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At present, the practical application of photocatalysis is still limited by poor charge carrier separa-
tion efficiency. The incorporation of a piezoelectric polarization field is an effective strategy to enhance
the photogenerated charge transport rate and strengthen the photocatalytic activity. In this work, a
NaNbO3/Agl (NBO/Agl) heterojunction was fabricated for the efficient piezo-photocatalytic degradation
of sulfamethoxazole (SMZ). 91.6 % of SMZ was degraded within 30 min, which far surpasses degrada-
tion under individual photocatalysis or piezocatalysis. Density functional theory (DFT) calculations reveal
that electron cloud interactions form interfacial cascade channels at the NBO/Agl heterojunction inter-
face, facilitating charge transport. Meanwhile, the piezoelectric polarization field promotes the separation
and migration of photogenerated charges, inducing high-efficiency piezo-photocatalytic performance. The
piezo-photocatalytic mechanism was explored by electron paramagnetic resonance, piezo-response force
microscopy. Intermediate analysis confirmed the degradation pathways and reduced ecological risks of
intermediates. This study provides new insights for the design of piezo-photocatalytic materials, as well

as a fresh perspective on the treatment of pollutants in wastewater.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recent years have seen a rapid rise in industrialization and
healthcare, which has led to an overuse and discharge of antibi-
otics that has posed a serious threat to environmental security
and public health [1]. Among the different types of antibiotics,
sulfamethoxazole (SMZ) is a commonly used sulfonamide antibi-
otic that has been widely used in the treatment of bacterial infec-
tions [2]. However, it is important to note that SMZ are difficult
to biodegrade and can lead to changes in the bacterial community
in the water bodies, which can increase the risk of drug-resistant
strains and have negative impacts on aquatic ecosystems and hu-
man safety [3,4]. Therefore, there is an imperative need to explore
a suitable and cost-effective new technology for antibiotic pollu-
tion control in the aquatic environment.

Conventional wastewater treatment methods are often insuf-
ficient for SMZ removal, making advanced oxidation processes
(AOPs) such as photocatalysis an attractive option [5]. However,
the practical application of photocatalysis is hindered by rapid re-
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combination of photogenerated carriers, limited solar utilization,
and insufficient active sites [6-8]. To date, numerous methodolo-
gies have been adopted for the modification of photocatalysts to
enhance their activity and efficiency, including elemental doping
[9,10], noble metal deposition [11,12], heterostructure construction
[13,14], and co-catalyst modification [15,16]. Among them, there
are many investigations that have demonstrated that the applica-
tion of heterojunctions can effectively improve carrier separation
and photocatalytic reaction activity for pollutant degradation [17-
20]. Yet, to enhance the photocatalytic performance of heterojunc-
tions in practical applications, it is necessary to further improve
the interfacial charge transfer efficiency.

It has been reported that the introduction of a piezoelectric
polarization field in the photocatalytic process is conducive to
the enhancement of the transport rate of photogenerated car-
riers and effectively improves the photocatalytic efficiency [21-
23]. Sodium niobate (NaNbOs) is a typical perovskite-type oxide
that possesses attractive properties like excellent piezoelectric and
semiconducting properties at room temperature [24]. Meanwhile,
NaNbO3 (NBO) has been widely investigated as an environmentally
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friendly photocatalyst based on its non-toxicity and high chemical
stability [25]. Unfortunately, the wide band gap of NBO leads to its
photocatalytic activity only under ultraviolet (UV) light conditions
[26]. In order to make greater utilization of solar energy and to
take maximum advantage of the piezoelectric properties of NBO,
the development of appropriate piezo-photocatalytic systems is a
promising strategy [27]. In contrast, silver iodide (Agl) possesses
a moderate band gap, strong visible-light absorption, and ease of
synthesis, and is frequently used in heterojunction design [28,29].
Thus, combining NBO with Agl is therefore expected to integrate
the visible-light response of Agl with the piezoelectric advantage
of NBO, enhancing interfacial charge transfer through the synergis-
tic action of photocatalysis and piezocatalysis.

In this work, NBO/Agl heterojunction catalysts were synthe-
sized through an in-situ deposition strategy, with Agl nanoparticles
uniformly anchored on NBO substrates. The SMZ degradation per-
formance was systematically evaluated under photocatalysis,
piezocatalysis, and combined piezo-photocatalysis. Furthermore,
the successful construction of heterojunctions was systematically
verified by various characterizations, and the potential mechanism
of piezoelectric photocatalysis was elucidated by DFT calculations,
which revealed the essential role of the internal polarized electric
field induced by the piezoelectric effect in the carrier transfer pro-
cess. Analysis of degradation intermediates confirmed the effective
degradation of SMZ by the NBO/Agl piezo-photocatalytic system,
underscoring its potential as a green and sustainable treatment
technology.

