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Abstract: In order to simultaneously solve the problems of the poor light absorption capacity and high recombination
rate of photogenerated carriers, BisO7Br photocatalyst with abundant ordered/disordered structures (O/D-BisOsBr) was
prepared through a simple in situ disorder engineering. The prepared samples were characterized by XRD, TEM,
HRTEM, SAED, XPS, UV-Vis diffuse reflectance spectra (DRS), and the activity was evaluated by photocatalytic
degradation of tetracycline hydrochloride (TC) and hydrogen evolution under visible light irradiation. Results revealed
that the ordered/disordered structure not only enhances the light absorption ability, uplifts conduction band position,
facilitates the transfer and separation of photogenerated carriers, but also offers abundant unsaturated atoms as active
sites for the photocatalytic process. Therefore, O/D-BisO7Br exhibits a high hydrogen evolution rate of 38.12 pmol/(g-h)

and superior TC degradation rate of 86% within 135 min.
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1 Introduction

Over the past generation, the human race has
been faced with significant challenges because of
the increasing severity of environmental pollution
and the gradual decline of fossil energy [1-3]. As
for environmental pollution, pharmaceuticals have
been frequently detected in various water resources
worldwide. In particular, tetracycline hydrochloride
(TC), the second most common antibiotic, has been
extensively applied to treating infectious diseases in
humans and animals, thus resulting in the presence
of trace residues in the environment that trigger
the development of antibiotic pathogens and
continue to threaten human health [4,5]. Thus, the

development of efficient and cost-effective treatment
technologies to degrade harmful pharmaceuticals
has extremely significant meaning in enhancing our
future welfare and civilization [6,7]. Over the last
few years, semiconductor photocatalysis technology,
as the most promising method for environmental
remediation and solar energy conversion, has been
intensively investigated [8—12]. Many catalysts
have been applied to pharmaceutical degradation,
such as metal-organic frameworks (MOF), metal
oxide, sulfide, graphitic carbon nitride, and bismuth
based materials. However, these materials commonly
suffer from low light absorption capacity and the
rapid recombination of photoproduction carriers.
Hence, efficient, clean, and economic catalysts
should be explored to enhance the degradation of
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photocatalytic pharmaceuticals.

In recent years, nonstoichiometric bismuth
halide photocatalysts (Bi,O,Br:) have been
studied [13]. Their open-layered crystalline
structure can produce an internal static electric
field, eventually inhibiting the recombination of
photogenerated electron—hole pairs effectively. In
addition, the bandgap structure of Bi,O,Br. can be
regulated by releasing the amount of Br~, so as to
obtain a suitable band structure for visible light-
responsive ability. Therefore, Bi,O,Br. has been
widely studied as photocatalyst for photocatalytic
pharmaceuticals degradation, and some remarkable
achievements have been made [14,15]. However,
among the large family of Bi:O,Br., BisO;Br
has rarely been discussed despite having the
strongest electron reduction ability and higher
photostability [16]. This gap is mainly due to its
relatively rapid recombination of photogenerated
carriers and large bandgap, which absorbs UV
light only. Thus, BisOsBr photocatalyst should be
modified to improve its photocatalytic activity.

Recent studies have shown that solid structure
materials can be subdivided into three forms:
amorphous, quasi-crystalline, and crystalline.
Notably, amorphous materials have distinctive
short-range ordered but long-range disordered
atomic arrangements, which give them distinct
electronic, mechanical, magnetic, and optical
properties relative to crystals and quasi-crystals
materials with long-range atomic order. The most
remarkable advantage of amorphous materials is
their much smaller bandgap than that of their
crystalline counterparts. This unique quality allows
that amorphous materials have a wider light
absorption range [17]. Meanwhile, the disordered
structure in amorphous materials could act as
electron capture sites, which could inhibit
the recombination efficiency of photogenerated
electron—hole pairs and thus delay the lifespan of
active species [18]. As for Bi-based compounds, the
existence of disorder can cause the displacement of
Bi** and O from their ideal positions due to the
stereochemically active 6s electron lone pair on
Bi** and then offer abundant unsaturated atoms as
active sites for the photocatalytic process [19—-21].
In addition, in situ disorder engineering can supply
barrier-free tight contact and accelerate the charge
transfer efficiently [22]. Thus, in situ constructing
BisO7Br photocatalyst with abundant ordered/

disordered structures through disorder engineering
might be a suitable model for enhancing visible
light photocatalytic pharmaceutical degradation and
extending the application scope of BisO;Br.
However, no relevant report has focused on the
disordered engineering regulation of Bi:O,Br. to
promote its photocatalytic activity.

