/CG, as well as its calcination composite, using FT-IR spectra,
which are shown in Fig. 5. These FT-IR spectra shows low fre-
quency peaks (at about 514 cm™!) that are attributed to the asym-
metrical stretching vibration of the Bi—O chemical bonds assigned
to BiOBr, which are found in the spectra of BiOBr, BiOBr/CG, and
BiOBr/CG-DS [12]. The characteristic absorption peak located at
1630 cm™' that we observed in the FT-IR spectrum of the
solvothermal product, BiOBr/CG, as well as its calcination product,
BiOBr/CG-DS, could be assigned to the stretching vibrations of aro-
matic C=C [34]. Additionally, a characteristic peak around
1265 cm™! is observed in BiOBr/CG nanocomposite that is absent
in pure BiOBr, which could be mainly due to a probable Bi—C vibra-
tion [31,34]. The FT-IR analysis results show that the interaction
between BiOBr and the conjugated carbon structure should be rec-
ognized due to the probable formation of Bi—C chemical bonding.
Together with the XRD analysis, the FT-IR and Raman signals
clearly indicate the successful synthesis of BiOBr/C, BiOBr/CG,
and BiOBr/CG-DS nanocomposites.

Furthermore, in order to elucidate the surface element compo-
sition and the chemical state of elements in the BiOBr hybridized
composite, we have carried out XPS spectra, displayed in Fig. 6.
The resulting data from the survey of XPS spectra reveals that
BiOBr and BiOBr/CG and its calcination product are composed of
Bi, O, Br, and C elements (Fig. 6a). The high-resolution XPS spectra
of Bi 4f (Fig. 6b) and Bi 3d (Fig. 6¢) accurately displays two peaks.
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Fig. 8. Photocatalytic degradation of RhB with the different samples under visible
light irradiation. (a: BiOBr, BiOBr/C, BiOBr/CG, BiOBr/CG-DS; b: series of BiOBr/CG
samples with different amount of GO content).
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Fig. 9. Photodegradation dynamics of RhB in the presence of the BiOBr/CG-DS with
and without addition of methanol, p-benzoquinone, and t-butyl alcohol.

Whereas, for pure BiOBr, there are two peaks of Bi 4fs/, and Bi 4f;,
at binding energies (BE) around 164.5 and 159.2 eV, while the Br
3dsj; and 3dsp; at BE of 69.2 and 68.2 eV, which are related to
the Bi>* and Br~ in BiOBr, respectively [5,6]. However, the peak
BE of Bi 4f and Br 3d for BiOBr/CG and BiOBr/CG-DS are approxi-
mately 0.1-0.2 eV higher than that of bare BiOBr. This slight shift
in the binding energy of Bi 4f and Br 3d in the BiOBr/CG and
BiOBr/CG-DS hybrid indicates a variation in the electronic interac-
tion between them, mainly resulting from some unpaired 1 elec-
trons of the conjugated carbon atoms that could strongly interact
with the free electrons on the surface of the BiOBr during the
solvothermal or annealing treatment for the charge transfer transi-
tions [31]. A similar phenomenon occurs in the O 1s spectrum of
BiOBr, BiOBr/CG, and BiOBr/CG-DS, in which a wide and asymmet-

Superoxide radical

BiOBr/CG-DS light on

R R AR A A A R A A e

BiOBr/CG-DS before light

BiOBr light on

Y
BiOBr before light

3475 3500 3525 3550

Magetic Field / G

ric peak is observed, and can be seen in Fig. 6d. When BiOBr cou-
pled with conjugated graphitic-like structures, there is a slight
shift of the peak position to a higher energy, when compared with
pure BiOBr, to about 0.1 eV for BiOBr/CG and about 0.2 eV for
BiOBr/CG-DS. This finding implies the formation of chemical bonds
at the interface between the conjugated graphitic-like structures
and the BiOBr (C—Bi or C—0—Bi bond) [35,36]. The observed shift
in the peak positions in the Bi 4f and O 1s spectra provides infor-
mation from which we can conclude that the formation of the Bi—C
bond between the conjugated carbon and BiOBr as has been pre-
dicted by the XRD results.

