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ABSTRACT: Photocatalysis represents an effective technology for
environmental remediation. Herein, a series of Zn-doped BiOBr hollow
microspheres are synthesized via one-pot solvothermal treatment of
bismuth nitrate and dodecyl ammonium bromide in ethylene glycol along
with a calculated amount of zinc acetate. Whereas the materials
morphology and crystal structure remain virtually unchanged upon Zn-
doping, the photocatalytic performance toward the degradation of
ciprofloxacin is significantly improved under visible light irradiation.
This is due to the formation of a unique band structure that facilitates the
separation of photogenerated electron—hole pairs, reduced electron-
transfer resistance, and enhanced electron mobility and carrier
concentration. The best sample consists of a Zn doping amount of 1%,
which leads to a 99.2% degradation rate of ciprofloxacin under visible
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photoirradiation for 30 min. The resulting photocatalysts also exhibit good stability and reusability, and the degradation
intermediates exhibit reduced cytotoxicity compared to ciprofloxacin. These results highlight the unique potential of BiOBr-based

photocatalysts for environmental remediation.

1. INTRODUCTION

Antibiotics have played a pivotal and revolutionary role in the
history of human progress, with a profound impact on the
fields of medicine, public health, and human longevity."”
Nevertheless, the misuse and overreliance on antibiotics pose
significant threats to both human health and the environment,
contributing to the escalation of bacterial resistance and
contamination of aquatic ecosystems upon entry into water
bodies.>™° Therefore, removal of antibiotic residues in water is
an important part of maintaining ecological balance and
protecting human health.”® Due to its multiple advantages
such as high efficiency, environmental friendliness, and broad
spectrum application, photocatalytic degradation stands out
among the many technologies to remove antibiotics in water
and has become the main tool of antibiotic degradation.””""
However, the limited spectral response range, low photo-
electric conversion efficiency, and high electron—hole
recombination rate of conventional semiconductor photo-
catalysts limit the development of photocatalytic degradation
technology. Many methods, such as morphology control,
surface modification, and heterogeneous structure design, have
been used to mitigate these issues and improve the
performance and sustainable application.'>™"°

Among these, BiOBr possesses an appropriate band gap,
excellent responsiveness to visible light, and remarkable
environmental friendliness.'”'® Consequently, they have
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emerged as a prominent semiconductor material within the
realm of photocatalysis. However, the common issues of
semiconductor materials still limit the application of
BiOBr.'”™** It is well-known that inorganic nanomaterials
with a hollow structure may possess excellent optical
properties, good loading and wrapping capability, high
dispersion, and cyclic stability and thus have attracted wide
attention. For instance, Liu et al.* synthesized multilayered
porous TiO, hollow microspheres by a one-step template
method and used them for rhodamine B degradation, with an
efficiency far superior to that of commercial P25. Wang et al.**
synthesized C-doped ZnO by a solvothermal method, which
was 8.9 and 10.5 times more active than nano-ZnO in
degrading organic pollutants and splitting water, respectively.

The photocatalytic performance can be further improved by
deliberate doping of select heteroatoms into the semi-
conductor materials. This is due to the regulation of the
band structure of the semiconductor that enhances the
separation and transport of photogenerated charges, leading
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Figure 1. (a) Schematic illustration of the procedure of sample synthesis. (b) XRD patterns of the sample series, with the low-angle region
magnified in panel (c). (d) FTIR spectra, (e) XPS survey spectra, (f) high-resolution scans of the O 1s electrons and (g) ESR spectra of pure BOB

and BOBZ-1.

to improved overall activity and stability of the catalyst. For
instance, Yu et al.*® prepared Zn-doped CuQ, particles via a
solvothermal method and observed an enhanced photoelectron
and hole separation efficiency of the CuO, particles, leading to
a 94.6% degradation rate of ciprofloxacin (CIP, a commonly
used antibiotic). Savunthari et al.*® incorporated Zn into BaO,
and SrO, to degrade rhodamine B and observed degradation
rates of 99.9 and 99.8% within 15 and 10 min, respectively.

