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ABSTRACT: In the present work, the piezoelectric-like behavior of
BiOBr nanosheets was utilized to suppress the recombination of
photoexcited charges. The piezo-photocatalytic properties of an
easily synthesized photocatalyst were tested for the degradation of
ibuprofen, a nonsteroidal anti-inflammatory drug. Under ultrasound
and solar light irradiation, the reaction rate for ibuprofen
mineralization was found to be higher in the BiOBr nanosheets
compared with those from the individual photocatalysis and
piezocatalysis approaches, respectively. A percentage of synergy
higher than 60% was calculated, resulting in the achievement of
complete mineralization in less than 30 min. Based on the results, a
possible piezo-photocatalytic mechanism, based on the separation of
photoinduced charges and the formation of highly active radicals, has
been proposed. Furthermore, various scavengers were used to identify the active species by trapping holes and radicals generated
during the piezo-photocatalytic degradation process. The main transformation products formed during both photo- and piezo-
photodegradation processes were identified by ultraperformance liquid chromatography−mass spectrometry (UPLC/MS), and the
ibuprofen degradation pathway was proposed. The very promising results offer an advantageous approach to drug mineralization
without the need for costly materials or expensive processes.
KEYWORDS: bismuth oxybromide, ibuprofen, ultrasound, photocatalysis, piezo-photocatalysis, mineralization

In recent years, water crisis and continuous contamination of
water basins pose a serious threat to water resources and

well-being of society.
Pharmaceutical and personal care products (PPCPs),

steroids, and hormones are some of the pollutants already
found in water.1 Among the most well-known pharmaceuticals,
nonsteroidal anti-inflammatory drugs (NSAIDs) are charac-
terized by a broad scope of properties widely used in human
and veterinary medicine. Ibuprofen (IBU) is an important
exponent of NSAIDs. It is the third most popular, highly
prescribed, and most marketed over-the-counter drug in the
world,2 with market size value at USD 90 million in 2022 and
projected to reach USD 110.7 million by 2030.3

The rapid growth and aging of world population has caused
a drastic increase in NSAID consumption, contributing to
increasing drug concentrations in surface waters.4

In this context, because of the ever-increasing demand for
fresh water caused by population growth, drought, and high
consumption in the agricultural and industrial sectors, the
possibility to reuse wastewater is a major challenge.5

However, traditional wastewater treatment plants (WWTPs)
are generally not very effective in removing contaminants of
emerging concern (CECs), such as PPCPs and their
recalcitrant metabolites, due to their high chemical stability.
Regarding ibuprofen, it has been demonstrated that after

ingestion, 15% of the drug leaves the body in unchanged form,
26% as metabolized hydroxyl-ibuprofen, and 43% as carboxy-
ibuprofen;6 both the latter forms have been found in untreated
municipal wastewater as well as in hospital or industrial
production waste.6,7 Regarding the toxicity of ibuprofen and its
metabolites, it has been properly documented, as well as its
synergistic ecotoxicological effects when present in the mixture
with other NSAIDs.2
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In this scenario, researchers have invested their efforts in
developing new methods for abatement of PPCPs from the
environment. Among the different approaches, advanced
oxidation processes (AOPs) offer effective alternatives.
Heterogeneous photocatalysis represents an excellent example
of AOPs using semiconductors and a source light to produce
oxidants, such as hydroxyl (OH•), peroxyl (O2

−•), and
hydroperoxide (HO2

•) radicals, to mineralize organic con-
taminants to carbon dioxide and water.8 By this approach,
when the photocatalyst surface is properly irradiated and
absorbs energy equal to or greater than the band gap, an
electron is promoted from the valence band (VB) to the
conduction band (CB), leading to an electron−hole pair,
responsible for the production of radicals and promoting redox
reactions.9

The photocatalytic degradation of IBU has been already
investigated using TiO2 under ultraviolet (UV) irradia-
tion,10−13 but few data are reported on the TiO2 mineralization
capacity, and they demonstrated the greater toxicity of the
metabolites compared to ibuprofen.10 In this context, the effect
of gold nanoparticle incorporation on the TiO2 surface has also
been investigated, demonstrating that the presence of noble
metal nanoparticles causes a stronger absorption in the visible-
light region due to their surface resonance plasmon band,
leading to almost full ibuprofen degradation within 60 min,
although only 24% is mineralized at the same time.14 In
addition, the potentialities of other candidate photocatalysts
have been explored. By way of example, bimetallic copper−
iron ZrO2, prepared by incipient wetness impregnation, has
been recently tested for the IBU mineralization by a
heterogeneous Fenton-like process,15 achieving 83% mineral-
ization under optimum conditions (from 200 to 400 mg/L
catalyst dosage, 10 ppm IBU) within a wide range of pH (3−
5).
More in general, so far, photocatalysis technology has not

been used in practical applications because of the drastic
limitation due to the fast photoinduced electron−hole
recombination, leading to the produced charges diffusing to
the photocatalyst surface strongly and reducing the photo-
catalytic activity.
Therefore, there is an urgent need to identify better

performing photocatalysts that are capable of attaining a
complete and fast mineralization of ibuprofen by sustainable
approaches.
The combination of different techniques enhances the

process efficiency, speeding up the degradation and contribu-
ting to the reduction of hazardous byproduct formation.4,16 It
has been demonstrated that ultrasound (US)-assisted photo-

catalysis positively affects the highly active radical species
formation.17,18

In this regard, piezo-photocatalysis (piezoelectric-assisted
photocatalysis) is an innovative strategy for pollutant
degradation from wastewater by a proper photo-piezoelectric
catalyst.19 The mechanical energy (e.g., ultrasound vibrations)
promotes electric charges at the surface of this type of
photocatalysts, enhancing the photoinduced charge separation
by the piezoelectric effect.20−22 The free charges accumulated
on the material surface promote redox reactions involved in
the degradation of organic pollutants. Therefore, piezo-
photocatalysts are able to convert mechanical energy at first
to electrical energy and then to chemical energy.
Recently, Bi-based photocatalysts, in particular bismuth

oxyhalides (BiOX, where X = Cl, Br, or I), have received much
attention because of the easy synthesis, high chemical stability,
unique layer structure, and great lifetime of electric charges
after light irradiation.23−26 They are a class of very promising
semiconductor photocatalysts characterized by layered struc-
tures consisting of interlacing [Bi2O2] slabs and double [X]
slices.26−28

Like all photocatalytic semiconductors, under light irradi-
ation, BiOX generate photoinduced hole−electron pairs and
lead to the formation of reactive oxygen species (ROS).
However, the existence of an electric field between [Bi2O2]2+

and Cl− layers guarantees that the photoproduced charges can
be effectively separated.
Although, on the one hand, the photocatalytic properties of

BiOX, especially BiOCl and BiOBr, have been fairly
studied,29−32 on the other hand, only few studies have
addressed toward the piezo-enhanced photoactivity of this
class of materials.19