3.3. Optical and photocatalytic properties

The ability of the synthesized samples for light absorption
greatly affects their photocatalytic performance and further deter-
mines the generation of photogenerated electrons and holes [36].
Fig. 7 displays the UV-vis diffuse reflectance spectra of the BiOBr
microspheres and its hybrids. Fig. 7a depicts the excellent visible
light response of the BiOBr microspheres, which implies the possi-
bility of photocatalytic activity under visible light irradiation.
When compared to that of pure BiOBr, the light absorption of the
BiOBr/CG sample shows a red shift and becomes strong in the vis-
ible region when combining with conjugated carbon structures.
Contrastingly, BiOBr/C and BiOBr/CG both display excellent visible
light absorption compared to pure BiOBr. The optical band gaps of
BiOBr and its composites can be determined using the formula
(athv)'? = A(hv — Eg) by extrapolating the straight portion of
(athv)'? against the hv plot for an indirect bandgap transition,
where a, h, v, and A are the absorption coefficient, the Planck con-
stant, the light frequency, and a constant, respectively [28,35].
According to the formula shown in Fig. 7b, the bandgap of pure
BiOBr is calculated as 2.65 eV, whereas the bandgaps of BiOBr/C
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Fig. 10. ESR spectra of radical adducts trapped by DMPO (.0?>~ and .OH) in the dark and under visible light irradiation.



W. Tie et al./Journal of Colloid and Interface Science 579 (2020) 862-871 869

and BiOBr/CG are variously reduced to 2.46 and 2.08 eV. This rea-
son is that the solvothermal treatment for the charge transfer tran-
sitions improves the interfacial interaction between some of the
conjugated carbon atom’s unpaired 1 electrons and the free elec-
trons on the surface of the BiOBr through the formation of probable
chemical bonds between the BiOBr and the conjugated carbon
structures, thus resulting in an upwards shift of the valence band
edge and a reduction of the bandgap [31,33,37]. Therefore, the
enhancement of the visible-light-responsive photocatalytic activ-
ity of the BiOBr photocatalyst can be directly ascribed to the intro-
duction of highly efficient graphitic-like conductive network to
BiOBr/CG, which causes the change in the bandgap.

We have evaluated and compared the photocatalytic activity of
BiOBr and its series of hybrids to each other by examining the pho-
todegradation of Rhodamine B (RhB) as a model pollutant under
visible-light irradiation (1 > 420 nm) from a 500 W Xe lamp. To
demonstrate the synergy-induced photocatalytic efficiency of the
BiOBr/CG nanocomposite, we have performed contrastive experi-
ments using pure BiOBr, BiOBr/C, BiOBr/CG-1, and BiOBr/CG-DS
as photocatalysts for the photodegradation of RhB. Fig. 8 displays
the time-dependent UV-vis absorption spectra of the aqueous
solution of RhB (initial concentration, 10 mg/L) with the addition
of 10 mg of the obtained BiOBr and its series of hybrids for various
durations. The data shows that, in the blank experiment RhB is
hardly degraded under visible light irradiation without the photo-
catalyst, indicating that the photocatalysis can be ignored (Fig. 8a).
By comparison, the rate of RhB degradation in the presence of pure
BiOBr is almost 55% after 120 min of irradiation. The results from
the hybrids are more significant, and the photocatalytic activity
of BiOBr/C increases intensively, reaching 83% degradation within
120 min, meanwhile the BiOBr/CG nanocomposite is exhibited
very prominent photocatalytic efficiency, where 97% of the aque-
ous RhB solution is photodegraded under visible-light irradiation
within the 120 min. Interestingly, the photocatalytic efficiency of
the BiOBr/CG-DS nanocomposite could be further improved by
annealing the BiOBr/CG product in atmospheric air. As shown in
Fig. 8a, 97.9% of RhB is photodegraded in the presence of the
annealed BiOBr/CG-DS after only 100 min of visible-light irradia-
tion. It is reasonable that the high temperature (400 °C) would nor-
mally induce a greater number of defects onto the graphitic-like
surface, which would result in greater adsorption or photocatalytic
sites for organic dyes. Through further testing, we have presented
data to support the influence of varying amounts of GF on the pho-
tocatalytic degradation of RhB, which are presented in Fig. 8b. It
can be seen that, within in 120 min, both BiOBr/CG-2 and BiOBr/
CG-3 can accomplish a maximum level of RhB degradation of
almost 70%, whereas, BiOBr/C without GF can remove 83% of the
RhB during that time. BiOBr/CG, BiOBr/CG-2, and BiOBr/CG-3 have
distinct photocatalytic degradation efficiencies, a finding which
illustrates a key role for the construction of effective conductive
pathways through the dispersive CNT/GF network in high effi-
ciency electron-hole separation and transfer. Furthermore, the
improvement in photocatalytic efficiency in BiOBr/CG and its
annealing product, BiOBr/CG-DS, indicates that introducing a
graphitic-like structure into the composite, as well as its further
annealing, enhance the photocatalytic activity remarkably. We
believe this may be attributed to the interactions between the con-
jugated carbon structures and BiOBr, as previously shown by TEM
and XRD.

