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While morphology regulation in conventional catalysis
mainly increases the specific surface area to expose more active sites,
in piezocatalysis, it additionally alters the polarization properties of the
materials. In this work, by leveraging the dual benefit of morphology
regulation in piezocatalysis, we used cetyltrimethylammonium _
bromide (CTAB) to synthesize two-dimensional ultrathin Bi,WO4 (BWO) Y . . ) S
nanosheets, whose minimal thickness of ~2.26 nm results from the Al
selective adsorption of CTAB inhibiting molecular layer stacking. This
morphological control not only increased the specific surface area by
more than doubling from 14.47 to 29.15 m*g~" but also enhanced the ‘
interfacial polarization by 18.34 mV. Consequently, the effective wCTAB
piezoelectric coefficient of CTAB-modified BWO rose from ~10.01 to
~27.53 pm-V~". The modified catalyst, by simultaneously increasing reactive sites and boosting piezoelectric performance, achieves
a maximum per-unit-power hydrogen production rate of 61.20 pmol-g"-h"“W"', which is one of the highest values ever reported.
This work demonstrates a synergistic strategy of morphology engineering to enhance the surface reactivity and piezoelectric
response, offering a new paradigm for high-performance piezocatalysts.
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1 . Introduction Active sites are pivotal for enhancing catalytic performance by

facilitating charge transfer and separation through electron
With the intensifying global energy crisis and increasingly transport channels, which accelerates reaction kinetics and
prominent environmental issues, the path toward sustainable improves charge utilization [10]. Concurrently, they optimize
development of human society is fraught with severe constraints reactant adsorption and activation, thereby lowering the activation
[1,2]. As an emerging catalytic approach, piezocatalytic hydrogen energy barrier [11]. Morphology regulation is an effective strategy
production utilizes ubiquitous mechanical energy to activate for increasing the specific surface area (Spg), which enhances
catalysts for redox reactions, offering a clean method that avoids catalytic performance by exposing more active sites and providing
secondary pollutant generation [3-6]. However, traditional abundant venues for charge-reactant interactions [12,13]. Zhao et
piezocatalysts face challenges such as rapid recombination of piezo- al. [14] found that ultrathin BiOBr nanosheets exhibited

induced charges (q' - q), which substantially limits their practical exceptional photocatalytic performance due to a reduced bandgap
utility  [7-9].  Therefore, enhancing charge carrier (E) and accelerated photoinduced charge transfer after
separation/transport efficiency and improving piezocatalytic morphology regulation. Abbood et al. [15] found that a reduced
performance remain critical focuses in current material thickness of CdS nanosheets enhances the Syrr and increases the
modification research. active site density, thereby improving the piezoelectric/
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photocatalytic activity. Hu et al [8] found that atomically thin
graphite carbon nitride (g-C;N,) nanosheets demonstrated
approximately 5 times piezocatalytic performance superior to that
of bulk g-C;N, due to the increased number of surface reaction
sites.

Furthermore, in mechanically induced catalysis, reducing the
thickness of catalysts enhances the flexibility, making them more
susceptible to bending or deformation and thus facilitating the
generation of electric charges [16,17]. Feng et al. [18] utilized ZnS
nanosheets (~2 nm, ~18 pC-N™") for piezocatalytic water splitting.
The resulting ultrathin structure is highly susceptible to bending
under ultrasonic vibration, a property that generates the necessary
piezoelectric charges to drive hydrogen evolution from water. The
polymer-like flexibility of ferroelectric Hf;;Zr,;O, subnanowires
(~1 nm diameter) enables easy polarization switching under
mechanical vibration, accounting for their exceptional
piezocatalytic hydrogen production rate, which is 235 times higher
than that of nonferroelectric HfO, [19]. While morphology
regulation in conventional catalysis mainly increases the specific
surface area to expose more active sites, in piezocatalysis, it
additionally alters the polarization performance of the materials
[20-22]. Finite element simulations by Li et al. [23] on a single
SnSe few-layer nanosheet under 100 MPa pressure revealed a
maximum piezoelectric potential of 44.1 V. To investigate the
structure-activity relationship in piezocatalysis, Wang et al. [24]
synthesized CdS nanorods and nanospheres and found that the
nanorods exhibited a hydrogen evolution rate 2.8 times higher
than that of nanospheres. This superior performance was
attributed to the enhanced piezoelectric properties of nanorods,
stemming from their one-dimensional structure, which provides a
higher piezoelectric coefficient and superior mechanical strain
collection, ultimately leading to a larger piezoelectric potential and
more efficient charge separation and transfer.