Ismail et al. demonstrated the enhanced effect of US
application in the rhodamine-B decomposition by BiOCl
microsphere powders.33 Besides, Lei and co-workers reported
the extraordinary piezo-photoactivity of 2D BiOBr in the
removal of organic dyes, obtaining the percentage of
abatement 5.62 and 11.0 times higher than those obtained
from the individual photocatalysis and piezocatalysis, respec-
tively.16

Herein, we investigated the photo- and piezo-photocatalytic
properties of BiOBr nanosheets in the degradation of
ibuprofen in different water matrices (ultrapure and simulated
drinking water) to evaluate the potential application of the
piezo-photocatalyst in real environments. To the best of our
knowledge, this is the first time that the synergistic effect
between photo and piezo properties of BiOBr has been
investigated for ibuprofen degradation. The photodegradation

Figure 1. (a) XRPD pattern of BiOBr compared to the reference diffraction pattern (JCPDS 01−078−0348); (b) Raman spectrum of BiOBr.
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kinetics of ibuprofen was properly investigated, and the active
species involved in the degradation process were identified
using proper scavengers by trapping holes and radicals.
Eventually, the transformation products (TPs) derived from

the photo- and piezo-photodegradation processes were
properly identified, and the ibuprofen degradation pathway
was proposed.

■ RESULTS AND DISCUSSION
Catalyst Characterization. BiOBr was synthesized by a

facile solvothermal method. The X-ray diffraction (XRD)
pattern of the obtained material (Figure 1a) exhibits intense
and clear diffraction peaks, confirming the crystallinity of the
as-prepared BiOBr sample. The main diffraction peaks at about
10.8, 21.8, 25.2, 31.7, 32.2, 39.3, 46.3, 50.7, 53.4, 57.2, and
76.8° can be indexed to the corresponding (001), (002),
(101), (102), (110), (112), (200), (104), (211), (212), and
(310) planes of the tetragonal BiOBr phase (JCPDS 01−078−
0348). In addition, another peak at ca. 28° could be detected:
It cannot be attributed to the typical BiOBr crystalline phase,
but it could be ascribed to the presence of small traces of pure
α-Bi2O3, according to the standard JCPDS file n. 76−1730
corresponding to the monoclinic phase with a space group
P21/c of bismuth oxide.34

Considering the symmetry in the crystal structure, six
Raman active modes are theoretically expected: They are all
observed for BiOBr, as evidenced in Figure 1b.35,36 The most
intense signal at 113 cm−1 and the peak at 160 cm−1 are

assigned to the A1g Bi−Br stretching modes. Besides, the B1g
mode, related to the motion of the oxygen atom, gives a weak
signal at 385 cm−1. The Eg modes can be all observed at 60, 90,
and 425 cm−1, respectively. The low intensity of the signal
located at higher wavenumbers has been related to the
asymmetric origin and the structural constraint. However, the
Raman peaks are sharp, confirming the crystallinity of the
synthesized BiOBr system. Moreover, the asymmetric shape of
the peak located at 113 cm−1 could be attributed to either the
presence of defects or local distortion in the BiOBr structure.
The attenuated total reflectance-Fourier transform infrared

(ATR-FT/IR) spectrum of the sample is reported in Figure
S.1. The peak located at 515 cm−1 corresponds to the Bi−O
stretching vibration, whereas the band at 3530 cm−1 is
associated with the stretching vibrations of surface hydroxyl
groups. The latter can be oxidized by photogenerated holes to
hydroxyl radicals, and a surface rich of hydroxyl groups could
thus enhance the photocatalytic activity, as also reported in a
recent study.37 Other bands are present in the spectral region
1600−950 cm−1 as well: They can be related to residual nitrate
groups, resulting from the synthetic procedure (this feature is
also present in the Raman spectrum relative to the same
sample, exhibiting a weak peak at ca. 940 cm−1, not reported
for the sake of brevity).
Figure S.2 shows the photoluminescence spectrum of the

synthesized material. The signal at around 420 nm is observed,
analogous to the literature data.38 This band corresponds to
the band-edge emission and can be assigned to free e−−h+

Figure 2. High-resolution (HR) XPS spectra of Bi 4f (a), O 1s (b), and Br 3d (c) for BiOBr. Deconvolutions in sub-bands and the resulting fitted
spectra (black lines) are also reported.
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recombination. The low intensity of the signal can be related to
the lower recombination efficiency of e− and h+.
N2 adsorption/desorption isotherm of BiOBr is reported in

Figure S.3a: It exhibits a type IV isotherm according to the
IUPAC classification. It is characteristic of a typical
mesoporous material, as confirmed by the presence of a type
H2 (de Boer classification) hysteresis,35,36 described by
mesopores with a diameter between 2 and 50 nm (Figure
S.3b). Specifically, pore distribution showed that ca. 40−55%
pores had a diameter between 2 and 5 nm, whereas ca. 10%
was described by diameters lower than 2 nm (micropores).
The BET specific surface area and pore volume of BiOBr
correspond to 10 m2/g and 0.052 cm3/g.
The obtained results are in good agreement with the data

reported in the scientific literature for similar systems,39,40

demonstrating that this level of surface area and pore volume
are sufficient to provide enough surface reaction sites and fast
transfer channels that can more easily adsorb and transfer the
pollutant through the structure and improve the photocatalytic
activity.
BiOBr elemental composition was verified by X-ray

photoelectron spectroscopy (XPS). The XPS survey spectrum
(Figure S.4a) confirms the existence of Bi, O, and Br elements
on the BiOBr surface without other prominent impurities.
Figure 2 shows the high-resolution (HR) spectra of Bi 4f, O 1s,
and Br 3d: They have been obtained by calibrating the binding
energy values using the C 1s peak (at 284.6 eV) as the
reference. The HR spectrum of the latter is shown in Figure
S.4b. According to Jiang et al.,41 it was fitted by three peaks at
289, 286.1, and 284.6 eV, respectively. In particular, the first
two peaks (289 and 286.1 eV) were ascribable to the oxygen
bound species C−O and C(O)O, whereas the third at 284.6
eV was related to elemental carbon. Regarding the HR XPS Bi
4f spectrum of BiOBr (Figure 2a), according to the literature,42

the two peaks at 164.5 and 159.2 eV, corresponding to Bi 4f5/2
and Bi 4f7/2, indicate that in the BiOBr nanosheets bismuth
was present as Bi3+. Regarding the HR XPS O 1s spectrum
(Figure 2b), it can be deconvoluted into three peaks centered
at 529.9, 531.3, and 533.0 eV, associated with the lattice
oxygen, and the peaks at around 531.4 and 532.6 eV are
ascribed to oxygen vacancies (OVs) and chemisorbed oxygen
(hydroxyl), respectively.43 As demonstrated by Cai et al.,43 the
formation of OVs is advantageous to capture the photo-
generated electron producing •O2