3.4. Opto-electronic properties

In order to explore the catalytic role of various active free radi-
cals generated in the reaction system, we have conducted a trapping
experiment of active species, which is shown in Fig. 9. We have used
methanol, p-benzoquinone, and t-butyl alcohol (TBA) as the trap-

ping quenchers for h+,.0?~, and .OH, respectively [38,39]. As shown
inFig. 9, when methanol is added as a scavenger for h*, the efficiency
of RhB photo-degradation is only slightly depressed, indicating that
the h* plays a negligible role during the photocatalytic reaction.
However, when p-benzoquinone and t-butyl alcohol (TBA) are
added as scavengers for .0%or .OH, the efficiency of RhB photo-
degradation decreased sharply, indicating that the .0*~ and .OH
are main active species during the photocatalytic reaction. This
result identifies that, in the photocatalytic system, the .0>~ and
.OH are responsible for the enhanced photocatalytic activity.

To further confirm the primary active species generated for
pure BiOBr and BiOBr/CG-DS during the photocatalytic reaction,
we have performed the ESR spin-trap with DMPO techniques
under visible light irradiation. We find no signals in the dark for
pure BiOBr and BiOBr/CG-DS; however, we could clearly observe
the characteristic peaks of DMPO-.0>~ and DMPO-.0OH for pure
BiOBr and BiOBr/CG-DS under light irradiation, as shown in
Fig. 10. It is important to note that the signal intensity of trapped
-.0OH is obviously stronger for the BiOBr/CG-DS composite than
for pure BiOBr. This result suggests that signals for both .0%~ and
-.0OH in present system occur under visible light irradiation and
that the corresponding amount of -.OH radicals in the reaction sys-
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Fig. 11. PL (a) and SPV (b) of pure BiOBr, BiOBr/CG, and BiOBr/CG-DS samples.
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tem with the BiOBr/CG-DS composite looks greater than that of
BiOBr alone. The ESR results suggest that .0?>~ and -.OH are the
main active species in the photocatalytic reaction, which are well
consistent with the results from the trapping experiment for the
active species in the presence of different scavengers.

The photocatalytic performance of semiconductor photocata-
lysts largely depends on the recombination efficiency of pairs
(REPEH), and the REPEH is indirectly influenced by the PL intensity
and the photoelectrocurrent density (PEC) [28]. We have first
investigated the photogenerated electron/hole separation and their
lifetime by PL spectroscopy (Fig. 11a). After excitation at 300 nm,
pure BiOBr has exhibited a broad PL, ranging from 380 to
550 nm. After association with graphitic-like structures, the PL sig-
nal shapes for BiOBr/CG and its annealing product are not altered,
but their intensity decreases markedly, indicating that recombina-
tion of their electron/hole pair in BiOBr has been inhibited after
combination. Moreover, SPV technique also provides credible
information on photocatalytic samples with respect to charge
transfer and separation in space [24]. For pure BiOBr, BiOBr/CG,
and its annealing product, the SPV response signals display inten-
sities of similar strength (Fig. 11b). Despite this, the downward
trend in the SPV response signal becomes slower in the time scale
for BiOBr/CG and its annealing product, whereas, the signal for
BiOBr/CG-DS decreases most slowly, indicating that BiOBr/CG-DS
has the longest charge separation time, which are consistent with
the results of the PL intensity experiment.