In this study, Zn-doped BiOBr hollow microspheres were
prepared via a one-pot solvothermal method using ethylene
glycol as the solvent and bismuth nitrate and dodecyl
ammonium bromide as the precursors, along with the addition
of a controlled amount of zinc acetate. Among the series,
BiOBr doped with 1% Zn dopants stood out as the best
photocatalyst for the degradation of CIP, reaching a
degradation efficiency of 99.2% under visible photoirradiation
for 30 min due to its unique band structure, low electron-
transfer resistance, and high electron mobility and carrier
concentration. In conjunction with the results from the free
radical quenching experiment and electron spin resonance
(ESR) analysis, the mechanism of the degradation of CIP was
revealed.
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2. EXPERIMENTAL SECTION

2.1. Chemicals. Zinc acetate (Zn(CH;COO),), bismuth nitrate
pentahydrate (Bi(NO;);-SH,0), ethylene glycol (C,HO,), dodecyl
ammonium bromide (DDAB), polyvinylpyrrolidone (PVP), ethanol
(CH;CH,OH), benzoquinone (BQ), oxalate (AO), isopropyl alcohol
(IPA), sodium chloride (NaCl), sodium carbonate (Na,CO;), and
sodium sulfate (Na,SO,) were purchased from McLean Biochemistry.
All chemicals were of analytical grade and used in their as-received
form without further purification. Deionized water was used
throughout the study.

2.2. Sample Preparation. The synthetic procedure of the
samples is schematically illustrated in Figure la. In a typical reaction,
1.944 ¢ of Bi(NO;);-SH,0 was dissolved into 25 mL of ethylene
glycol, along with a calculated amount of zinc acetate dihydrate (at
concentrations of 0, 0.1, 0.5, 1, 2, and 3%). Separately, 1.457 g of
DDAB and 0.05 g of PVP were dispersed into 25 mL of ethylene
glycol under magnetic stirring for 1 h. The first solution was added
slowly into the second solution under stirring for 30 min, and the
resulting mixture was transferred to a 100 mL stainless steel autoclave
lined with polytetrafluoroethylene, which was heated at 120 °C for 10
h. The obtained samples were washed with deionized water and
ethanol for three times and dried at 80 °C for 6 h and denoted as pure
BOB, BOBZ-0.1, BOBZ-0.5, BOBZ-1, BOBZ-2, and BOBZ-3,
respectively.
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Figure 2. (ae) SEM, (b,f) TEM, and (c,g) HRTEM images of (a—c) pure BOB and (e—g) BOBZ-1. (d,h) IFFT images of the selected areas in

(¢g). (i-m) EDS-based elemental maps of BOBZ-1.

2.3. Structural Characterizations. Scanning electron micros-
copy (SEM) analysis was performed with a Hitachi S-4800
microscope, whereas transmission electron microscopy (TEM)
measurements were carried out with a JEM-2010 electron micro-
scope, which was also equipped with an energy-dispersive X-ray
spectroscopy (EDS) accessary. X-ray diffraction (XRD) patterns were
acquired with a Shimadzu X-ray diffractometer (SHIMADZU XRD-
6100) using Cu Ka radiation. Fourier-transformed infrared (FTIR)
measurements were carried out with a Bruker spectrometer by
pressing the samples into KBr pellets. X-ray photoelectron spectros-
copy (XPS) studies were conducted with a Thermo Kratos Axis Supra
instrument, where the binding energy was calibrated against the C 1s
peak at 284.8 eV. UV-—vis spectroscopy measurements were
conducted with a Thermo UV-2600 spectrophotometer. Electro-
chemical studies were performed with a CHI 760E Electrochemical
Workstation by using a saturated calomel electrode (SCE) as the
reference electrode. Photoluminescence (PL) profiles were obtained
with an Edinburgh FLS9 fluorescence spectrometer. ESR spectra were
collected with a Bruker ER200-SRC-10/12 spectrometer using 5,5-
dimethyl-1-pyrrolidene-n-oxide (DMPO) and 2,2,6,6-tetramethylpi-
peridine n-oxide (TEMPO) as the *O,” and h* traps, respectively.
Liquid chromatography—mass spectrometry (LC—MS) measure-
ments were carried out with a Thermo Scientific Q Exactive/Focus
LC—-MS/MS/Ultimate 3000 UPLC. Nitrogen sorption measurements
were performed with a Mike ASAP2020 instrument.