−, as demonstrated below.
Finally, the XPS spectrum of Br 3d (Figure 2c) exhibits two
major peaks at 68.4 and 69.4 eV, ascribed to Br 3d5/2 and Br
3d3/2, respectively.
The zero-point charge (ZPC) is one of the most important

parameters to understand the behavior of the catalysts because
it plays a key role in pollutant adsorption from the aqueous
phase, which is the first step of the photodegradation process.
At pH values below the ZPC, the catalyst surface is positively
charged, attracting anions, whereas at pH values above the
ZPC, the surface is negatively charged, attracting cations. At
neutral or slightly alkaline pH, IBU is negatively charged (pKa
of 4.85). As shown in Figure S.5, the ZPC of BiOBr was found
to be at pH 6.13. Therefore, under the reaction conditions, the
IBU adsorption on the catalyst surface should not be much
favored. However, as confirmed by the degradation tests, the
exposed positive charges on the BiOBr surface, even if they
were not the majority, were enough to guarantee pollutant
abatement.
The optical properties of the sample were characterized by

ultraviolet−visible (UV−vis) diffuse reflectance spectroscopy
(Figure S.6a), wherein an absorption edge of 430 nm was
observed for BiOBr, implying the possibility of utilizing
sunlight on this catalyst to drive the photocatalytic reaction.

Figure 3. FESEM (a,b) and HRTEM (c,d) images of BiOBr.
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The band energy of the material was calculated using the
Tauc plot (Figure S.6b) according to the following equation

hv A hv E( )n
g

/2=

where α, hν, A, and Eg are the absorption coefficient, incident
photon energy, a constant, and energy of the band gap,
respectively. Considering that BiOBr is a typical indirect band-
gap semiconductor, the n value is 4. The band-gap value of
BiOBr nanosheets was 2.63 eV, which is suitable for harvesting
visible light.
Field emission scanning electron microscopic (FESEM) and

high-resolution transmission electron microscopic (HRTEM)
images (Figures 3 and S.7) at low magnification (Figure S.7A)
exhibited an intermediate morphology between a flower-like
shape and a plain intercalated lamellar one, made up of
nanosheets (and in very few cases of nanorods as well); when
observed at higher magnification (Figure 3a,b), the main
features can be referred to as lamellar structures with irregular
shape and size, in some cases more stuck with each other,
whereas in some others relatively more dispersed (with a mean
thickness of ca. 40 nm). As the nanosheets/nanorods are quite
thin and transparent, HRTEM has been resorted to highlight
the ultimate morphology of the particles: Figure 3c shows a
low-to-mid magnification image obtained for the BiOBr
material in which it is possible to observe that the lamellae
are really thin and the presence of Moire’s fringes as well (see
the dark parallel straight lines in the figure).
As these fringes are generated by crystalline planes of

different particles positioned on top of each other, we pushed
forward the magnification of the same portion of the sample
(Figure 3d): The crystalline features are thus confirmed by the
presence of fringes all over the investigated particle with
distance d = 0.27(5) nm which is in very good agreement with
the literature,43 ascribable to the (110) crystal planes of
tetragonal BiOBr. This assignment is further confirmed by the
fast Fourier transform (FFT) calculation (simulating a selected
area electron diffraction (SAED) analysis) carried out (Figure
S.7B). Some more HRTEM investigations were carried out
(with relevant FFT calculation, simulating an SAED analysis)
and the obtained images are shown in Figure S.8A,B, in which
the presence of the (110) crystal planes is confirmed (section
a), besides the evidence of fringes with d = 0.81(3) nm again
all over the investigated particle (section b), and corresponding
to the (001) crystal planes (JCPDS 01−078−0348). The
elemental analysis of the sample has been reported for further
information and the corresponding images are shown in Figure
S.8B−F in the form of energy-dispersive X-ray (EDX) mapping
and spectrum as well, indicating homogeneous signals for Bi,
O, and Br consistent with a uniform composition throughout
the nanosheets. The presence of C is ascribable to the
preparation of the sample for the FESEM investigation.
Semiconducting properties of BiOBr nanosheets were

investigated through electrochemical impedance spectroscopy
(EIS), with the material being drop-cast on an indium tin oxide
(ITO) glass plate. The variation of the space charge capacity of
BiOBr as a function of the applied potential was studied in
dark condition and in a near-neutral blank electrolytic aqueous
solution of 0.1 M Na2SO4. The related Mott−Schottky (M−S)
plots are shown in Figure S.9. According to the literature, the
positive slope of the straight lines indicates that the obtained
material is an n-type semiconductor. Looking at the intercept
with the x-axis of the straight line, the flat band potential (Efb)

of BiOBr ranges between −0.050 and −0.025 V vs SCE,
depending on the frequency chosen. These data are sufficiently
in agreement with the studies that have reported Efb values
between −0.35 and 0.04 V vs SCE for this type of material.44,45

The variability of the literature data can be ascribed to practical
aspects such as the electrode preparation method. Hence, in
the present work, after drop casting on the ITO support, the
semiconductor was not subjected to any calcination or thermal
treatment.
It is commonly accepted that for many semiconductors, the

conduction band is quite close (0−0.2 eV more negative) to
the flat band potential.44 If an average value of 100 meV is set,
it is possible to estimate that the conduction band of the
synthesized BiOBr has a potential (Ecb) between −0.150 and
−0.125 V vs SCE, which is not sufficient to generate •O2

−

species (E(O2/•O2
−) = −0.57 V vs SCE). However, as

reported in the literature41 and demonstrated below, the
presence of OVs overcomes this limitation. As mentioned
above, the optical band gap (Egap) of the material is 2.63 eV,
leading to an estimation of the valence band potential (Evb) of
ca. 2.5 V vs SCE.
Considering the oxidation potential (EOx) of ibuprofen equal

to ca. 1.6−1.7 V vs SCE (previous studies have reported the
oxidation peak potentials of a chemically irreversible process in
0.1 H2SO4 and in 1 M HClO4),