To further substantiate the efficient separation of photogener-
ated electron/hole pairs, we have compared the photocurrent
responses through the irradiation of BiOBr and BiOBr/CG-DS films
on an ITO substrate under Xe lamp irradiation [11]. As shown in
Fig. 12, the photocurrent response stays stable and reversible dur-
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Fig. 12. Transient photocurrent responses of pure BiOBr and BiOBr/CG-DS samples.

ing the repeated switching on and off cycles, suggesting efficient
charge separation and collection. Under light irradiation, the mea-
sured photocurrent for BiOBr deposited on ITO is approximately
0.71 x 107% Ajcm™2. After association with RGO and CNT, the pho-
tocurrent density increases to approximately 1.57 x 107% Ajcm™2,
this is contrary to the BiOBr film electrode results and almost two
times higher than that of BiOBr/CG-DS. The photocurrent
densities of the BiOBr/CG-DS composites are in good accordance
with their photocatalytic activities, indicating that the separation
and transfer of the photogenerated charges to the working
electrodes in the BiOBr/CG-DS composite is more efficient as well
as faster.

On the basis of the previously described experimental data, we
can explain the photocatalytic mechanism of BiOBr/CG-DS, which
is summarized and illustrated in Fig. 13: Under visible light irradi-
ation, BiOBr crystals can be excited to introduce electrons to the
CB, leaving holes in the VB. The photogenerated electrons in the
CB of BiOBr could easily transfer to effective conductive networks
due to the electron storing and shuttling ability of the graphene-
like carbon structures and the internal electron field at the
BiOBr/CG interface [39]. The photogenerated electron/hole recom-
bination in BiOBr is also greatly inhibited by the increased VB
width and the upshifting of CB [40], as previously demonstrated
by PL and PEC measurements. Meanwhile, the electrons collected
on the surface of the graphene-like conductive networks can react
with oxygen molecules adsorbed at the surface of the photocata-
lyst to produce O,.~ radicals. The holes in the VB of BiOBr directly
react with H,O molecules to give .OH radicals, and finally, the RhB
dye is greatly photodegraded by the photo generated O,.~ and .OH
radicals. Thus, in BiOBr/CG-DS, effective graphene-like conductive
networks and intimate interfacial interaction can effectively accel-
erate the charge transfer and suppress charge recombination, ulti-
mately leaving more charge carriers and thereby promoting the
degradation of dyes.

4. Conclusion

We have fabricated a self-assembled nanocomposite of 3D
BiOBr hybridized with 1D CNT and 2D RGO in situ with a method
that employed a facile solvothermal (BiOBr/CG) and subsequent
annealing (BiOBr/CG-DS) process, forming a 3D globular structure
about 5 pm in diameter with about 20 nm lamellar layers chemi-
cally bonded with CNT and RGO. We have observed superior pho-
tocatalytic activity for RhB degradation under visible light
irradiation with the BiOBr/CG composite compared to the BiOBr
and BiOBr/C composites. Further annealing treatment of the as
mentioned samples results in remarkable improvement in photo-
catalytic performance. Based on the characterization carried out
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Fig. 13. Graphical representation of catalytic mechanism in microscopic nanostructure of BiOBr/CG and BiOBr/CG-DS.
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herein, the enhanced photocatalytic activity of the BiOBr/CG-DS
nanocomposite is mainly attributed to the effective interface inter-
action between BiOBr and the conductive network of graphitic-like
flakes with CNTs, which acts as a productive electron transfer
bridge that yields a more efficient charge transfer and charge sep-
aration. An indirect dye photosensitization process is the dominant
driver of the photodegradation in the BiOBr/CG-DS system, with
photogenerated O,.~ and .OH radicals as the main reactive species.
These results reveal the effective design of a highly efficient, cost-
effective, and environmentally benign photocatalyst with visible
light activity, and shed light on its potential for commercial use
in environmental remediation and energy conversion.
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