Among various piezocatalysts, bismuth tungstate (Bi,WO,,
BWO) is the simplest member of the Aurivillius oxide family, a
class of layered perovskites with the general formula
Bi,A,_,B,0;,.; (Where n = 1; A = Ca, Sr, Ba, Pb, Bi, Na, K; B = Ti,
Nb, Ta, Mo, W, Fe). The crystal structure of BWO features
alternating layers of perovskite-like (WO,)* and fluorite-like
(Bi,0,)* blocks. This unique layered structure endows BWO with
distinctive physicochemical properties [25-27]. Nevertheless,
conventional BWO materials suffer from insufficient active site
exposure, significantly constraining their applications in
piezocatalysis. Regulating the thickness of materials by adding
surfactants is a common synthetic method for preparing ultrathin
materials. The addition of surfactants is a common strategy for
synthesizing ultrathin materials by regulating their thickness
[28-30]. According to the reported literature, the main categories
of surfactants used for regulating the thickness of BWO are shown
in Table S1 in the Electronic Supplementary Material (ESM).
Cetyltrimethylammonium bromide (CTAB) is a well-established
cationic surfactant featuring a molecular architecture composed of
a long  hydrophobic alkyl chain, a  hydrophilic
trimethylammonium cationic headgroup, and a Br. Owing to this
unique amphiphilic structure, CTAB tends to self-assemble into
micelles and adsorption layers in aqueous or organic solvent
systems. When Br ions were introduced in the synthesis system,
they would bond to the exposed coordinatively unsaturated Bi
atoms on the surface of BWO to terminate the dangling bonds
partly, rendering the nanosheets negatively charged. Concurrently,
the cationic CTA* species adsorbed via the bound Br ions. The
resulting Coulomb repulsion forces, combined with the steric
hindrance from the hydrophobic chains of the CTA* ions,
effectively prevented the stacking of the nanosheets [29].
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In this work, by leveraging the dual benefit of morphology
regulation in piezocatalysis, we used CTAB to synthesize two-
dimensional ultrathin BWO nanosheets, whose minimal thickness
of ~2.26 nm results from the selective adsorption of CTAB
inhibiting molecular layer stacking. This morphological control
not only increased the specific surface area by more than doubling
from 1447 to 29.15 m*g" but also enhanced the interfacial
polarization by 18.34 mV. Consequently, the effective piezoelectric
coefficient of CTAB-modified BWO rose from ~10.01 to
~2753 pm-V'. The modified catalyst, by simultaneously
increasing reactive sites and boosting piezoelectric performance,
achieves a maximum per-unit-power hydrogen production rate of
61.20 pmol-gh™-W", which is one of the highest values ever
reported. This work demonstrates a synergistic strategy of
morphology engineering to enhance the surface reactivity and
piezoelectric response, offering a new paradigm for high-
performance piezocatalysts.

2 Experimental

2.1 Chemical reagents

All materials and solvents were of analytical grade and were used
without any further purification. Sodium tungstate dihydrate
(Na,WO,2H,0, = 99.5%), methanol (MeOH, > 99.5%), and
anhydrous sodium sulfate (Na,SO,, > 99.0%) were supplied by
Shanghai Macklin Biochemical Co., Ltd. Bismuth (III) nitrate
pentahydrate (Bi(NOs);5H,0, = 99.0%) was purchased from
Sinopharm Chemical Reagent Co., Lid. Cetyltrimethylammonium
bromide (CTAB, 99.0%) was purchased from Aladdin Chemical
Reagent Co., Ltd. (Shanghai, China). Anhydrous ethanol
(C,H:OH, > 99.7%) and deionized water were obtained from
Hangzhou Mike Chemical Instrument Co., Ltd. Deionized water
was used as the solvent throughout the experiments.
Ethylenediaminetetraacetic acid (EDTA, > 99.5%) was purchased
from Tianjin Yongda Chemical Reagent Co., Ltd. Anhydrous
sodium sulfite (Na,SO;, > 97.0%) and triethanolamine (TEOA,
AR) were obtained from Hangzhou Gaojing Fine Chemical
Industry Co., Ltd. Rhodamine B (RhB, AR) was purchased from
Tianjin Kermel Chemical Reagent Co., Ltd.