Herein, we put forward a facile disorder
engineering for the in situ synthesis of BisO;Br
with  abundant ordered/disordered structures
and investigate the photocatalytic activities for
pharmaceutical degradation and hydrogen evolution.
The key step of this new technique is to mix
Bi(NOs)3'5SH,O and NaBrOs, and then adjust the
pH by NH;3-H»O. Although the reaction process is
simple, it is very effective in the in situ formation
of BisO;Br with abundant ordered/disordered
structures.

2 Experimental

2.1 Materials

In this work, sodium bromate (NaBrO;) was
obtained from Guangfu Fine Chemical Research
Institute, Tianjin, China. Bismuth nitrate penta-
hydrate (Bi(NO3);-5H,0) was purchased from the
Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China. Ammonia hydroxide (NH;-H,O), ethanol
absolute (CH3;CH,OH) and methanol (CH3;OH)
were produced by Kermel Chemical Reagent
Co., Ltd., Tianjin, China. Chloroplatinic acid
(H2PtClg'6H20) and tetracycline hydrochloride (TC)
were provided with Aladdin Reagent Co., Ltd. All
these chemicals were analytical reagent (AR)
grades that can be used directly.

2.2 Preparation of photocatalysts

A facile in situ disorder engineering was used
to prepare the photocatalyst. The concrete steps are
as follows: exactly 4.85 g of Bi(NO3);5H,O was
dispersed into 50 mL of distilled water with
continuous stirring. Meanwhile, 1.51 g of NaBrOs
was dissolved into 40 mL of distilled water and
then added into the Bi(NO3);-5H>O solution with
vigorous stirring for 0.5h. Then, 2.5mL of
NH;-H,O was used to adjust the pH and continually
facilitate the reaction at 20 °C for 3 h. Finally, the
sample was collected and washed several times
with distilled water and ethanol to remove residual
species and then dried at 60 °C for more than 6 h.
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The BisO;Br with abundant ordered/disordered
structures was obtained and called O/D-BisO;Br.
For comparison and analysis, the ordered BisO;Br
and disordered BisO;Br were obtained by the same
process at 35 and 0 °C, and named O-BisO;Br and
D-Bis07Br, respectively.

2.3 Characterization

X-ray diffraction (XRD) patterns
recorded on a Rigaku D/max 2700 diffractometer
operated at 30mA and 40kV with CuKk,
(A=1.5418 A) radiation and the 26 ranging from 10°
to 70°. X-ray photoemission spectroscopy (XPS)
and valence band (VB)-XPS with an Mg K, X-ray
source operating at 20 kV were carried out with VG
MultiLab 2000 system and the binding energy of
samples was calibrated by using the signal for
carbon (284.65¢eV for C 1s) as a reference. The
transmission electron microscopy (TEM), high-
resolution  transmission electron  microscopy
(HRTEM) images and selected area electron
diffraction (SAED) patterns were collected on a
JEOL—2011 device at an accelerating voltage of
200 kV. UV-Vis diffuse reflectance spectra (UV-
Vis DRS) were carried out by using an UV—-2450
spectrophotometer with BaSO4 sample as a reference.
Steady-state photoluminescence (PL) spectra were
recorded by using an Edinburgh instrument FLS980
series of fluorescence spectrometers.

