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Tin chloride metal salt modified carbon nitride for efficient
hydrogen and hydrogen peroxide production from pure
water via piezocatalysis

Using a molten SnCl, salt strategy, defect-engineered
carbon nitride/Sn composites were developed for efficient
piezocatalytic hydrogen and hydrogen peroxide production
directly from pure water under ultrasonication, without
sacrificial agents or noble metals.
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Piezocatalysis presents a sustainable and energy-efficient method for producing hydrogen (H,) and
hydrogen peroxide (H,O,), utilizing mechanical energy to drive chemical reactions without the need for
external power sources or harmful chemicals. In this study, we used a one-pot synthetic method to
modify graphitic carbon nitride (g-CsN4). The obtained catalysts showed enhanced H, and H,O,
production from pure water without any co-catalysts or sacrificial agents via piezocatalysis. In the cost-
effective synthetic method, a metal oxide/g-CsN, composite structure was constructed through the
molten salt method. During thermal pyrolysis, non-noble metal-based SnCl, provided a molten medium
to facilitate the exfoliation of the g-CzN4 layer. The oxidation of SnCl, and its interaction with g-CzN4
promoted the formation of g-CsN4/Sn-based composites. The synergistic interaction between
exfoliated, defect-rich g-CsN4 and non-piezoelectrically active Sn species leads to a significant
enhancement of the piezoelectric effect compared to pristine g-CsN4. Notably, the g-C3N,4/Sn-based
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Accepted 26th January 2026 composites achieved superior H, (3846.46 umol g~ h™") and H,O, (999.11 umol g~ h™) production
rates from pure water. This work provides new insights into the structural and compositional modulation

DOI: 10.1039/d5ta07919¢ of g-CsN4 without the use of any noble metals and paves the way for further piezocatalytic research
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Introduction

Hydrogen (H,), with its high energy density and clean
combustion that yields only water, represents a promising
alternative for mitigating CO, emissions. As a result, the
production of H from water has become a key objective in the
pursuit of low-carbon energy technologies." In parallel,
hydrogen peroxide (H,O,) is a widely used green oxidant in
synthesis, disinfection, and bleaching. It has also gained
attention as a potential fuel cell energy carrier. Direct synthesis
of H,0, from oxygen and water has attracted significant atten-
tion for its simplicity, safety, and lower energy demands.> Given
the environmental and practical benefits of both H, and H,0,,
as well as the inherent sustainability of using water as a feed-
stock, there is growing interest in developing green and efficient
methods for their production. In particular, strategies that
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using two-dimensional carbon nitride materials.

enable the generation of H, or H,O, from water under mild
conditions, without the use of noble metals or hazardous
reagents, are highly desirable for advancing sustainable energy
and chemical manufacturing.