2.2 Sample preparation

BWO ultrathin nanosheets were synthesized via a CTAB-assisted
hydrothermal method [31]. To synthesize CTAB-modified BWO,
0.33 g of Na,WO,2H,0 and 0.1-0.4 g of CTAB were dissolved in
50 mL of deionized water under magnetic stirring to form
Solution A, respectively. Subsequently, 0.97 g of Bi(NO;);-5H,0
was added to Solution A, and the mixture was stirred until a
homogeneous suspension (solution B) was obtained. Solution B
was then transferred to a 100 mL Teflon-lined autoclave, filled
with deionized water to two-thirds of its capacity, sealed, and
maintained at 160 °C for 24 h. The resulting precipitate was
collected, washed sequentially with anhydrous ethanol and
deionized water, and dried at 60 °C to yield the final product. For
comparison, pristine BWO was prepared following an identical
procedure without the addition of CTAB (Fig. S1 in the ESM).
Unless otherwise noted, the CTAB modification amount
throughout the textis 0.3 g.

2.3 Structural and morphological characterization

X-ray diffraction (XRD) patterns were recorded on a Shimadzu
Smart Lab-SE diffractometer (Ultima IV, Rigaku, Japan) with Cu
Ka radiation (A = 0.15406 nm), scanning from a 26 range of 20° to
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80° at 10 (°)min™". The morphology and elemental distribution of
the samples were investigated using a scanning electron
microscope (SEM; Sigma 300, Carl Zeiss, Germany) equipped
with an energy-dispersive X-ray spectrometer (EDS) for elemental
mapping. The element contents were quantitatively determined by
inductively coupled plasma spectrometry/mass spectrometry (ICP-
MS) using an Agilent 7800 instrument (USA). High-resolution
transmission electron microscopy (HRTEM) images were
acquired using a Tecnai F30 instrument (FEI, USA) to observe
lattice fringes and interplanar spacings. Aberration-corrected high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images were obtained on a 300 kV
aberration-corrected  transmission  electron  microscope
(JEMARMB300F, JEOL, Japan). Atomic force microscopy (AFM),
piezoresponse force microscopy (PFM) amplitude butterfly curves
and Kelvin probe force microscopy (KPFM) measurements were
performed using an atomic force microscope (Dimension Icon,
Bruker, Germany). X-ray photoelectron spectroscopy (XPS) was
conducted on a K-Alpha spectrometer (Thermo Fisher Scientific,
USA) to analyze the surface elemental composition and valence
states. All binding energies were calibrated using the C 1s peak at
284.8 eV as a reference. The Brunauer-Emmett-Teller (BET)
specific surface area (Sggy) was determined by N, adsorption-
desorption measurements at 77.30 K on an ASAP 2460 analyzer
(Micromeritics, USA). Before analysis, samples were degassed at
200 °C for 7 h under vacuum. To measure the dielectric constant
at room temperature, the powder sample was first pressed into a
tablet, and electrodes were applied to both surfaces. The dielectric
constant was then measured at a frequency of 1 kHz using an
Agilent 4294A precision impedance analyzer (USA). The optical
properties of the samples were investigated by ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) using a
spectrophotometer (UV-3600i Plus, Shimadzu, Japan) over the
wavelength range of 200-800 nm. E, was determined from the
Tauc plot by extrapolating the linear region of the (ahv) versus hv
plot to the energy axis (hv).

2.4 Electrochemical measurements

The working electrode was prepared by homogeneously mixing
10 mg of piezocatalyst with 20 pL ethanol and 20 pL Nafion
solution to form a paste, which was then uniformly coated onto a
1 cm’ active area of ITO glass. Electrochemical measurements
were conducted in a three-electrode system using the prepared
electrode as the working electrode, a Pt mesh (2 cm x 2 cm) as the
counter electrode, and a saturated calomel electrode (SCE) as the
reference. The electrolyte was a 0.5 M Na,SO, aqueous solution.
Mott-Schottky plots were measured at a fixed frequency of
500 Hz and an AC amplitude of 5 mV. Electrochemical
impedance spectroscopy (EIS) was recorded from 0.1 Hz to
100 kHz with an AC amplitude of 5 mV at a bias voltage of 1.2 V.
All tests were performed on an electrochemical workstation
(CHI660E, CH Instruments, China).

2.5 Piezocatalytic hydrogen production

The piezocatalytic hydrogen production experiment was
conducted as follows. First, 20 mg of the piezocatalysts was
dispersed in 15 mL of a mixed solution containing deionized
water and methanol (MeOH) (9 : 1, v/v). For comparison, the
experiments were conducted using 10 vol% triethanolamine
(TEOA), 0.1 M sodium sulfite (Na,SO;), or 01 M
ethylenediaminetetraacetic acid (EDTA) as the sacrificial agent.
The suspension was sealed in a glass bottle after purging with
argon for 10 min to remove dissolved air. The sealed reactor was
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then placed in an ultrasonic cleaner (KQ-100VDV, China) and
subjected to vibration (100 W, 45 kHz) in the dark at a controlled
temperature of ~30 °C. To evaluate the catalytic performance,
1 mL of headspace gas was sampled with a syringe and analyzed
using a gas chromatograph (GC-7820, Agilent, USA) to quantify
the produced H,. The amount of H, was calculated from its peak
area based on a calibration curve from standard gas. Each
experiment was repeated multiple times to ensure data reliability.