NBO/Agl heterojunction samples were constructed by in-situ
growth of Agl on NBO substrate by the deposition-precipitation
method (Text and Fig. S1 in Supporting information) [30]. The
crystalline structure and vibrational characteristics of the samples
were analyzed by XRD and Raman spectroscopy. As shown in
Fig. S2 (Supporting information), the XRD pattern of pure NBO
nanorods matches well with the orthorhombic phase of NaNbOs,
while the characteristic peaks of Agl correspond to hexagonal
B-Agl [27,31]. In the NBO/AgI-3 composite, diffraction peaks from
both phases are clearly present, confirming the coexistence of
NBO and Agl. Raman spectra further confirm that NBO possesses
an octahedral structure, which remains well preserved after Agl
incorporation. To understand the chemical composition and bind-
ing states of catalysts, NBO, Agl, and NBO/AgI-3 were analyzed by
X-ray photoelectron spectroscopy (XPS). For pristine Agl (Fig. 1a),
Ag 3dsp, and Ag 3d3;; peaks at 368.5 and 374.5eV confirmed the
+1 oxidation state of Ag [32]. In NBO/AgI-3, these peaks shifted by

A Nb 3d
IR j 3685 eV b 1 206.4 eV
, 3745eV 209.2|ev
s, [ — |nBO \
3 S
s, 8,
2 2
‘@ @
€ lveoiagis 367.8 eV g |Nsoiagis Py
E 37386V ez, | 2 209.7 &V
375 372 369 366 363 212 210 208 206 204

Binding energy (eV) Binding energy (eV)

\.//,\

0361 nm
(#11)

5nm

Fig. 1. High-resolution XPS spectra of samples in the regions of (a) Ag 3d and (b)
Nb 3d. (¢) TEM and (d) HRTEM images of NBO/AgI-3.
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Fig. 2. (a) Comparison of the piezocatalytic, photocatalytic, and piezo-
photocatalytic degradation of SMZ in the presence of NBO/Agl-3. (b) Piezo-
photocatalysis degradation efficiency for as-prepared samples. (c) SMZ degradation
curve under NBO/Agl-3 of different pH. (d) Cyclic stability of NBO/AgI-3 under
piezo-photocatalytic.

—0.7 eV to 367.8 and 373.8 eV, respectively. In addition, the peak at
365.3eV was attributed to Nb 2p3),. Fig. 1b shows that Nb in NBO
exhibits two characteristic peaks at 206.4 and 209.2eV, which
shift by about 0.5eV towards higher binding energy in NBO/AgI-3
after Agl coupling. According to the above research and Fig. S3
(Supporting information), Ag 3d and I 3d peaks shifted negatively,
whereas Na1s, Nb3d, and O 1s peaks shifted positively, evidencing
interfacial electronic interaction and electron transfer from NBO to
Agl. Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were employed to
characterize the morphology and micromorphology of materials.
As shown in Figs. S4a and b (Supporting information), the NBO
exhibits a rod-like structure. The 0.361 nm distance measured by
HRTEM corresponds to the NBO (111) plane. Fig. 1c reveals that
Agl nanoparticles grow on the surface of NBO nanorods, forming a
well-defined and intimate contact interface. Furthermore, HRTEM
of the composite sample (Fig. 1d) clearly exhibits an interface
between NBO and Agl, in which 0.361, 0.260, and 0.210 nm inter-
planar distances are assigned to the (111) and (012) planes of NBO
and the (103) crystal plane of Agl. Elemental mapping (Figs. S4c
and d in Supporting information) revealed uniform distribution of
Na, Nb, and O in NBO nanorods, while the even dispersion of Na,
Nb, O, I, and Ag in NBO/AglI-3 confirms the homogeneous growth
of Agl nanoparticles on NBO surfaces. These results verify the
successful introduction of Agl into NBO and the formation of the
NBO/Agl-3 heterojunction.