Were

2.4 Photocatalytic activity

The activity of the photocatalysts was
evaluated by degrading TC under visible light
irradiation. Typically, 50 mg of the sample was
dispersed into 100 mL of the TC solution (10 mg/L).
After reaching adsorption—desorption equilibrium
in the dark for 20 min, the suspension was placed in
visible light. At 15 min intervals, a certain amount
of suspension was taken out, centrifuged (800 r/min,
5 min), and further analyzed using a Varian Cary
50 UV-Vis spectrophotometer. Furthermore, the
photocatalytic activity of water splitting hydrogen
evolution was also tested to verify that disorder
engineering could extend the application scope of
BisO7Br. Specifically, the catalyst (0.1 g) was added
in deionized water (80 mL, 40 vol.% CH;OH), and
the co-catalyst Pt (1 wt.%) was loaded on the
surfaces of the samples by the in situ photo-
deposition with H,PtCle. Then, the system was
purged with high purity argon for 20 min to remove

the air completely and irradiated under a Xe lamp
(300 W) equipped with a 420 nm cut-off filter
(Perfect Light, China). In this process, the
temperature of the system was maintained at 5 °C
with a cooling cycle device. Finally, the amount of
hydrogen generation was quantitatively analyzed
in a specific time interval through online gas
chromatography (GC9700).

2.5 Photoelectrochemical measurements

Electrochemical impedance spectroscopy
(EIS), photocurrent and Mott—Schottky tests were
carried out on a CHI-660E -electrochemical
workstation using a three-electrode system
(Shanghai Chenhua, China). The samples spread on
indium tin oxide, Ag/AgCl electrode, and Pt mesh
served as the working electrodes, reference
electrodes, and counter electrodes, respectively.
The light was produced using a 300 W Xe lamp
equipped with a 420 nm cutoff filter.

3 Results and discussion

3.1 Characterization of photocatalysts

The crystal and phase structures of the
as-synthesized samples were characterized by XRD
analysis. As shown in Fig. 1, the detectable peaks
of the obtained O-BisO;Br samples at 35 °C
correspond well to those of BisO;Br (PDF#97-024-
1125). The presence of sharp peaks indicates that
this material possesses long-range order, which
proves the successful synthesis of ordered BisO;Br
material. Meanwhile, the samples only show a
broad reflection at 26 of 28.3° as the temperature
falls to 0 °C, indicating the successful synthesis of

0/D-Bi,0,Br

D-Bi;O,Br
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Fig. 1 XRD patterns of O-BisOsBr, O/D-BisOsBr and
D-BisOBr
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the pure disordered BisO;Br material (D-BisO7Br).
In particular, when the reaction temperature of
changes to 20 °C for O/D-BisOsBr, two broad
humps ranging from 45° to 55° (peak positions at
46.5° and 53.7°) and a relatively strong and broad
characteristic peak (28.3°) are observed (Fig. 1),
which suggests that its crystallinity is worse than
that of O-BisO7Br. This phenomenon is attributed to
the amorphous BisO;Br and indicates that the
synthesized O/D-BisO;Br sample is composed of
ordered/disordered structures [23,24].

To verify the conclusion, TEM and HRTEM
were performed to further characterize the samples.
As shown in Figs. 2(ai, by, ¢1), O-BisO7Br, O/D-
BisO;Br and D-BisO;Br have the stacking of
nanosheets with a size of ~400 nm. Furthermore,
HRTEM images and SAED patterns offer an
intuitive observation of the samples’ crystalline
microstructure. In the HRTEM image and SAED
pattern of O-BisO;Br (Fig. 2(a2)), clear lattice
fringes and no internal defects are shown,
suggesting its high crystallinity. The lattice spacing
(d) is measured to be 0.245 nm, which corresponds
well to the (113) plane of BisO;Br. Moreover, the
regular and periodic arrangement of diffraction
spots in the SAED diagram of O-BisO;Br further
confirms its ordered structures. By contrast, the
HRTEM images of D-BisO;Br show disordered
regions without clear lattice fringes, and the SAED

patterns exhibit a closed diffraction ring, which is
indicative of its disordered structure (Fig. 2(c»)).
For O/D-BisO7Br (Fig. 2(b2)), the HRTEM images
show disordered regions (green area) and ordered
regions (yellow area). Furthermore, the SAED
pattern in the green area exhibits a closed
diffraction ring, and the SAED pattern in the yellow
area shows a fringe with a lattice spacing of
0.245 nm corresponding to the (113) plane of
BisO;Br. The result indicates that the disordered
structure has been introduced into the ordered
catalyst and demonstrates that the basic lattice
structure of BisO;Br has not been destroyed
[25—27]. This phenomenon further strongly proves
the successful synthesis of O/D-BisO;Br with
abundant ordered/ disordered structures.