44,46 the photogenerated holes
in BiOBr have sufficient driving force (≥800 mV) to oxidize
the organic pollutant and produce at same time a certain
amount of ·OH radical species (E(HO−/•OH) = +2.25 V vs
SCE) that can play a role in the IBU degradation. Based on
these results, a detailed mechanism for ibuprofen degradation
over BiOBr is proposed (Scheme S1).
To better elucidate the effects of light on the kinetics of the

charge carriers in BiOBr nanosheets, transient photocurrent
measurements, in the presence of chopped light, and EIS
investigation, in the dark and under artificial solar light
illumination, were also carried out. The results, which are in
agreement with the data already present in the literature for
this type of material, are shown in Figure S.10. First,
potentiostatic EIS measurements of a BiOBr-modified ITO
electrode were performed under both the dark and solar light
irradiation to identify any variation in the electrochemical
response of the system. The electrode was immersed in the
above-mentioned blank electrolytic solution and anodically
polarized at 0.9 V vs SCE, a potential that maximized the
photocurrent generation (preliminary tests not shown). Thus,
in selected conditions, the only oxidation reaction that can take
place should be the evolution of O2. EIS plots (Figures
S.10A,B) evidenced a quite complex behavior of the semi-
conducting film, with a multi time-constant response not easily
resolved. Nonetheless, generally speaking, in the Nyquist plot
the diameter of the semicircle represents the charge-transfer
resistance of the electrode reaction. The smaller is the
diameter, smaller is the charge-transfer resistance, and, as a
consequence, faster is the kinetics of the redox reaction at the
semiconductor−electrolyte interface. As shown in Figure
S.10a, under light, the circle radius was slightly smaller,
indicating an improved (i.e., faster) charge-transfer process at
the BiOBr nanosheet interface attributable to the photo-
generated holes in the valence band that have sufficient
oxidizing power to react with water molecules (see M-S
analysis). The quite limited difference between dark and light
conditions can be attributed, at least in part, to the well-known
sluggish kinetics of water oxidation reaction that makes water
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molecules an inefficient hole scavenger, resulting in a fast
electron−hole recombination within the semiconductor.
As shown in Figure S.10c, the synthesized sample exhibits a

reproducible and relatively fast photocurrent response when
irradiated. The background dark current versus photocurrent
was monitored alternating dark and light conditions while
polarizing the electrode at 0.9 V vs SCE. As expected, the
anodic current sharply increases under light indicating
photocurrent generation by BiOBr that acts as an n-type
semiconductor, coherently with the Mott−Schottky analysis.
The photocurrent density was at about 40 nA/cm2 (calculated
using the last two cycles, for which the light current easily
reaches a stable value). The relatively low values of both dark
current density and photocurrent density, with respect to
literature analogues, are coherent with the quite high
impedance values recorded through EIS and with the small
differences between the EIS spectra in the dark and under light
irradiation, respectively. These results can be attributable to
the intrinsic electron−hole recombination process of the
material and/or to the morphological features of the drop-
casted film (e.g., active surface) that can reduce, for example,
the charge-carrier transport within the matrix resulting in a
more efficient charge recombination.
Ibuprofen Abatement Tests. The catalytic performances

of the synthesized BiOBr nanosheets were evaluated in the
degradation of IBU in different water matrices (ultrapure, UW,
and simulated drinking water, DW) under solar light
irradiation via photocatalysis, piezocatalysis, and coupling
photocatalysis and piezocatalysis technologies (piezo-photo-

catalysis). The obtained results are discussed in the following
sections.
Effect of Catalyst Dose. As reported in the literature,47,48

photocatalysis is a catalyst mass-dependent reaction. There-
fore, the effect of the catalyst dosage was investigated in the
beginning (Figure 4a−c).
Before starting each test, the reaction mixture was

maintained under stirring in the dark for 30 min until the
adsorption/desorption equilibrium was reached to prevent
adsorption effects in photocatalytic investigations. According
to the ZPC results, a certain adsorption capacity of the
photocatalyst was observed. However, the maximum adsorp-
tion capacity was always below 10%, demonstrating that this
step did not significantly interfere with the results of the
photocatalytic and piezo-photocatalytic reactions. Moreover,
an additional 3 h adsorption study in dark conditions definitely
confirmed that BiOBr nanosheets do not act as adsorbents
(Figure S.11).
In the absence of a catalyst, ultrasound, light irradiation, and

their combination were not able to degrade IBU (Figure S.12).
Comparing the results obtained from the experiments based on
the two catalytic approaches (photocatalysis and piezocatal-
ysis), it is worth noting that BiOBr exhibited higher catalytic
efficiency as a photocatalyst than as a piezocatalyst. However,
by the coupling of the two techniques (piezo-photocatalysis),
extraordinary results were obtained, leading to the complete
IBU degradation in less than 30 min (Figure 4b,c). It is thus
evident that the photocatalytic tests that lead to the complete
IBU degradation are catalyst dose dependent.

Figure 4. (a−c) Catalytic efficiency of BiOBr nanosheets in the photo-, piezo-, and piezo-photodegradation of IBU in UW. IBU concentration = 50
mg/L. (d) Percentage of mineralization of IBU during photo- and piezo-photodegradation processes (at the end of the degradation process).
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In fact, it is known that large amounts of photocatalyst
promote large amounts of ROS, even though an excess amount
could reduce the catalytic activity because of an increase in the
solution turbidity that reduces the absorption of the energy
from light radiation.
In general, it is possible to observe that the IBU degradation

by the photocatalytic process increased with the increase of
catalyst concentration from 0.125 to 0.5 g/L. The enhanced
degradation efficiency can be related to the presence of more
active sites on the catalyst surface, promoting the production of
more ROS during the degradation reaction. In contrast, the
piezocatalytic method did not seem to be particularly affected
by the catalyst dose.
However, low BiOBr dosage (0.125 g/L) was not adequate

to promote a fast IBU degradation, not even combining
piezocatalysis and photocatalysis because of the reduced
catalytic surface available.49,50

The kinetics of the three diverse processes (photocatalysis,
piezocatalysis, and piezo-photocatalysis) was determined by a
pseudo-first-order kinetic model. The corresponding plots
(Figure S.13) confirm the synergistic effect of the coupling of
the two techniques with respect to the single ones.
By the kinetic constants (k) of the different processes, the

synergistic effect of the piezo- and photocatalysis combination
was evaluated.
More in detail, the synergy factor and % synergy were

calculated by the following equations50 and the results are
reported in Table 1.

k

k k
synergy factor

piezophotocatalysis

piezocatalysis photocatalysis
=

+

k k k

k k
%synergy

(

100%

piezophotocatalysis piezocatalysis photocatalysis

piezocatalysis photocatalysis
=

+
+

×

In accordance with the above data, for low catalyst dosage
(0.125 g/L) no synergistic effect was observed due to the
reduced catalytic surface available. In contrast, for higher
catalyst concentrations, the synergy factor and % synergy were
1.94 and 2.51, or 48.34 and 60.17%, respectively. To better
demonstrate the synergistic effect of the piezo-photocatalytic
process, the kinetic constants of the combined approach were
compared with those of the single processes and the results
(Figure S.14) proved once more that the k values of piezo-
photocatalytic reactions were higher than the sum of those
obtained for the individual processes.
Figure 4d shows the degradation test results in terms of the