2.4. Photocatalytic Degradation. For the photocatalytic
degradation of CIP, 10 mg of the (undoped and Zn-doped) BiOBr
samples prepared above was dispersed into S0 mL of a CIP solution
(10 mg L™'). The mixture was allowed to achieve an adsorption
equilibrium in the dark for 30 min before being exposed to visible
light irradiation with simulated sunlight. Subsequently, an aliquot (2
mL) of the reaction solution was extracted at S min intervals. The
catalyst was separated via centrifugation, and the absorbance of CIP at
272 nm was measured using a UV—vis spectrophotometer.
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3. RESULTS AND DISCUSSION

3.1. Sample Structural Characterizations. The sample
structure was first examined by XRD measurements. From the
XRD patterns in Figure 1b, both (undoped) BOB and (Zn-
doped) BOBZ can be seen to exhibit four diffraction peaks at
20 = 25.6, 46.26, 57.07, and 31.68°. These peaks align well
with the tetragonal phase of BiOBr (JCPDS card no. 09-0393),
indicating that Zn doping, even up to 3%, did not induce
marked alterations of the crystalline structure of BiOBr.”’ Yet,
with the increase of Zn doping, the diffraction peaks can be
seen to shift to a slightly higher angle (Figure 1c), likely
because part of the Bi** in the BiOBr matrix were replaced by
smaller Zn** (atomic radius r 0.103 and 0.074 nm,
respectively).”® Consistent results were obtained in FTIR
measurements (Figure 1d), where pure BOB and BOBZ-1
exhibited a similar spectrum, featuring two vibrational bands at
3420 and 1630 cm™" due to the tensile and bending vibrations
of free water O—H, respectively,29 and two additional bands at
1410 and 512 cm™" arising from the asymmetric stretching of
the Bi—Br bond and the symmetric stretching vibration of the
Bi—O bond, respectively.”

The elemental composition and valence states of the samples
were subsequently probed by XPS measurements. From the
survey spectra presented in Figure le, the elements of Bi, Br,
and O can be distinctly identified in both pure BOB and
BOBZ-1 samples. Notably, the Zn signals of BOBZ-1 were
below the detection limit of the instrument (Figure Sla).”’
Figure S1b shows the high-resolution scan of the Bi 4f
electrons, where the Bi 4f,,,/4f;,, doublet can be resolved at
158.91/164.18 eV for pure BOB and blue-shifted slightly to
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Figure 3. (a) DRS spectra and (b) Tauc plots of the sample series. M—S profiles of (c) pure BOB and (d) BOBZ-1 at 1500, 2000, and 2500 Hz.
(e) Electronic band diagrams and (f) carrier concentrations of pure BOB and BOBZ-1. (g) Nyquist plots and (h) transient photocurrent profiles of
the sample series. Inset to panel (h) is the zoom in of the response profile of pure BOB. (i) PL emission spectra of pure BOB and BOBZ-1.

159.10/164.42 eV for BOBZ-1, suggesting electron depletion
of Bi** due to Zn doping.’’ The Br 3d spectra are shown in
Figure Slc, which entailed a doublet at 68.14/69.10 eV for
pure BOB and 68.15/69.19 €V for BOBZ-1.”” From the O 1s
spectra (Figure 1f), three subpeaks can be deconvoluted at
529.60, 531.10, and 531.91 eV for BOB and blue-shifted
slightly to 529.91, 531.27, and 532.25 eV for BOBZ-1 due to
lattice oxygen (Bi—O), surface oxygen, and hydroxyl oxygen
(O—H), respectively.”” It can be seen that the binding energies
of BOBZ-1 all have a slight blue shift compared to those of
pure BOB, most likely due to the change of chemical
environment caused by the incorporation of Zn dopants.”*
In addition, ESR measurements (Figure lg) suggest the
formation of oxygen vacancies in both pure BOB and BOBZ-1,
and the concentration increases with increasing Zn doping.”
Such defects played a critical role in enhancing the photo-
catalytic performance toward CIP degradation, as manifested
below.***’