The element compositions and valence states
of the samples were characterized by XPS in detail.
As shown in Fig. 3(a), the full-scale XPS spectrum
reveals the existence of Bi, Br, O, and C elements.
The Bi 4f and Br 3d XPS spectra of O-BisO;Br,
0O/D-Bi507Br, and D-BisO;Br are almost identical,
indicating the similar bonding
of Bi and Br atoms before and after disordered
engineering regulation. In the Bi 4f spectra of
O-Bi507BI’, O/D-Bi507BI’, and D-Bi507BI’ (Fig. 3(b)),
two peaks at binding energies of 164.28, 164.24,
and 164.29 eV; and 158.97, 158.93, and 159.02 eV
can be respectively attributed to Bi 4fs, and Bi 417,

environments

(by)

Fig. 2 TEM, HRTEM images and SAED patterns (in insets) of O-BisOsBr (a1, a;), O/D-BisO7Br (bi, by), and
D-Bi507Br (C1, Cz)
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Fig. 3 XPS spectra of O-BisO7Br, O/D-BisO;Br and D-BisO7Br: (a) Survey; (b) Bi 4f; (¢) Br 3d; (d) O 1s

which are characteristics of Bi** in the samples
[28,29]. In addition, the Br 3d high- resolution XPS
spectrum (Fig. 3(c)) showing two peaks at 69.21,
69.24, and 69.26¢V; and 68.18, 68.19, and
68.23 eV can be respectively attributed to Br 3ds»
and Br3dsp, which indicates the presence of
bromide ions in the O-BisO;Br, O/D-BisO;Br,
and D-BisOsBr [30]. The O 1s spectra of the
0-Bis07Br, O/D-BisO-Br, and D-BisO;Br samples
show obvious differences. The peaks at binding
energies of 529.89, 529.65, and 529.83 eV originate
from the lattice oxygen, thus suggesting the
existence of a bismuth-oxygen bond [31].
Meanwhile, the peaks at binding energies of 531.13,
531.07, and 531.09 eV are ascribed to chemisorbed
H>O or OH™ on the sample surface [32]. Besides,
the peaks located at binding energies of 532.33,
532.32, and 532.35eV can be indexed to the
oxygen atoms near the oxygen vacancies [33,34]
(Fig. 3(d)). The comparison reveals the changes in
the peaks and concentrations of surface lattice
oxygen species. This phenomenon can indirectly
demonstrate the formation of defects in disorder

engineering, which can act as active sites for
photocatalytic reaction [35,36]. Based on the above
results, we verify the successful preparation of
BisO;Br with an abundant ordered/disordered
structure.

3.2 Photocatalytic activity

Given the attractive ordered/disordered
characteristic of O/D-BisO;Br, it is expected to
be a competent catalyst for photocatalytic reaction.
Herein, the photocatalytic degradation of TC is
carried out to investigate the photocatalytic
performance of O/D-BisO;Br under visible light
(Fig. 4(a)). The results show that the TC cannot
be degraded without a photocatalyst, and that
0O/D-Bis07Br shows good activity with 86% TC
degradation rate after 135 min of visible light
irradiation; such a rate is 25% and 32% higher than
those of O-BisO;Br and D-BisO;Br, respectively.
Furthermore, the degradation activity has a slight
change during the four experiment cycles,
confirming the superior stability of O/D-BisO;Br

(Fig. 4(b)).
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To verify whether disorder engineering could
extend the application scope of BisOsBr, the
photocatalytic hydrogen evolution activity of the
prepared samples was also evaluated. The hydrogen
evolution results of the samples from water under
visible light irradiation are shown in Fig. 4(c). No
hydrogen is detected for O-BisO;Br, but the amount
of hydrogen is enhanced gradually over time in
the presence of O/D-BisO;Br, and O/D-BisO;Br
exhibits a high hydrogen evolution rate of about
38.12 umol/(g-h). Furthermore, O/D-BisO;Br shows
a relatively small change in hydrogen evolution rate
after four cycles (Fig. 4(d)), thus suggesting the
favorable stability of the structure. These results
indicate that O/D-BisO;Br with abundant ordered/
disordered structures plays an essential role in
improving photocatalytic activity [37].