IBU mineralization degree. The results clearly show the high

efficiency of BiOBr nanosheets in the mineralization process.
In fact, already at low concentration (0.125 g/L) the catalyst
showed a good mineralization efficiency (ca. 45), which
reaches 100% by increasing the BiOBr content up to 0.50 g/L.
The data collected for the reactions carried out with 0.25 g/L
catalyst dose also clearly highlighted an important synergistic
effect in the mineralization process and demonstrate that the
mineralization process was fast (Figure S.15), reaching more
than 60% final mineralization value after 30 min.
The stability of the synthesized nanostructures was further

evaluated by reusing the piezo-photocatalyst. Because of the
low amount of catalyst used for each test, the material was
reused only once, maintaining very high activity even during
the second test (Figure S.16). Moreover, the structural
investigation of the material after the second test confirmed
its stability (Figure S.17).
The scientific literature reports some data regarding IBU

mineralization by TiO2-based photocatalysts under UV
light.51−53 However, little or nothing is reported regarding
the BiOBr efficiency,16,30 and data are always lower that those
reported here to the best of our knowledge.
Li et al. recently critically investigated the selection of a

proper synthetic approach for preparing piezoelectric BiOBr
nanosheets, exhaustively reporting their piezo- and photo-
electric properties.54 More in detail, they optimized a
hydrothermal route that assures the formation of BiOBr
micro-nanosheets, exclusively using bismuth nitrate and
potassium bromide as precursors, without the addition of a
templating agent (i.e., ethylene glycol). Specifically, they
demonstrated that the latter provides strongly aggregated
particle size with low photoelectrochemical response. Accord-
ing to these premises, in the present study, a very simple
strategy from the same precursors carried out under mild
conditions was used.
Hu et al. and Lei and co-workers explored the piezo-

photocatalytic activities of BiOBr and Au-decorated BiOBr
nanoplates, respectively.16,55 However, although the synthe-
sized materials were similar to those reported here in terms of
physicochemical characteristics and were applied for the
degradation of organic molecules, the experimental conditions
employed are very different and not comparable. Nevertheless,
the strong piezo-photocatalytic properties of the material are
always demonstrated. More in detail, Hu et al. addressed their
attention on the degradation of carbamazepine by coupling
visible-light irradiation and ultrasonication. Under these
conditions, BiOBr nanoflakes showed very low photocatalytic
activity. Only the US application permitted good pollutant
degradation. Similarly, the material synthesized by Lei and co-
workers reached a high level of rhodamine degradation only
under piezo-photocatalytic conditions, whereas the results
obtained only under visible-light irradiation were poor, when
compared to those reported here. It is worth pointing out that
a real comparison is not possible because the reaction
conditions employed were very different.
However, the obtained results demonstrate that the coupling

of piezocatalysis with photocatalysis is a very promising
approach to mineralize IBU by a fast photocatalyst synthesized
without the use of costly materials (e.g., doped catalysts with
expensive metals or materials synthesized by complicated
approaches).
Synergistic Piezo-Photocatalytic Degradation Mech-

anism. The physical mechanism of piezo-enhanced photo-
degradation for IBU decomposition is depicted in Figure 5.

Table 1. Piezocatalytic, Photocatalytic, and Piezo-
Photocatalytic Removal (%) of IBU (50 mg/L) after 20 min
of Treatment, Synergy Factor, and % Synergy for IBU (50
mg/L) Degradation Carried Out with Different Catalyst
Doses

catalyst
dose
(g/L)

piezocat
removal
(%)

photocat
removal
(%)

piezophotocat
removal (%)

synergy
factor

%
synergy

0.125 12 29 56 1.00 0.95
0.25 22 56 100 1.94 48.34
0.50 31 95 100 2.51 60.17
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When BiOBr is irradiated by solar light, the electrons in the
valence band (VB) are promoted to the conduction band
(CB), forming electron−hole pairs. The photoinduced carriers
diffuse to the catalyst surface taking part in the chemical
reaction and further produce some active radical species, such
as •OH and •O2

−. However, when an external strain is applied
(US), an internal electric field is generated, causing a
polarization, that reduces the recombination rate of the
photogenerated carriers, enhancing the charge separation

efficiency. Consequently, a larger number of photoelectrons
and holes are available for IBU oxidation.
Effect of Initial Ibuprofen Concentration. The effect of

the initial IBU concentration on the BiOBr piezo-photoactivity
was studied (Figure 6a,b).
In general, the increase in the initial IBU concentration

caused a gradual reduction in the degradation efficiency of the
catalyst in both approaches (photocatalysis and piezo-photo-
catalysis). In fact, as the initial IBU concentration increased,

Figure 5. Piezo-enhanced photocatalytic mechanism of BiOBr nanosheets for IBU degradation.

Figure 6. (a) Photo- and piezo-photodegradation of IBU at different initial concentrations by BiOBr nanosheets (0.25 g/L); (b) plot of kinetic
constant values versus IBU concentration (mg/L).
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the drug molecules were adsorbed on the catalyst surface,
reducing the number of active sites on the BiOBr surface. At
the same time, a larger amount of hydroxyl radicals were
required for its degradation. However, the formation of
hydroxyl radicals on the catalyst surface remained constant
for a given light intensity, catalyst dose, and irradiation time.
Consequently, the hydroxyl radicals produced were insufficient
for IBU degradation when the drug concentration overcame a
proper value. However, the coupled approach guarantees
higher performances of the catalytic nanosheets, as described
above and shown in Figure 6a. In fact, thanks to the
piezoelectric behavior of the catalyst, the US application led
to a polarization of the charges in the material, reducing the
recombination rate of the photogenerated carriers with a
positive effect on the catalyst activity. At the same time, US
guaranteed a continuous surface catalyst regeneration,
contributing to ROS generation.
Effect of Initial pH. To evaluate the effect of the pH

conditions on the photoactivity of BiOBr nanosheets, the
adsorption and piezo-photocatalytic investigations were
extended to two extreme pH levels (pH 3 and 12). As
shown in Figure S.18a, the pH of the solution slightly affects
the adsorption capability of BiOBr. As reported in Figure S.5,
at pH values above 6.13 (ZPC), the catalyst surface is

negatively charged. This means that under alkaline conditions
IBU is completely deprotonated and, as a consequence,
negatively charged. Therefore, repulsions between the IBU
molecules and the BiOBr surface prevail, reducing adsorption
phenomena, as well as the photocatalytic activity of the
material. However, although the photocatalytic results of
BiOBr at pH 3 were very similar to those obtained at
spontaneous pH, the percentage of mineralization was 90%
(Figure S.18b): a little bit lower than the results achieved by
carrying out the reaction at spontaneous pH.
Reactive Species Trapping Experiments. To under-

stand the role of the different photogenerated species
produced during the photo- and piezo-photodegradation
reactions, including h+, OH−, and O2

−, proper reactive species
trapping experiments were carried out during IBU degradation
processes. Disodium ethylenediaminetetraacetic acid (EDTA),
p-benzoquinone (BQ), and isopropyl alcohol (IPA) were
employed to trap h+, •OH−, and •O2

− scavengers, respectively.
For both applied degradation technologies, similar results were
obtained (Figure 7). The addition of EDTA (a h+ scavenger)
had a strong effect in the IBU degradation, suggesting that h+
photogenerated charge carriers were those mainly involved in
the photodegradation pathway. The addition of BQ (an •O2

−

scavenger) slightly reduced the IBU degradation, indicating

Figure 7. Effect of scavengers on the photo- and piezo-photodegradation of IBU (50 mg/L) by BiOBr (0.25g/L).