Further structural insights were garnered through SEM
measurements. From Figure 2a, the pure BOB can be seen to
feature a 3D hollow microsphere structure with the shells made
of smooth 2D nanosheets. Such a structure can also be
observed with BOBZ-1 (Figure 2e), indicating minimal
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impacts of Zn doping on the sample morphology. Consistent
findings were obtained in TEM measurements, as illustrated in
Figure 2b,f. Notably, in high-resolution TEM analyses, well-
defined lattice fringes can be readily resolved (Figure 2c,g).
The inverse fast Fourier transform (IFFT) patterns are shown
in Figure 2d)h, where BOB featured an interplanar spacing of
0.338 nm, consistent with the (101) crystal faces of BiOBr.*
By contrast, BOBZ-1 exhibited a somewhat smaller interplanar
spacing of 0.317 nm, suggesting a shrinking lattice due to Zn
doping, which is consistent with the above XRD results. In
addition, EDS-based elemental mapping analysis (Figure 2i—
m) showed that the elements of Bi, O, Br, and Zn were
uniformly distributed on the surface of BOBZ-1.

In N, adsorption—desorption measurements, both pure
BOB and BOBZ-1 exhibited a type IV isotherm (Figure S1d
and inset), indicating the formation of a mesoporous structure,
and the specific surface area was estimated to be 23.30 cm® g™
for BOB and somewhat lower at 17.15 cm® g~' for BOBZ-1.

3.2. Photo Absorption and Photoelectrochemical
Analysis. The band structures of the samples were then
evaluated by UV—vis diffuse reflectance spectroscopy (DRS)
measurements and Mott—Schottky (M—S) analysis.'>* Figure
3a shows the DRS spectra of pure BOB and the series of

https://doi.org/10.1021/acs.langmuir.4c00155
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(g

BOBZ samples, which exhibit an almost identical absorption
edge at 454 nm. From the corresponding Tauc plots (Figure
3b), the band gap (E,) was estimated to be ca. 2.73 eV. The
M-S profiles at 1500, 2000, and 2500 Hz for pure BOB and
BOBZ-1 are depicted in Figure 3c,d, respectively. Both samples
can be seen to exhibit a positive slope, indicative of N-type
semiconductors.*’ In addition, from the x-axis intercepts of
—0.871 and —0.935 eV, the flat-band potentials can be
calculated to be —0.63 and —0.69 eV relative to the SCE
reference. For N-type semiconductors, their flat band potential
is 0.2 eV positive compared to the conduction band (CB)
potential.*" Therefore, the CB minimum for pure BOB and
BOBZ-1 is determined to be —0.83 and —0.89 eV, respectively,
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and the corresponding valence band (VB) maximum is ca. 1.9
eV for BOB and 1.84 eV for BOBZ-1. The resulting band
structure diagrams are shown in Figure 3e.
The carrier density (N;) of the samples was subsequently
determined from the slope of the M—S diagram using the
2

1
4z
Ocey | AV

e EE
(1.6 X 107" C), ¢ is the dielectric constant of BiOBr (¢ = 4.7
F m™), g is the vacuum permittivity (8.86 X 107> F m™"),
and V is the applied bias at the electrode. From Figure 3f, one
can see that BOBZ-1 possessed an apparently higher carrier
concentration than pure BOB within the frequency range of