3.3 Photoelectrochemical performance
To explore the optical excitation processes in
the special ordered/disordered structure, we
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conducted photoelectrochemical measurements.
PL spectra were obtained to understand the
recombination efficiency of electrons and holes
under ambient conditions (Fig. 5(a)). O/D-BisO7Br
displays the lowest emission peak at 413 nm and
exhibits a light red-shift because of the alteration in
its internal structure; such property ensures that the
ordered/disordered structures can restrain the
electron—hole recombination efficiently. Furthermore,
photocurrent measurement was conducted to study
the separation and transfer of the photoinduced
charge carriers of the samples (Fig. 5(b)). O/D-
BisO7Br clearly exhibits a higher current density
than D-BisO;Br and O-BisO;Br because of the
special ordered/disordered structures. Such property
benefits the separation and transfer of photo-
generated holes and electrons and helps prolong the
lifetime of photogenerated charge carriers so that
more electrons can participate in the photocatalytic
reaction, which correspond to the result of the
photocatalytic activity [38]. EIS measurement was
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performed to investigate the interfacial transfer
efficiency behaviors of the carriers (Fig. 5(c)). The
radius of the Nyquist plots shows the feature of the
charge transfer process of the samples. The radius
of the curve of O/D-BisOBr is significantly smaller
than those of D-BisO;Br and O-BisO;Br, indicating
the lower charge transfer resistance, which means
that the recombination rate of the electron—hole pair
is also low [16]. As discussed herein, O/D-BisO;Br
with abundant ordered/disordered structures was

proved to facilitate the separation of the electrons
and holes, thereby making more electrons
participate in the reaction.

3.4 Photocatalytic mechanism

UV-Vis DRS was measured to study the
optical properties of the samples (Fig. 6(a)).
The as-prepared O-BisO;Br, O/D-BisO;Br, and
D-BisO;Br display absorption edges of about 410,
428, and 413 nm, respectively. According to the
Kubleka—Munk equation of ahv=A(hv—Ey)"?, where
a, hv, A, and E, are the absorption coefficient,
light frequency, constant, and bandgap energy,
respectively [39], the bandgaps of O-BisO;Br,
0O/D-Bis07Br, and D-BisO7Br are estimated to be
2.83, 2.73, and 2.81¢eV, respectively (the inset
of Fig. 6(a)). Compared with O-BisO;Br and
D-Bis07Br, O/D-BisO7Br has a narrower band edge,
which may be due to the presence of an ordered/
disordered structure. To analyze the band structure
of the samples, we employed the valence band
XPS spectrum (VB-XPS) combined with the
Mott—Schottky plot. Firstly, VB-XPS was used to
measure the energy gap (Evr) between the valance
band potential (Evg) and Fermi level (E£7) [40].
Figure 6(b) indicates that the FE.s values of
0-Bis07Br and O/D-BisO;Br are 2.16 and 1.47 €V,
respectively. Secondly, the Mott—Schottky plot is
used to obtain the types of semiconductors and flat
band potentials (£rs) [41]. As shown in Fig. 6(c),
the Ers values of O-BisO7Br and O/D-BisOsBr are
respectively calculated to be 0.25 and 0.60 V (vs
Ag/AgCl), which correspond to 0.47 and 0.82 V (vs
NHE), respectively [42]. The positive slopes of
1/C¢ (Cy is the capacitance of space charge layers)
versus potential exhibit the n-type semiconductor
characteristics of O-BisO;Br and O/D-BisO;Br,
where Er is equal to Erg[40], thus, the Ef values of
0-Bis07Br and O/D-BisO;Br are 0.47 and 0.82 'V,
respectively. Therefore, according to the equation of
Evs=E,r+Ers, the VB positions of O-BisO;Br and
O/D-BisO7Br are estimated to be 2.63 and 2.29 'V,
respectively. From the equation Ecp=Evs—E,, the
CB positions of O-BisO7Br and O/D=BisOBr are
estimated to be —0.20 and —0.44 V, respectively.
The results show that the ordered/disordered
structures can broaden the visible light response
range and uplift the CB position, making the
electrons have stronger reduction ability. In
addition, these results correspond to those of the
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results of O/D-BisO7Br