2.6 Piezocatalytic degradation of organic pollutants

The piezocatalytic activity of the BWO samples was evaluated by
the degradation of Rhodamine B (RhB) in an aqueous solution. In
a typical experiment, a specified dosage of catalyst (10, 25, or
50 mg) was dispersed in 50 mL of RhB solution (10 mg-L"). To
establish adsorption-desorption equilibrium, the suspension was
magnetically stirred in the dark for 30 min. Subsequently, the
reactor was placed in an ultrasonic cleaner (KQ-100VDV,
Kunshan Ultrasonic Instruments Co., Ltd., China) at 100 W and
45 kHz to initiate the catalytic reaction. 3 mL aliquots of the
suspension were withdrawn every 5 min and centrifuged to
separate the catalyst, and the resulting supernatant was analyzed
for its absorbance at ~555 nm using a spectrophotometer (UV-
2450, Shimadzu, Japan) with deionized water as the reference.
Each experiment was repeated multiple times to ensure data
reliability.

3 Results and discussion

3.1 Structural and morphological analysis

Figure 1(a) displays the XRD patterns of BWO samples
synthesized with varying surfactant contents. All samples exhibit
characteristic diffraction peaks at 28.24°, 32.88° 47.12°, 55.82°,
58.42°, 68.90°, 76.02°, and 78.34°, which correspond to the (131),
(200), (202), (133), (262), (004), (333), and (460) crystallographic
planes of orthorhombic-phase BWO (PDF#79-2381), respectively,
as supported by prior studies [25]. Notably, no impurity peaks are
detected. The introduction of CTAB results in significant
attenuation and broadening of the main diffraction peaks, a
phenomenon primarily attributed to reduced crystallinity and
grain refinement [31]. XRD characterizes the long-range ordered
structure of the crystalline bulk phase, while the bonding between
surface dangling bonds on BWO and Br ions from CTAB is
confined to the top few atomic layers. Consequently, this surface
interaction exerts no detectable influence on the bulk lattice, and
thus, no shift in XRD peak positions is observed (Fig. 1(b)). SEM
micrographs reveal that while both BWO samples form fluffy,
sheet-like aggregates, CTAB-modified BWO exhibits a
significantly more uniform and flatter ultrathin nanosheet
morphology than pristine BWO (Figs. 1(c) and 1(d)). This distinct
contrast underscores the pivotal role of CTAB as a structure-
directing agent, which governs nanosheet growth to yield well-
defined nanostructures. The corresponding EDS elemental
mapping analysis confirms the homogeneous distribution of Bi,
W, O, and Br across the CTAB-modified BWO nanosheets
(Figs. 1(e)-1(h)). The detection of Br confirms that CTAB was
successfully incorporated into the BWO samples during synthesis
and was uniformly distributed throughout the nanosheets. The
successful incorporation of Br into BWO was also confirmed by
ICP-MS (Fig. 1(i) and Table S2 in the ESM). As shown in Fig. 1(j),
TEM characterization reveals a nearly transparent, two-
dimensional, planar ultrathin nanosheet morphology for CTAB-
modified BWO. The HRTEM image further displays distinct
lattice fringes with a d-spacing of 0.32 nm, indexed to the (131)
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Fig.1 (a) X-ray diffraction (XRD) patterns and (b) partially enlarged XRD patterns. (c, d) Scanning electron microscopy (SEM) images of BWO before and after CTAB
modification. (e-h) Energy-dispersive X-ray spectrometer (EDS) elemental mapping analysis of Bi, W, O, and Br. The inset is the corresponding SEM image.
(i) Elemental contents in BWO before and after CTAB modification, as determined by inductively coupled plasma spectrometry/mass spectrometry (ICP-MS). (j) High-
resolution transmission electron microscopy (HRTEM) images. (k) Aberration-corrected scanning transmission electron microscopy (STEM) image of BWO after
CTAB modification. The inset image denotes the structure model. (1) Enlarged view of the structure model. (m) Atomic force microscopy (AFM) and the corresponding

thickness of CTAB-modified BWO.