To evaluate the catalytic performance of the heterojunction,
the degradation rate of sulfamethoxazole (SMZ) was compared
under different conditions. It can be seen from Figs. 2a and
b and Fig. S5 (Supporting information) that among the several
heterojunction ratios synthesized, the NBO/Agl-3 shows optimal
piezo-photocatalytic degradation performance, achieving 91.6%
degradation of SMZ in 30min. Fig. S6 (Supporting information)
illustrates that the specific surface area is not a dominant factor
in the degradation experiments, as confirmed by the reduced
specific surface area of the NBO/Agl-3 composites compared to
NBO. Specifically, with simultaneous visible light and ultrasonic vi-
bration, piezo-photocatalysis had a significantly higher degradation
effect than the individual photocatalysis and piezocatalysis pro-
cesses. These results clearly indicate that the constructed NBO/Agl
heterojunction effectively promotes the synergistic coupling be-
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Fig. 3. (a) SMZ degradation in piezo-photocatalytic process using different scav-
engers. (b) The amplitude-voltage curves and phase hysteresis loop from PFM of
NBO/Agl-3. The ESR signals for (c) DMPO-"OH and (d) TEMPO-h*.

tween photocatalysis and piezocatalysis. In addition, in order to
assess the adaptability of the system to the practical environment,
the piezo-photocatalytic activity of NBO/Agl-3 for SMZ degradation
under different cut-off wavelengths (Fig. S7 in Supporting infor-
mation) and disparate pH was examined (Fig. 2c). The NBO/AglI-3
composite exhibited efficient piezo-photocatalytic activity across
a wide spectral range and maintained over 75% degradation effi-
ciency under both acidic (pH 5) and alkaline (pH 11) conditions,
demonstrating its suitability for practical applications in diverse
aqueous environments. According to Fig. 2d, the degradation per-
cent of SMZ for the NBO/AgI-3 still reached 81.0% after 4 cycles,
suggesting its high piezo-photocatalysis stability. Furthermore,
after 4 cycles, the XRD pattern of NBO/AgI-3 remained identical
to that before reaction, confirming its excellent structural stability
and recyclability (Figs. S8 and S9 in Supporting information).

With the aim of analyzing the degradation mechanisms more
clearly, the capture experiment was used to investigate the primary
active species in the process of piezo-photocatalytic degradation
of SMZ. As delineated in Fig. 3a and Fig. S10 (Supporting infor-
mation), the degradation efficiency of SMZ decreased to 7.2% and
45.0% within 30 min upon addition of TEOA (h* scavenger) and
TBA ("OH scavenger), respectively, confirming that h* and "OH
serve as the dominant reactive species. Notably, the introduction
of Ar (to eliminate dissolved oxygen) shows a negligible effect on
SMZ degradation, indicating minimal involvement of *O,~ in the
process. Moreover, Fig. 3b presents characteristic butterfly-shaped
amplitude loops accompanied by well-defined phase hysteresis
curves under an applied bias of +8V. Fig. S11 (Supporting informa-
tion) shows that the amplitude and phase images of the NBO/AgI-3
heterojunction samples at a bias field from -8V to +8V clearly
evidence the polarization reversal behavior of the NBO/Agl-3
heterojunction. These piezoresponse force microscopy (PFM)
measurements reveal pronounced phase inversion in the NBO/Agl-
3 composites, providing definitive evidence of its exceptional
piezoelectric response. Reactive species were further investigated
through ESR measurements. Figs. 3c and d and Fig. S12 (Support-
ing information) display the characteristic signals of TEMPO-h*
and DMPO-"OH detected in both NBO/Agl-3 and NBO samples
under light-ultrasonic conditions. These collective results demon-
strate that h* and ‘OH are the principal active species responsible
for SMZ degradation in the piezo-photocatalytic system. Relevant
piezoelectric simulations, bandgap analysis, and electrochemi-
cal characterizations are provided in Figs. S13-S15 (Supporting
information).

Chinese Chemical Letters 37 (2026) 112409

O]

Potential (eV)

0 5 10 15 20

Z(A) Ag=0.14e
64 Visible light 'JJJ Ultrasound 4 Visible light
'
NaNbO. NaNbO,
—_— Al = '
& &6 —l| +I_a—§ )
o . S
@® p; | |
F = Piezo-charges s -+
X @l | g
}f Piezo E | +| )
hv ® © ! v
e Photocharges = |
——t TEERN |
- e
e feooe
A Y O\ AF
- Products :’M/ 4
S Products e Products
2 ? 9
ds BT L TR bobe.
“3“0"’ .t'.a‘
P1 m/z = 256 P3 m/z =257 P6 m/z = 201 '»_:‘ N
N ¥ S0z
E & ‘
,635{.0_.0‘3 & eoba’ 9P o Tio% co
e ? P E 9
SMZ m/z = 253

P8 m/z =122

P2 m/z = 267 P5 m/z =187

Fig. 4. (a) The work function of NBO and Agl. (b) Charge density difference for
the NBO/Agl. (c) Schematic diagrams of the NBO/Agl heterojunction under light and
simultaneous light and ultrasound. (d) Proposed degradation pathways of SMZ.