photocatalytic hydrogen evolution activity. Thirdly,
N; purging, tertiary butanol (TBA), and ammonium
oxalate (AQO) were respectively used to capture the
active species of Oz, *‘OH, and holes (h") in the TC
photocatalytic ~degradation process over the
0O/D-Bis07Br samples under visible light irradiation.
As seen in Fig. 6(d), the TC degradation rate does
not decrease when TBA is added, indicating
that -OH radicals have no effect on the
0/D-BisO7Br photocatalysis reaction system. After
adding AO or N; to the reaction solution, the TC
photocatalytic degradation rate drops, showing that
h* and -O; are the main active species. Moreover,
h" has a more significant impact than O in this
process.

These results reveal that the satisfactory
photocatalytic TC degradation and hydrogen
evolution activities of O/D-BisO;Br are attributable
to their special physicochemical structure. The
band structure and schematic representation of the
photocatalytic reaction of O/D-BisO;Br are depicted

in Fig. 7. As for the photocatalytic degradation
reaction, under the irradiation of visible light, the
electrons (e) are excited to the CB potential position
(-0.44 V) from the VB of O/D-BisO;Br (2.29 V).
Then, the excited electrons are trapped by O:
molecules, and -O; radicals are produced on the
basis of the less redox potential (—0.046 eV) of
02/:0;. The holes left in VB of O/D-BisO;Br
and ‘O photodegrade the organic compounds. As
for the photocatalytic hydrogen evolution reaction,
the excited electrons participate in hydrogen
evolution and the holes are quickly consumed
by the sacrificial agents. The ordered/disordered
structures clearly play a key role in the
photocatalytic degradation and hydrogen evolution
reaction. Firstly, the solar absorption ability is
enhanced by introducing disordered structure,
leading to the increase in visible absorption ability
and photoinduced carriers of BisO7Br. Secondly,
the ordered/disordered structures act as electron

scavengers, suppressing the recombination of
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electrons and holes and promoting electron
migration towards the surface for further reaction.
Thirdly, the ordered/disordered structures also
offer abundant unsaturated atoms as active sites
for the photocatalytic process. Moreover, the
photogenerated electrons have strong reduction
ability because of the more negative CB position,
which results in the full and efficient use of
photogenerated electrons. As a result, BisO;Br with
abundant ordered-disordered structures shows
efficient TC degradation and hydrogen evolution
performance.
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Fig. 7 Photocatalytic TC degradation and hydrogen
evolution mechanism of O/D-BisO;Br

4 Conclusions

(1) BisO7Br with abundant ordered/disordered
structures (O/D-BisO7Br) was in situ synthesized by
a facile disorder engineering.

(2) Compared with the ordered BisO;Br
(O-Bis07Br) and disordered BisO7Br (D-BisO7Br),
BisO7Br with abundant ordered/disordered structures
(O/D-BisO7Br) shows superior photocatalytic
activity and stability for TC degradation activity
and hydrogen evolution.

(3) The enhanced photocatalytic activity of
0/D-BisO7Br is attributed to the unique ordered/
disordered structures of material, which can not
only enhance light absorption ability, promote the
reduction ability of photogenerated electrons, but
also provide abundant unsaturated atoms as active
sites for the photocatalytic process. Furthermore, in
situ generation mode supplies barrier-free tight
contact and accelerates charge transfer efficiently.
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