plane of orthorhombic BWO, confirming the preservation of
crystalline integrity after modification (the inset of Fig. 1(j)). The
aberration-corrected HAADF-STEM image of the CTAB-
modified BWO sample is displayed in Fig. 1(k). In this image, the
dark gray spots correspond to the Bi atomic columns (Z = 83,
where Z is the atomic number), while the light gray spots
represent the W columns (Z = 74). Notably, Br atoms are not
detected in the STEM image. This observation confirms that
because bonding occurs on the surface, Br neither substitutes for
any atoms in the BWO lattice nor resides in interstitial sites. The
corresponding structure model, shown in the inset of Fig. 1(k),
aligns well with the observed STEM image, and a magnified
version of this model is provided in Fig. 1(l). AFM images and
corresponding height profiles reveal that the CTAB-modified
BWO nanosheets have a minimum thickness of approximately
2.26 nm (Fig. 1(m)). The thinner structure can shorten the charge
migration distance from the bulk phase to the surface, thereby
effectively reducing the recombination rate.

The surface elemental composition and electronic states of the
prepared samples were analyzed by XPS spectroscopy (Figs. 2(a)-
2(e)). Apart from the characteristic peaks corresponding to Bi, W,
O, C, and Br, no additional elemental peaks are observed
(Fig. 2(a)). Compared to BWO without CTAB modification,
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nearly all elemental peaks of CTAB-modified BWO exhibit shifts
toward lower binding energies (Figs. 2(b)-2(d)). A decrease in
XPS binding energy typically indicates an increase in the electron
cloud density of the outer atomic orbitals of the material. This
phenomenon suggests weakened nuclear attraction to the
outermost electrons, thereby facilitating electron participation in
catalytic reactions [32]. For semiconductor materials, lowered XPS
binding energy modifies their band structure. Specifically, the
downward shift in binding energy induces an upward
displacement of the valence band maximum in BWO materials,
thereby altering their E,. This conclusion is further corroborated
by subsequent UV-vis DRS characterization analyses. To confirm
the presence of Br in CTAB-modified BWO nanosheets, the Br 3d
XPS spectra of BWO are presented in Fig. 2(e). The modified
sample exhibits a distinct Br 3d signal within a specific energy
range, featuring a prominent peak centered at ~67.2 eV.
Conversely, this characteristic peak is absent in pristine BWO. The
presence of such a strong Br 3d peak indicates that Br ions from
CTAB are bonded to the surface Bi atoms of the Bi,WOq
nanosheets [29]. To enhance catalytic activity, increasing the
surface area of the materials is a well-established strategy for
providing ~ more active  sites. Accordingly, N,
adsorption—desorption isotherms were measured to evaluate the
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Fig.2 (a) X-ray photoelectron spectroscopy (XPS) survey spectra of BWO before and after CTAB modification. High-resolution XPS spectra of (b) Bi 4f, (c) W 4f,

(d) O 1s,and (e) Br 3d. (f) Sy analysis of BWO before and after CTAB modification.

effect of CTAB modification. As shown in Fig. 2(f), the Sggy of the
CTAB-modified BWO (29.15 m*g™) is more than twice that of
the pristine BWO (14.47 m*g™). This significant increase in Sggy
likely contributes to the enhanced piezocatalytic activity by
exposing more active sites and providing greater interfaces for
charge-reactant interactions.

3.2 Piezoelectric performance

As piezoelectric performance is a critical determinant of
piezocatalytic activity, PFM was conducted to assess the effect of
CTAB modification. In the amplitude image (Fig. 3(a)) and phase
image (Fig. 3(d)) of PFM, pristine BWO exhibits distinct
amplitude contrast and phase variation, with a corresponding
average amplitude value of ~50 pm (Fig. 3(c)). Notably, CTAB-
modified BWO nanosheets demonstrate a higher contrast of
amplitude (Fig. 3(b)) and phase image (Fig. 3(e)), with a
corresponding average amplitude value of ~130 pm (Fig. 3(c)).
The phase angle distribution curve of pristine BWO is between
—80° and 100°, while that of CTAB-modified BWO nanosheets is
more convergent from —50° to 50° (Fig. 3(f)). A narrower phase
distribution indicates a higher degree of orientation of the local
polarization direction [33—-35]. The local piezoelectric hysteresis
loops of BWO before and after CTAB modification are shown in
Figs. 3(g) and 3(h). Both phase angles in the local hysteresis loop
exhibit an ~170° change under the reversal of the 10 V DC bias
field, which confirms the piezoelectric response of BWO. As
presented in the typical amplitude-voltage butterfly loops, the
maximum amplitudes of BWO before and after CTAB
modification are 443.13 and 725.03 pm, respectively (Figs. 3(g)
and 3(h)). As shown in the PFM amplitude curves in Fig. 3(i), the
effective piezoelectric coefficient (d*;;) values of BWO before and
after CTAB modification are calculated as ~10.01 and
~2753 pm-V7, respectively. These findings demonstrate that
CTAB modification substantially optimizes the piezoelectric
properties.