Scheme 1. IBU Degradation Pathway
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that •O2
−, generated by the presence of OVs in BiOBr

nanosheets, played only a minor role. In contrast, the •OH−

scavenger seemed not to participate in the photodegradation
process, based on the results obtained after the addition of
IPA.
Proposal of Ibuprofen Degradation Mechanism. The

produced TPs during the IBU degradation via both photo- and
piezo-photocatalytic approaches were detected by ultra-
performance liquid chromatography−mass spectrometry
(UPLC/MS) analyses. Based on the identified intermediates,
the supposed IBU degradation pathway is shown in Scheme 1,
whereas the time profiles of all of the identified TPs, obtained
by plotting the peak area of each selected TP versus the
reaction time, are shown in Figure S.19. Decarboxylation,
oxidation, and hydroxylation seemed to be the main processes
involved in the IBU degradation.
The decarboxylation of the side chain of IBU can be

attributed to the h+ attack, leading to TP1, whereas for the
formation of TP2 a subsequent oxidation reaction was
required.29 A radical attack (HO2

•) was responsible for
TP3.

56 Finally, the hydroxylated species (TP192) resulted
from the reaction of TP2 with •OH−.
Although, on the one hand, the same TPs were recognized

during both degradation procedures, on the other hand,
differences were observed in their time profiles (Figure S.19).
Most part of the TPs showed a bell shape trend and only a few
byproducts exhibited an increasing concentration. The major
difference concerned the formation and degradation of TP2
that during the piezo-photodegradation process was converted
faster into other further hydroxylated products that were
subsequently degraded (Figures S.19b,c).
Effect of Water Matrix Composition. To test the effect

of the water matrix composition on the photocatalytic activity
of the synthesized BiOBr nanosheets, the IBU photo- and
piezo-photodegradation reactions were carried out in simu-
lated drinking water (DW, Figure 8).
It is worth noting that during both degradation processes,

the catalyst activity was strongly affected by the environment.
The results showed that an increase in the ionic strength value
seemed to have a negative effect on the catalyst, slowing its
activity. In fact, the electrolytes can compete with the IBU
molecules for adsorption on the active sites. However, the
application of US during the photocatalytic process alleviated

the effect of inorganic ions in solution, ensuring a continuous
and rapid regeneration of the catalyst surface, leading to
complete IBU degradation in both UW and DW after 90 min
treatment.
As shown in Figure S.20, during both degradation

approaches in the two different environments (UW and
DW), the same TPs reported in Scheme 1 were identified.
However, based on the obtained results, the effect of the
environment on the degradation of the main TP (TP2), whose
degradation was only slowed down during the piezo-photo-
catalytic process, whereas was completely inhibited when US is
not applied. This finding can be directly related to the effect of
electrolytes described above which was the competition
between IBU molecules and inorganic ions for the active
sites of the catalyst. However, while TP2 was accumulated in
solution during the established reaction time by the photo-
catalytic IBU degradation in DW, in contrast, it was gradually
degraded by the piezo-photocatalytic process, albeit at a slower
rate than that observed in UW.

■ CONCLUSIONS
In summary, the BiOBr nanosheet photocatalyst was
successfully synthesized and properly characterized. Its
catalytic performance toward ibuprofen mineralization was
enhanced by combining photocatalysis with the piezoelectric-
like effect. The external strain applied using pulsed ultrasound
induces an internal electric field in the nanosheets responsible
for the piezoelectric-like effect, causing a polarization in the
material that reduces the recombination rate of the photo-
generated carriers enhancing the charge separation efficiency.
As a result, the synergistic effect of the coupling of photo-

and piezocatalysis realized complete mineralization of the drug
in less than 30 min. For the piezo-photocatalytic process, the
reaction rate was 2.51 times the sum of the two single
processes (photocatalysis and piezocatalysis). Moreover, it was
demonstrated that the piezo-photocatalytic degradation of
ibuprofen was mostly due to h+ photogenerated charge
carriers, as indicated by radical trapping investigations.
The identification of the transformation products produced

during the process demonstrated that decarboxylation,
oxidation, and hydroxylation are the main processes involved
in drug degradation.

Figure 8. Comparison of the degradation percentage of IBU in UW and DW by photodegradation (a) and piezo-photodegradation (b). IBU
concentration = 100 mg/L, ctz concentration = 0.25 g/L.
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In conclusion, this is the first application of BiOBr as a
piezo-photocatalyst for ibuprofen degradation, to the best of
our knowledge, and the obtained results were extraordinarily
promising because they demonstrate that the ultrasonic
application enhances the IBU degradation acting on different
aspects: boosting charge separation, reducing particle aggrega-
tion, improving the availability of active sites, promoting mass
transfer between the catalyst’s surface and the solution
reaction, and active radical formation.
The coupling of piezocatalysis with photocatalysis is a very

interesting approach to exploit for wastewater treatment, not
requiring the use of costly materials prepared by expensive
procedures.

■ METHODS
Chemicals. Glacial acetic acid (CH3COOH) and nitric

acid (HNO3) were obtained from Carlo Erba, whereas other
chemicals were purchased from Sigma-Aldrich. All chemicals
were analytical grade and used as received without any further
purification.
Bismuth Oxybromide (BiOBr) Preparation. 33 mL of

0.1 M KBr aqueous solution (3.3 mmol) was added dropwise
to 55 mL of 0.1 M Bi(NO3)3·5H2O (5.5 mmol) aqueous
solution 10 wt % in glacial acetic acid. The suspension was
maintained at room temperature under vigorous magnetic
stirring for 24 h. The as-obtained white powder (ca. 1 g) was
recovered by filtration, washed with ultrapure water up to
neutral pH, and dried overnight in air.
BiOBr Characterization. The crystal structure and phase

composition were determined by X-ray powder diffraction
(XRPD) using a PANanalytical X’Pert PRO diffractometer
(Cu Kα = 1.54060 Å) equipped with an X-ray source operating
at 40 kV × 40 mA. Before the analysis, the powder was finely
ground and spread on an aluminum flat-plate horizontal
sample holder. The diffractogram was collected in the 10−80°
(2θ) range (step of 0.02° 2θ and time for each step in 5−96 s
intervals). The XRPD pattern was identified by comparison
with the JCPDS files from the International Center for
Diffraction Data Powder.
The chemical composition of BiOBr was analyzed by X-ray

photoelectron spectroscopy (PHI 5000 Versaprobe II,
ULVAC-PHI, Inc., Kanagawa, Japan) using an X-ray source
(Al−Kα radiation line). The takeoff angle was set at 45° for
detecting photoelectrons to a depth of 1−5 nm from the
surface. The binding energy of the obtained spectra was
calibrated using the C 1s peak (at 284.6 eV) as the reference.
Raman spectrum was recorded on a Bruker Vertex 70