-1
formula, N; = } , where ¢® is the electronic charge
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1200—2400 Hz (other frequency data are shown in Figure
S2a,b).** Figure 3g depicts the Nyquist plots of the sample
series, where BOBZ-1 can be seen to display the lowest
electron-transfer resistance (Rcr). The corresponding photo-
current profiles are shown in Figure 3h and inset, where visible
photoirradiation led to a marked increase of the sample current
and BOBZ-1 exhibited the highest current response among the
series, BOBZ-1 > BOBZ-0.5 > BOBZ-0.1 > BOBZ-2 > BOBZ-3
> pure BOB. In PL measurements (Figure 3i), BOBZ-1 can be
found to display a weaker emission than pure BOB, indicating
a reduced recombination rate of photogenerated electrons and
holes.** Taken together, these results show that among the
sample series, BOBZ-1 exhibited the strongest photoelectric
responses, the highest charge mobility, and the lowest electron-
transfer resistance, which were conducive to a high photo-
catalytic performance toward the degradation of organic
pollutants, as detailed below.

3.3. Photocatalytic Degradation of Ciprofloxacin. The
photocatalytic activity of the sample series toward CIP
degradation was then tested. Experimentally, 10 mg of the
samples prepared above (Figure Sle) was dissolved in a CIP
solution (10 mg L', Figure S1f) at pH = 6.66 (Figure Slg).
After an adsorption equilibrium in the dark for 30 min, the
solution was exposed to visible light photoirradiation. From
Figure 4a, it can be seen that in the absence of a photocatalyst,
the self-degradation efficacy of CIP was under 10% at 30 min,
whereas about 22% was degraded in the presence of pure BOB,
and an even higher efficiency was observed with BOBZ.
Notably, the degradation efficacy first increased with increasing
Zn doping, reaching a maximum with BOBZ-1 (99.2%) and
then diminishing with BOBZ-2 (70.2%) and BOBZ-3(70.0%).
This suggests that 1% Zn represented the best doping level.

Based on the quasi-first-order kinetics, the degradation rate
was then estimated. From Figure 4b, it can be seen that BOBZ-
1 possessed the highest reaction rate (k) of 0.138 min~!, in
comparison to 0.013 min~" for BOB, 0.062 min™" for BOBZ-
0.1, 0.070 min™"! for BOBZ-0.5, 0.056 min~! for BOBZ-2, and
0.035 min~' for BOBZ-3.

In addition, as inorganic anions like CI~, SO,*7, and CO;*~
are commonly present in the actual water environment, their
impacts on CIP degradation were also explored. From Figure
S1h, one can see that such inorganic anions markedly inhibited
the photocatalytic activity. This was likely because inorganic
anions occupied part of the active sites on the composite
catalysts, reacted with active groups, and/or acted as radical
scavengers, resulting in reduced photocatalytic activity.***
However, common cations in water (e.g., Na*, K¥, Ca**, and
NH,") did not significantly impact the degradation of CIP
(Figure Sli), possibly because these cations are chemically
inert with the pollutants and photocatalysts.*® The stability and
recyclability of the photocatalysts were then tested by four
cycles of CIP degradation with BOBZ-1.*” From Figure 4c, it
can be observed that the photocatalytic performance decreased
by only ca. 8% after four cycles. This shows that the catalyst
possessed a good cyclic stability. In fact, XRD and SEM
measurements showed virtually no change of the crystal
structure and morphology of BOBZ-1 after the tests (Figure
S2¢,d).

3.4. Degradation Pathways and Mechanism. Notably,
when BQ' and oxalic acid (AO)*™ were added into the
solution, the degradation efficiency of BOBZ-1 decreased
significantly to only 51.8 and 29.6%, while the addition of
IPA* produced only a small change (Figure 4d). As BQ, AO,
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and IPA are the specific quenchers of h*, *O,”, and *OH,
respectively, this suggests that the degradation of CIP was
mainly driven by h* and *O,”, with a minor contribution from
*OH.

Consistent results were obtained from the ESR measure-
ments. It can be seen from Figure 4e that the TEMPO signal
gradually diminished with prolonged photoirradiation, due to
the h* oxidation of TEMPO. This suggests effective production
of h* under visible irradiation.’® In addition, a sextet was
observed, as shown in Figure 4f, due to the DMPO-°0,~
adduct, and the signals intensified with increasing photo-
irradiation time, indicative of enhanced *O,” formation.