https://doi.org/10.26599/JAC.2026.9221255

To elucidate the mechanism behind the CTAB-induced
piezoelectric enhancement in BWO, KPFM was employed to
measure the contact potential difference (CPD). The CTAB-
modified BWO exhibited a CPD approximately 18.34 mV higher
than that of the pristine sample (Figs. 4(a)-4(c)), a result
indicative of greater free space charge adsorption [36-38].
Reducing the material thickness increases the relative volume of
the interface layer, making interfacial polarization dominant.
Additionally, Br ions from CTAB form a passivation layer, which
increases the dielectric constant from 32.60 to 37.76 for BWO
before and after CTAB modification (Fig. S2 in the ESM) [39,40].
Thinner materials also promote a nonuniform space charge
distribution, which enhances the local internal electric field. This
built-in field lowers the energy barrier for domain inversion,
facilitating polarization reversal and significantly boosting the
piezoelectric coefficient [41-44].

To evaluate the impact of CTAB modification on carrier
separation and transfer efficiency, Mott-Schottky curves and EIS
of BWO before and after CTAB modification were investigated
(Figs. 4(d)-4(i)). The carrier concentration (N;) was determined
from Eq. (1) [8]:

(2 ey
Na = (eoeoe) (d dv ) (1)

where e, &, €, C, and V correspond to the electronic charge unit,
vacuum permittivity, dielectric constant of the material,
capacitance, and voltage, respectively. Thus, the Ny values for the
materials under both vibrational and nonvibrational conditions
were calculated. The application of ultrasonic mechanical
vibration provides a driving force that enhances piezoelectric
charge separation and initiates the piezocatalytic reaction. The Ny
of the pristine BWO without any vibration is Ny = 4.31x10* cm’.
After CTAB modification, the N; of CTAB-modified BWO
increases to Ny =~ 8.17x10” cm®. CTAB acts as a morphology-
controlling agent, using selective adsorption to suppress the
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growth in thickness and form a two-dimensional structure of
BWO. This ultrathin architecture shortens the carrier migration
distance, effectively inhibiting bulk recombination and leading to
a higher Ng. When subjected to ultrasonic vibrations, the Ny of
both materials increases significantly. Specifically, the Ny values for
pristine BWO and CTAB-modified BWO increase to Ny =
5.22x10” cm’ and Ny = 9.70x10” cn’, respectively, representing a
1.86-fold increase (Fig. 4(f)). Moreover, the changes in carrier
concentration induced by vibration (ANy = Ny (with vibration) —
N; (without vibration)) are quantified as 0.91x10* cm™ for
pristine BWO and 1.53x10® cm™ for the modified sample
(Fig. 4(g)). The large AN, value for CTAB-modified BWO
indicates that its enhanced piezoelectric response leads to a greater
generation of carriers upon vibrational stimulation compared to
pristine BWO. This increase in carrier concentration directly
contributes to the probability of redox reactions, thereby
amplifying the effect of the improved piezoelectric coefficient.

The above results can be further confirmed by EIS
measurements with or without ultrasonic vibration. The
semicircular arcs in the Nyquist plots reflect the charge transfer
kinetics at the electrode interface [45]. As shown in Figs. 4(h) and
4(i), CTAB-modified BWO exhibits a smaller impedance arc
radius than pristine BWO, which corresponds to a lower
interfacial resistance and higher charge transfer efficiency. When
exposed to ultrasonic vibrations, the impedance arc radius of both
materials is reduced, indicating that their charge transfer efficiency
has been further enhanced. Notably, CTAB-modified BWO
exhibits a more significant reduction in the impedance arc radius,
indicating that the built-in electric field generated by piezoelectric
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polarization serves as the dominant mechanism responsible for
the significant reduction in charge transfer impedance under
ultrasonic conditions, whereas the contribution of mechanical
vibration to mass transfer enhancement is relatively secondary
[46].