spectrophotometer equipped with the RAMII accessory and a
Ge detector by exciting the sample with a Nd:YAG laser source
(1064 nm) with a resolution of 4 cm−1.
The ATR-FTIR spectrum of the sample was recorded by

using a Bruker Vertex 70 spectrophotometer (Bruker, Billerica,
MA) equipped with a Harrick MVP2 ATR cell (resolution 4
cm−1).
The photoluminescence at room temperature was measured

on the solid sample using a Varian Cary Eclipse fluorescence
spectrophotometer, exciting at 265 nm (slit ex = 20 nm, em =
20 nm).
UV−vis diffuse reflectance (UV-DR) spectrum was collected

at room temperature in 200−800 nm intervals through a
double-beam UV−vis−near-infrared (UV−vis−NIR) scanning
spectrophotometer (PerkinElmer Lambda 750s UV−vis
spectrophotometer, PerkinElmer, Waltham, MA) equipped

with an integrating sphere assembly to evaluate the light
absorbance properties of the sample. The powder sample was
finely ground, uniformly pressed in a circular disk (E.D., ca. 4
cm), and included in the sample holder. The latter was inserted
in a special quartz cuvette and placed on the window of the
integrating sphere for reflectance measurements. The spectrum
was measured using BaSO4 as reference. The measured
reflectance values (R%) were converted to absorbance (Abs,
au) by the following equation

Rabs log(1/ /100)=

Specific surface area and porosity were determined through
N2 adsorption/desorption isotherms at −196 °C using an
automatic analyzer (Micromeritics Tristar II 3020). Ca. 1 g of
dried powder was outgassed at 150 °C for 4 h under vacuum to
remove water and other volatile organic compounds adsorbed
on the surface. Specific surface area value was calculated by
Brunauer−Emmet−Teller (BET) eq (2-parameters, 0.05 < p/
p° < 0.3), considering the cross-sectional area of ca. 16.2 Ǻ/
moleculeN2. Pore volume and size distribution (PSD) were
determined by the Barrett−Joyner−Halenda (BJH) model
from the desorption branch of the collected isotherm in the
0.3−0.95 p/p0 window.
The zero-point charge (ZPC) of BiOBr was determined

according to the literature.57 About 50 mg of sample powder
was weighed and introduced in 20 mL of NaNO3 0.1 M
solutions under stirring. The initial pH values (pHinitial) of the
solutions were adjusted by properly adding 0.1 M HNO3 or
NaOH to drop in the 4.00−10.00 range. The suspensions were
maintained under stirring (250 rpm). After 24 h, the
suspensions were centrifuged (3000 rpm for 10 min), and
the final pH values (pHfinal) were measured. By plotting the
difference between the pHfinal and pHinitial (ΔpH) as a function
of the pHinitial, we determined pHpzc as the intersection of the
resulting line at which ΔpH = 0.
An electrochemical workstation (Autolab PGSTAT204,

Metrohm) with a three-electrode system was used for the
electrochemical measurements in the dark and under solar
light illumination. The three electrodes consist of a platinum
wire as a counter electrode, a calomel reference electrode, and
a working electrode. The latter was prepared similarly to ref 57.
10 mg BiOBr was dissolved in 400 μL acetone, forming a
homogeneous suspension.58 Then, 20 μL of the as-produced
sample was deposited on a slice of ITO glass (50 × 50 mm2)
and dried at 60 °C overnight. The electrolyte used was 0.1 M
Na2SO4. The light source used for the experiments under solar
irradiation and the light source used in the photocatalytic
measurements were the same (35 W/m2).
BiOBr morphology and elemental analyses were evaluated

using a scanning electron microscope operating with a field
emission source, model TESCAN S9000G, (Overcoached,
Germany) with a source of Schottky type FEG; resolution: 0.7
nm at 15 keV (in In-Beam SE mode) and equipped with EDS
Oxford Ultim Max (operated with Aztec software 6.0). The
sample was supported on metallic stabs with C tape and then
coated with Cr by means of ion-sputtering technique to
improve the conductivity of the materials. To further
investigate the ultimate morphology of the sample, HRTEM
investigations were carried out and images were obtained by
means of a JEOL JEM 3010 transmission electron microscope,
operating at 300 kV and equipped with a LaB6 filament. The
sample was dispersed onto Cu grids coated with amorphous
carbon without any further treatment.
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Ibuprofen (IBU) Degradation Tests. Three different
types of tests were performed: piezocatalytic tests (labeled as
piezocat), performed using sonication in the presence of BiOBr
without light irradiation; photocatalytic tests under solar light
irradiation (labeled as photocat), carried out in the presence of
the photocatalyst; and piezo-photocatalytic degradation tests
(labeled as piezophotocat), performed using simultaneous
sonication and light irradiation in the presence of BiOBr.
Similar tests were also carried out in the absence of a catalyst

to evaluate the contribution of photolysis (photo) as well as
ultrasound (piezo) and their combination (piezophoto) in the
IBU abatement. Experiments were carried out both in
ultrapure water (UW) and simulated drinking water (DW),
prepared as reported in Table S.1, according to the literature
Annex B2 of the second protocol of the French Norm NF
P41−650 regarding the specification for water filter pitchers.59

All tests were performed under atmospheric conditions in a
250 mL jacketed batch glass reactor maintained at constant
temperature (24.0 ± 0.1 °C). The reactor was inserted into a
homemade box with dark walls made of cloth. A lamp was
installed above the reactor at a fixed height (25 cm). The
radiation source was an ULTRA VITALUX 300W-OSRAM
solar lamp with power density of irradiation of 35 W/m2.
A 20 kHz ultrasonic processor (VibraCell VCX 500, Sonics

and Materials) equipped with a 13 mm tip composed of a
titanium alloy (Ti-6Al-4 V) was located on the top of the
reactor, and the US probe (136 mm) was immersed into the
IBU solution. A pulsed sonication was adopted (5 s on/5 s off)
and calibrated as reported by Pirola et al.60 The ultrasound
output power was 23 W.
Experiments were performed by stirring (250 rpm) a

suspension composed of a proper amount of BiOBr powder
and 100 mL of IBU solution at different concentrations (50−
500 mg/L) in the dark for 30 min. Then, regarding the
photocatalytic tests, the mixture was irradiated for 180 min,
whereas for the piezocatalytic tests, pulsed sonication was
applied for 180 min. Finally, for the piezo-photocatalytic
experiments, both pulsed sonication and the light source were
applied at the same time until the reaction ended. Tests were
carried out at spontaneous pH depending on the type of water
matrix used (ca. 7 in UW and 7.5 in DW). They were repeated
3 times to ensure reproducibility.
In addition, the piezocatalytic tests were also carried out at