The piezocatalytic properties of dielectric materials have
recently attracted attention as a novel approach to energy
conversion.>* When subjected to mechanical vibration, these
materials generate an internal electric field due to their non-
centrosymmetric crystal structures, which drives the separation
of electrons and holes and enables catalytic activity. In 2010, Xu
and co-workers first demonstrated piezocatalytic water splitting,*
showing that ZnO microfibers and BaTiO; microdendrites
dispersed in water under ultrasonication could produce H, and
0,.*> Unlike conventional systems that rely on metal redox reac-
tions, these piezocatalysts generate strain-induced charge
carriers without undergoing chemical changes.® Since then,
researchers have been rigorously expanding this field by focusing
either on piezocatalyst design or on combining piezocatalysis
with other catalytic techniques. In terms of catalyst design, most
studies have concentrated on the following types of piezoelectric
materials, such as ZnO,’ perovskites,® two-dimensional transition
metal sulfides/selenides,” layered bismuth-based piezoelectrics,®
and their composites.®*® With respect to catalytic reactions, most
researchers have focused on piezo-assisted photocatalysis.'"*
Great improvement has been achieved in this field.** However,
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the efficiency of pure piezoelectric water splitting for H,
production remains much lower than that of established
methods like photocatalysis.™ To realize the full potential of this
approach, further advancements are needed in the design and
development of materials with enhanced piezoelectric properties
and catalytic performance under mechanical vibration.
Graphitic carbon nitride (g-C3;N,), a metal-free polymeric
material composed primarily of earth-abundant carbon and
nitrogen, has attracted growing interest in piezocatalytic
applications. This interest stems from its inherent flexoelec-
tricity and the presence of nanoscale, triangular-shaped, non-
centrosymmetric holes that contribute to its piezoelectric
behavior.” Moreover, the conjugated ring structure of g-C;N,
provides abundant pyridinic nitrogen sites, which have been
identified as active centers for oxygen adsorption and activa-
tion."*"” In 2019, Wang and co-workers reported the first
example of H,0, production from water and oxygen via piezo-
catalysis using g-C;N,, achieving a rate of 34 pmol h™" at an
ultrasonic frequency of 53 kHz without the use of scavengers."®
2-C3N, exhibits inherently lower piezoelectric efficiency
compared to conventional metal-based dielectric materials.
Structural modification through the introduction of carbon and
nitrogen vacancies has been proposed as a strategy to disrupt
symmetry in the g-C;N, lattice, thereby enhancing its piezo-
electric response. However, the observed enhancement remains
limited, and current modification strategies are largely
restricted to liquid-phase or thermal exfoliation methods.*
Molten salt methods have been extensively employed to
modify carbon-based materials, particularly in applications
such as gas adsorption and energy storage.”® These salt melts
provide a liquid media that facilitate the condensation and
aromatization of organic precursors at temperatures beyond the
capabilities of conventional solvents. Additionally, molten salts
can function as structure-directing or templating agents,
enabling fine-tuning of the microstructure across a wider range
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of conditions.* In contrast to thermally polycondensed melon-
type carbon nitride, which is typically amorphous or poorly
crystalline, molten salts enhance mass and energy transport
during thermal treatment, thereby promoting more efficient
recondensation processes.”” Recently, Odziomek and co-
workers introduced SnCl, as a non-innocent molten salt
medium for synthesizing nanoporous carbons.* With its low
melting point, SnCl, serves as a solvent, significantly influ-
encing the development of porosity in the resulting materials.

In this study, we combined the unique properties of g-C;N,
with the advantages of the SnCl,-based molten salt method to
synthesize a one-pot modified g-C;N, composite anchored with
Sn-based species. To the best of our knowledge, this work is the
first to report the use of reactive SnCl, salt methods to modify g-
C;N, to enhance its piezoelectric effect for catalytic applications.
During the thermal pyrolysis process, SnCl, acts similarly to
conventional molten salt methods, promoting the exfoliation of
¢-C;3N, layers. Additionally, the oxidation of SnCl, and its inter-
action with g-C3;N, facilitate the formation of g-C;N,/Sn-based
composites. These composites exhibit a significantly enhanced
piezoelectricity compared to pure g-C3N,. Notably, the g-C;N,/Sn-
based composites demonstrate superior H, and H,O, production
rates from pure water. This work provides valuable insights into
the structural and compositional modulation of g-C;N, and may
inspire further studies on piezocatalytic applications of two-
dimensional carbon nitride-based materials.

Results and discussion
Morphology and structure

As illustrated in Fig. 1a, carbon nitride-metal oxide composites
were synthesized via a thermal treatment process involving the
mixing of melamine with SnCl, salt, followed by calcination at
500 °C. Depending on the atmosphere employed during
thermal treatment, two different samples were obtained: M-