3.3 Piezocatalytic activity and mechanism

In piezocatalytic water splitting, the efficiency of hydrogen
evolution is often limited by charge recombination. Hole sacrificial
agents, such as MeOH [26], TEOA [25], EDTA [47], Na,S and
Na,SO; [48], are used to consume positive charges and enhance
efficiency. For comparison, the experiments were conducted using
TEOA, Na,SOs, or EDTA as the sacrificial agent (Fig. 5(a)). The
results show that MeOH yields the highest average hydrogen
evolution efficiency, followed by Na,SO;, while EDTA and TEOA
exhibit comparable, lower performance. To investigate the effect
of CTAB content on the piezocatalytic performance of BWO for
water splitting, we tested samples with 0-04 g of CTAB
(Fig. 5(b)). The average piezocatalytic hydrogen production
rate initially increases with the addition of CTAB from
54.24 pmol-g™h™ for the pristine BWO to 553.50 umol-g™-h™ for
the 0.3 g CTAB-modified BWO, which is an enhancement of
~10.2 times. The piezocatalytic activity is not solely determined by
the piezoelectric coefficient but is jointly governed by factors such
as carrier concentration, carrier separation efficiency, and specific
surface area [10,49]. In addition, further increasing the CTAB
amount led to a decline in performance, likely due to excessive
CTAB accumulation on the catalyst surface, which blocked active
reaction sites [50]. To optimize the piezocatalytic hydrogen
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evolution performance, both pristine and CTAB-modified BWO
samples were subjected to ultrasonic treatment in suspension (see
experimental schematic in Fig. S3 in the ESM). The hydrogen
production rates exhibit a near-linear relationship with the
vibration time (Fig. 5(c)). Notably, CTAB-modified BWO
achieved an average rate of 6120.31 umolg™h”, a significant
improvement over the 4049.72 pmol-g™h™ for unmodified BWO
(Fig. 5(d)). Ultrasonic irradiation generates intense cavitation
effects and microjets in the liquid suspension. This physical force
helps to effectively exfoliate the catalyst agglomerates and improve
the dispersion of the nanosheets. Consequently, this leads to
increased effective surface area utilization and shortened reactant
diffusion paths, thereby jointly optimizing the interfacial charge
transfer kinetics and enhancing the hydrogen evolution rate [45].
The per-unit-power hydrogen production rate reaches 61.20 umol
g h™“W, representing one of the highest values reported to date
(Fig. 5(e) and Table S3 in the ESM).

The enhancement of the piezocatalytic performance of BWO
mediated by CTAB was further reflected in the degradation
efficiency of the RhB dye solution. The piezocatalytic degradation
of RhB is significantly enhanced by CTAB modification. After a
30-min dark adsorption period, CTAB-modified BWO achieved
89.77% degradation, far surpassing the 20.02% for pristine BWO,
representing an overall performance improvement of ~4.5 times
(Figs. S4(a)-S4(c) in the ESM). This is attributed to the Br-

https://doi.org/10.26599/JAC.2026.9221255

modified structure promoting stronger RhB* adsorption and the
larger surface area and enhanced piezoelectricity of the
nanosheets, which provide more active sites and improve charge
separation. The catalyst dosage was also optimized, with 25 mg
identified as the ideal amount. Higher dosages (e.g., 50 mg) reduce
efficiency due to particle aggregation, which decreases the surface
area and blocks active sites (Figs. S5(a)-S5(d) in the ESM).

Mott-Schottky analysis was used to determine the flat-band
potential (E;) of the materials (Figs. 4(d) and 4(e)). Both the
pristine and CTAB-modified BWO exhibit a flat-band potential of
—-0.85 V vs. SCE. After converting to the reversible hydrogen
electrode (RHE) scale using Eq. (2) (pH = 6.8) [45]:

Eﬂ RHE = Ef, SCE T+ (00591 X pH -+ 024) \Y% (2)

The Eggyi; for both samples are calculated to be —0.21 V. The
positive slopes of the curves confirm the n-type semiconducting
nature of BWO. For n-type semiconductors, the conduction band
(CB) minimum is typically ~0.3 V more negative than the flat-
band potential [26,51]. Accordingly, the CB potential for both
samples was determined to be —-0.51 V vs. RHE. Figure 5(f)
displays the UV-vis DRS spectra of BWO nanosheets with and
without CTAB modification. No significant differences are
observed between the spectra of BWO nanosheets with varying
thicknesses. The corresponding E,, determined from Tauc plots, is
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3.08 eV for pristine BWO and 3.02 eV for CTAB-modified BWO
(Fig. 5(g)). This bandgap narrowing is attributed to an upward
shift in the valence band maximum induced by Br surface
modification [29,31]. The reversible hydrogen electrode (RHE,
pH = 6.8) for H/H, (pH = 7.0) is approximately —0.01 V,
confirming the thermodynamic feasibility for hydrogen evolution.
By combining the CB level and E, the valence band (VB)
potentials of BWO and CTAB-modified BWO are calculated to be
2.57 and 2.51 V, respectively.