The organic intermediates produced during the catalytic
degradation of CIP were then identified by LC-MS
measurements. The chemical formula and residence time are
listed in Table S1. Figure 4g shows the possible CIP
degradation pathways. In path 1, the piperazine ring of CIP
is oxidized, which leads to the opening of the ring structure
and production of P1 (m/z = 362). P1 loses a CO, causing the
piperazinyl ring to split and producing the ketone derivative P2
(m/z = 334), while the carbonyl group remains on the N of the
alkyl amine. P2 loses an additional CO and an N and is further
oxidized to produce intermediate P3 (m/z = 291). Further
decarbonization of intermediate P3 leads to the formation of
intermediate P4 (m/z 263), and defluorination and
rehydroxylation of P3 produces intermediate PS (m/z
289).%°° In path 2, the hydroxyl radical attacks C5 of CIP to
produce intermediate I, which is unstable and rapidly
transformed into P6 (m/z = 362), and further decarboxylated
oxidation of P6 produces intermediate P7 (m/z = 334). In
path 3, due to nucleophilic addition and °O,” attack on
quinolone groups, the fluoroquinolone decarboxylation in CIP
yields an intermediate product P9 (m/z = 304).”' In path 4,
C9 in CIP is attacked by hydroxyl radicals, resulting in the
decarboxylation to P10 (m/z = 288). Finally, P4, PS5, P8, P9,
and P10 are converted to water, carbon dioxide, and other
inorganic ions by further oxidation.

The bioaccumulation factors and biotoxicity of CIP and
intermediates in the degradation process were evaluated by the
Toxicity assessment software (T.E.S.T.).”> It is evident that
most intermediates exhibit a low bioaccumulation factor value
(Figure S2e). Notably, the developmental toxicity of most
intermediates is also low (Figure S2f). In conclusion, BOBZ-1
can not only efficiently degrade CIP but also reduce its
ecotoxicity. Therefore, the nanocomposite photocatalysts
presented above can be exploited for the “green” removal of
CIP from the aquatic environments.>”

In addition, the mechanism of BOBZ-1 degradation of CIP
was analyzed (Figure S). Under photoirradiation, excited
electrons and holes are formed on the BOBZ-1 surface.
According to the energy band structure (Figure 3e), the CB of
BOBZ-1 lies at —0.89 eV, which is more negative than the
formal potential of oxygen reduction to *O,” (—0.33 eV).
Therefore, the photogenerated electrons can reduce the
dissolved oxygen on the BOBZ-1 surface to *O,”. Although
the holes that accumulate on the VB of BOBZ-1 do not possess
an energy sufficiently high to oxidize OH™ or H,O to produce
°OH, they can induce the oxidation of CIP adsorbed on the
catalyst surface into smaller, less harmful intermediates/
products.”* That is, both h* and *O,~ work collectively toward
the degradation of CIP.
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Figure S. Mechanism of the photocatalytic degradation of CIP by
BOBZ-1 under solar light irradiation.

4. CONCLUSIONS

In summary, Zn-doped BiOBr hollow spheres were success-
fully synthesized through a facile hydrothermal method and
exhibited enhanced photocatalytic efficacy in the degradation
of CIP, as compared to the undoped counterpart. Mechanis-
tically, the incorporation of Zn dopants endowed BiOBr with a
band structure that was conducive to the separation of
photogenerated electron—hole pairs, leading to high carrier
mobility and concentration and low electron-transfer resist-
ance. This facilitated the reduction of dissolved oxygen to *O,~
radicals and the formation of h*, both contributing to the
oxidative degradation of CIP. Among the series, BOBZ-1 stood
out as the best sample, removing 99.2% of CIP under visible
light for 30 min, at a reaction rate of 0.138 min~', and most of
the degradation intermediates were less toxic than CIP. Results
from this work highlight the unique potential of BiOBr-based
composites in the photocatalytic degradation of antibiotic
pollutants in water.
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