different pH conditions (pH 3 and pH 12), adjusting the
acidity of the solutions and adding a proper amount of diluted
HCl or NaOH.
To evaluate the adsorption properties of the synthesized

material, three tests were carried out in UW at spontaneous pH
(ca. 7), 3 and 12 with the IBU concentration of 50 mg/L and
using 0.25 g/L catalyst, maintained under stirring in the
solution for 3 h.
IBU abatement was monitored for a total of 210 min,

sampling 2 mL aliquots every 15 min for the first 30 min and
then every 30 min for the remaining 180 min. The collected
aliquots were placed in 1.5 mL conical vials and centrifuged
with a LaboGene ScanSpeed centrifuge at 13,500 rpm for 5
min before any analyses. The collected aliquots were
quantitatively analyzed by a high-performance liquid chroma-
tography/UV (HPLC/UV) instrument. The HPLC instru-
ment (Agilent 1100 Series) was equipped with a C18 Supelco
column (25 cm × 4 mm, 5 μm), a 20 μL injection loop, and a
UV detector. Chromatographic analyses were performed with
an isocratic elution of a mobile phase composed of 50% water,

50% acetonitrile, and 0.1% formic acid at 1 mL/min flow rate.
The IBU disappearance and the related formation of
byproducts were monitored at 230 and 260 nm, respectively.
IBU abatement (%) was calculated according to

C C
C

IBU abatement (%) 100%t0

0
= ×

where C0 is the initial IBU concentration and Ct is the IBU
concentration at time t.
A recycling test was carried out to demonstrate the

reusability of the catalyst. More in detail, BiOBr nanosheets
(catalyst dose: 0.25 g/L, IBU conc.= 50 mg/L; water matrix:
UW) were subjected to a first piezocatalytic test. Then, at the
end of the reaction, the catalyst was recovered by
centrifugation and exposed to UV light irradiation for 2 h to
remove any species adsorbed on its surface. Finally, it was
reused for a second cycle of IBU piezo-photodegradation.
Tests in the presence of disodium ethylenediaminetetraace-

tate (EDTA), benzoquinone (BQ), and isopropyl alcohol
(IPA) as scavengers for holes (h+), superoxide radical (•O2),
and hydroxyl radical (•OH−), respectively, were carried out.
They were realized under the following conditions: initial IBU
concentration = 50 mg/L, catalyst concentration = 0.25 g/L,
and scavenger amount = 3 mmol.
The effect of the catalyst dosage (from 0.125 to 0.500 g/L)

and IBU concentration (50−500 mg/L range) was also
investigated.
Total organic carbon (TOC) analyses were performed on

the supernatant using a Shimadzu TOC-L analyzer to evaluate
the mineralization capacity of the piezo-photocatalyst. TOC
removal was computed according to

mineralization capacity (%)
TOC TOC

TOC
100%t0

0
= ×

where TOC0 is the initial TOC concentration, and TOCf is the
final one after 180 min irradiation.
Transformation products (TPs) were recognized by UPLC/

MS analyses carried out on an LCQ Fleet ion trap mass
spectrometer equipped with a UPLC UltiMate 3000 system
containing a UV detector. A Zorbax RX-C18 (2.1 × 150 mm, 5
μm) column was maintained at 30 °C. The same chromato-
graphic conditions used for the HPLC/UV were employed.
The mass spectrometer was operated with electrospray
ionization in both positive and negative ion modes. Full-scan
mass spectra were recorded in the 50−1000 mass/charge (m/
z) range.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00724.

Electrolyte contents of the simulated drinking water
(Table S.1); hypothesized mechanism of the solar light-
induced photodegradation of IBU over BiOBr nano-
sheets (Scheme S1); ATR/FT-IR spectrum of BiOBr
nanosheets (Figure S.1); PLS spectrum of BiOBr (λexc =
265 nm) (Figure S.2); characterization results of BiOBr:
(a) N2 adsorption/desorption isotherms at −196 °C;
(b) pore size distribution (Figure S.3); survey spectrum
for BiOBr (Figure S.4); point of zero charge of BiOBr
(Figure S.5); (a) UV−vis absorption spectrum and (b)
Tauc plot of BiOBr (Figure S.6); (A, B) HRTEM

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00724
ACS Photonics 2023, 10, 3929−3943

3940

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00724/suppl_file/ph3c00724_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00724?goto=supporting-info
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


images of different portions of the BiOBr sample: insets
represent FFT calculations (simulating SAED analyses)
on both portions (Figure S.7); (A) SEM image, (B−E)
elemental mapping of Bi, Br, O, and C elements,
respectively, (F) EDX spectrum of BiOBr (Figure S.8);
Mott−Schottky plot depicting the variation of the
capacity of space charge region (C) of the BiOBr film
on an ITO electrode as a function of applied potential.
Plots refer to three different frequencies (1 kHz, 100 and
10 Hz) and were derived by EIS spectra recorded in a
blank solution (water +0.1 M Na2SO4) in the dark
(Figure S.9); (a) Nyquist and (b) Bode plots of a BiOBr
drop-casted film on the ITO electrode, recorded at 0.9 V
vs SCE under artificial solar light irradiation and in the
dark; (c) transient photocurrent response under the
same potentiostatic polarization. Electrolyte: 0.1 M
Na2SO4 aqueous solution. When irradiated, front
illumination setup was used (Figure S.10); adsorption
investigation (IBU concentration: 50 mg/L; catalyst
dose: 0.25 g/L; spontaneous pH) (Figure S.11); photo-,
piezo-, and piezo-photodegradation of IBU (50 mg/L)
in UW (Figure S.12); linear fittings of pseudo-first-order
kinetics (a = 0.125g/L BiOBr, b = 0.25 g/L BiOBr, c =
0.5 g/L BiOBr) (Figure S.13); synergistic effect of the
piezo-photocatalytic degradation of IBU (Figure S.14);
mineralization percentage of IBU (IBU conc. = 50 mg/
L, BiOBr conc = 0.25 g/L) (Figure S.15); reusability test
of BiOBr nanosheets for IBU degradation (Figure S.16);
XRD patterns of fresh and used BiOBr (Figure S.17);
(a) adsorption and (b) piezo-photodegradation of IBU
by BiOBr nanosheets (Figure S.18); time-resolved
profiles of TPs of IBU (a), photo- (b) and piezo-
photodegradation (IBU concentration 50 mg/L, ctz
concentration 0.25 g/L, reaction time 180 min), (c)
piezo-photodegradation (IBU concentration 50 mg/L,
ctz concentration 0.25 g/L, reaction time 360 min)
(Figure S.19); time-resolved profiles of TPs of IBU
photodegradation in UW (a) and DW (b) and piezo-
photodegradation in UW (c) and DW (d). IBU
concentration 100 mg/L, ctz concentration 0.25 g/L,
reaction time 180 min (Figure S.20) (PDF)
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