The mechanism diagram of piezocatalytic hydrogen evolution
of CTAB-modified BWO is shown in Fig. 5(h). The activation of
the piezoelectric effect and polarization fields induces significant
band bending through the redistribution of electronic potentials
[52]. CTAB modification optimizes the interfacial polarization of
BWO, which further enhances its piezoelectric response. This
results in a greater degree of band tilting (AV, > AV)), creating a
stronger built-in electric field and thus a more powerful driving
force for charge separation [53]. Under ultrasonic vibration, the
piezoelectric effect induces a dynamic polarization within the
material, generating separated positive charges (q°) and negative
charges (q") on opposite surfaces (Reaction (3)):

wCTAB-BWO % wCTAB-BWO +q* +q (3)

Driven by the resulting built-in electric field, these piezo-
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induced charges migrate to participate in redox reactions. Here,
MeOH serves as a hole scavenger, consuming the positive charges
(q) to produce protons (H?) and hydroxymethyl radical
intermediates (-CH,OH). Concurrently, the negative charges (q)
reduce these protons at the active sites, ultimately forming H,
(Reaction (4)):

2H" +2q — H, (4)

Energy band theory draws on the mature photocatalytic system,
in which the energy band structure and electronic state of the
piezocatalyst are the key factors determining the piezocatalytic
activity [52]. Unlike band theory, the mechanism of the screening
charge effect highlights the dominant role of the piezoelectric
potential and its associated surface screening behavior in
piezoelectric materials [54]. While both the energy band theory
and the screening charge theory offer plausible explanations for
various piezocatalytic processes based on their respective
experimental observations, the precise reaction mechanism
remains a subject of debate. A limitation of the energy band
theory is that not all piezoelectric materials possess an appropriate
energy band structure conducive to catalysis. Regarding the
screening charge theory, it is argued that electrons accumulated
on the surface of piezoelectric materials via the piezoelectric effect
may not spontaneously participate in catalytic reactions [55].
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Overall, these mechanisms clarify the complex interactions that
affect the efficiency of piezocatalytic reactions.

As a ferro-/pyroelectric material, BWO has been successfully
applied in pyro-catalytic carbon dioxide reduction by harvesting
cold-hot alternation energy (15-70 °C), achieving a final
methanol yield of 55.0 umol-g™ after 20 thermal cycles with
heating and cooling rates of 11 °C min™ [56]. To isolate the
piezocatalytic effect, the reaction temperature was monitored. As
shown in Fig. S6 in the ESM, even without active cooling, the bulk
solution temperature gradually increases from 30 °C to only 35 °C
within 12.5 min, corresponding to a heating rate of merely
0.4 °C:min™. Given the minimal temperature fluctuation (AT) and
slow rate of change (d7/dt), the pyroelectric effect is insufficient to
generate a detectable pyro-current or significant catalytic yield
[49]. Since piezocatalysis is exerted through ultrasonic vibration,
friction and bending forces are inevitable. Among them,
flexoelectricity induces polarization via strain gradients to drive
catalysis, extending mechanocatalysis beyond piezoelectric
materials [10,57-59]. Tribocatalysis utilizes friction-generated
charges and interfaces to accelerate reactions and applies to a wide
range of materials [60—65]. Since the catalyst we used was a
piezoelectric material with an asymmetric center, we attribute the
primary catalytic effect to the piezoelectric effect.

4 Conclusions

In this work, two-dimensional ultrathin BWO nanosheets with a
minimal thickness of ~2.26 nm were controllably synthesized
using CTAB-assisted hydrothermal synthesis, and their
piezocatalytic properties were analyzed. The specific surface area
more than doubled, increasing from 14.47 to 29.15 m*g™, and the
interfacial polarization was significantly enhanced by 18.34 mV.
Consequently, the effective piezoelectric coefficient of CTAB-
modified BWO rose from ~10.01 to ~27.53 pm-V". The CTAB-
modified BWO, by simultaneously increasing reactive sites and
boosting piezoelectric performance, achieves a maximum per-unit-
power hydrogen production rate of 61.20 pmol-g™-h™-W~, which
is one of the highest values ever reported. This work demonstrates
a synergistic strategy of morphology engineering to enhance the
surface reactivity and piezoelectric response, offering a new
paradigm for high-performance piezocatalysts.
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