In order to have an insight into the interfacial interactions and
charge transfer mechanisms of NBO/Agl-3 heterojunction, density
functional theory (DFT) calculations were performed. As shown in
Fig. 4a, the work function for NBO and Agl was determined to be
4.63eV and 5.28eV, respectively, by aligning the Fermi level to
the vacuum level. Since the work function of Agl is higher than
that of NBO, the electrons are transferred from NBO to Agl in the
heterojunction structure, which is consistent with the XPS analy-
sis. Furthermore, the charge density difference analysis Fig. 4b and
Fig. S16 (Supporting information) provide further confirmation of
interfacial interactions and electron transfer in the NBO/Agl het-
erojunction. Quantitative analysis reveals distinct regions of charge
depletion in NBO and corresponding charge accumulation in Agl,
with a calculated net electron transfer of 0.14 e. Specifically, sig-
nificant electron density accumulation is observed around I atoms
in Agl, while pronounced depletion occurs at Nb atoms in NBO,
demonstrating strong interatomic interactions at the heterojunc-
tion interface. Therefore, according to DFT calculations, there is a
distinct redistribution of electrons at the NBO/Agl interface. The
electron cloud interaction of interfacial atoms forms an interfa-
cial cascade channel that facilitates efficient electron migration be-
tween NBO and Agl [33].

Based on the analyses above, a plausible degradation mech-
anism is proposed for the NBO/Agl system under piezo-
photocatalytic conditions (Fig. 4c). Due to its wide band gap, NBO
cannot be excited by visible light, and thus under illumination,
photogenerated carriers are generated only in Agl. Electrons mi-
grate to the CB while holes remain in the VB, where they oxidize
pollutants directly or via ‘OH formation. Nevertheless, the lack of
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a strong driving force results in significant carrier recombination.
Upon ultrasonication, the piezoelectric effect in NBO generates in-
terfacial polarization charges, inducing band bending in both com-
ponents and forming an electric field across the heterojunction
[34,35]. Under simultaneous light and ultrasonic excitation, this
field promotes hole transfer from the VB of Agl to that of NBO and
facilitates their migration to the catalyst surface, thereby enhanc-
ing interfacial charge separation and carrier transport. As a result,
more holes and "OH are available for oxidative degradation, leading
to markedly improved piezo-photocatalytic performance.

Further investigation of the degradation process of SMZ by the
NBO/Agl piezo-photocatalytic system was conducted through the-
oretical calculations. Relevant pollutant calculations are presented
in Fig. S17 and Table S1 (Supporting Information). The primary in-
termediate products formed during the degradation of SMZ were
detected by HPLC-MS (Fig. S18 and Table S2 in Supporting infor-
mation). Three possible degradation pathways for SMZ were pro-
posed and depicted in Fig. 4d. In pathway I, the isoxazole ring
of SMZ undergoes nucleophilic attack, leading to ring-opening and
the formation of intermediate P1 (m/z 256). Subsequent oxidation
of the amino group of P1 results in the generation P3 (m/z 257).
Finally, oxidation of the benzene ring in P3 produces P6 (m/z 201).
In pathway II, electrophilic substances attack the N7 atom of SMZ,
forming the oxidation by-product P2 (m/z 267). The S14-N17 bond
of P2 is then cleaved through oxidation, yielding P5 (m/z 187),
which undergoes desulfurization to eventually form the by-product
P8 (m/z 122). In pathway III, hydroxyl radicals initially attack the
C2 and C6 position of SMZ, generating hydroxylated SMZ (P4, m/z
269). Reactive species then cleave the S14-N17 bond of P4 resulting
in the formation of P7 (m/z 193). Ultimately, all intermediates are
further degraded by reactive species into smaller molecular frag-
ments or mineralized into CO, and H,0 [36,37].

In conclusion, a novel NBO/Agl heterostructure was fabricated
via a facile deposition-precipitation method. Benefiting from the
synergistic effects of visible light and ultrasonic excitation, the
NBO/AgI-3 composite exhibited superior piezo-photocatalytic activ-
ity, achieving 91.6% sulfamethoxazole degradation within 30 min.
Additionally, DFT calculations uncover that the outstanding cat-
alytic activity of NBO/Agl is attributed to the fact that ultra-
sound can induce a piezoelectric polarization field for efficient bulk
charge separation and rapid spatial separation of carriers between
interfaces. Analysis of degradation intermediates demonstrated a
reduction in the environmental risk of pollutants during the degra-
dation process. This work provides a novel strategy for developing
advanced piezo-photocatalytic materials toward efficient water re-
mediation, offering a promising approach to harnessing both me-
chanical and solar energy for environmental purification.
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