s N:
‘1? 500°C
a0 e

M-0.55n M-0.55n-N,

Fig. 1
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(a) Illustration of the sample preparation process; The SEM and TEM (insert) morphologies of (b) M, (c) M-0.5Sn, and (d) M-0.55n—N5.
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0.5Sn (air atmosphere) and M-0.5Sn-N,, (nitrogen atmosphere).
For comparison, pristine g-C3;N, (denoted as M) was also
prepared in the absence of SnCl,. Detailed synthesis procedures
are provided in the Experimental section. The morphologies of
the resulting samples were characterized using scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM), as shown in Fig. 1 and S1. Pristine g2-C;N, (M) exhibited
a bulk, layered structure (Fig. 1b). In contrast, both M-0.5Sn
(Fig. 1c¢) and M-0.5Sn-N, (Fig. 1d) displayed significantly
thinner, exfoliated nanosheet structures. This suggests that
SnCl, facilitates the exfoliation of g-C3N, during pyrolysis,
leading to a marked reduction in layer thickness. In samples
treated under air (M-0.5Sn), small particles were observed on
the surface of the exfoliated sheets (Fig. 1c). The EDS results
confirm the presence of C, N, O, and Sn elements. The Sn
element is mainly distributed within Sn-containing nano-
particles (Fig. S1), which are anchored on the surface of the g-
C;N, nanosheets, consistent with the TEM image shown in
Fig. 1c (inset). Both the quantity and agglomeration of these
particles increased with higher SnCl, loading (Fig. Sla-d). In
contrast, the sample prepared under a nitrogen atmosphere (M-
0.5Sn-N,) maintained an exfoliated morphology but showed no
detectable particle formation (Fig. 1d), suggesting that metal
particles are formed only under oxidative conditions.

An additional sample (M-0.5KSn) was synthesized using
a KCI-SnCl, mixture instead of SnCl, alone to further investi-
gate the role of metal salt composition. As shown in Fig. S2e and
f, M-0.5KSn also exhibited an exfoliated morphology relative to
pristine g-C;N,, but the layers were thicker compared to M-
0.5Sn. This indicates that the KCI-SnCl, mixture has a weaker
exfoliating effect and may also suppress the oxidation of metal
salts to some extent. This can be explained by the formation of
compounds in the system KCI-SnCl,. Elemental compositions
of the samples were analyzed via inductively coupled plasma
(ICP) spectroscopy. As summarized in Table S1, samples treated
under air contained significant amounts of residual Sn, whereas
M-0.5Sn-N, showed only trace levels. These results can be
explained as follows. Under an N, atmosphere, no oxidation
occurs, and the molten salt acts solely as an exfoliating
medium, converting melamine into g-C;N,4. Most of the SnCl, is
removed during the subsequent acid washing step. In contrast,
under air, SnCl, not only serves as a molten medium to promote
melamine decomposition and exfoliation but is also oxidized to
form Sn-based oxides. These Sn-based nanoparticles cannot be
readily removed by the 1 M HCI solution used in the experi-
mental procedure, leading to the formation of Sn-based/g-C;N,
composites.

The crystal structures of the samples were characterized by X-
ray diffraction (XRD). As shown in Fig. 2a, the pristine g-C;N,
sample (M) exhibits two characteristic diffraction peaks at 26 =
13.1° and 27.3°. The weak peak at 13.1° corresponds to the in-
plane structural packing of the tri-s-triazine units, indexed as
the (100) reflection, while the strong peak at 27.3° is attributed to
the interlayer stacking of conjugated aromatic systems, corre-
sponding to the (002) reflection typically observed in graphitic
materials. These features are consistent with the known crystal
structure of g-C3N,.>* In the case of M-0.5Sn-N,, both peaks are

This journal is © The Royal Society of Chemistry 2026
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present but with significantly reduced intensity, particularly for
the (100) reflection, suggesting a loss of in-plane structural order
due to increased distortion of the heptazine framework. Addi-
tionally, a slight shift of the (002) peak to higher angles was
observed, indicating a reduction in interlayer spacing in the
remaining crystallites, likely due to enhanced interlayer interac-
tions or compression of the graphitic layers.**” Notably, no
additional diffraction peaks corresponding to Sn-containing
phases were detected, suggesting the absence of crystalline Sn-
based species. This observation is consistent with the SEM
(Fig. 1d) and ICP (Table S1) results, which show no evidence of
residual metal particles or significant Sn content in M-0.5Sn-N,.

The XRD pattern of M-0.5Sn shows the disappearance of the
characteristic g-C;N, peaks at 13.1° and 27.3°, which is not only
due to the exfoliation effect but can also be attributed to the
emergence of new sharp peaks. These sharp peaks correspond to
Sn;0,4, SnO,, and unreacted SnCl, (Fig. S3). The presence of
Sn;0, and SnO, indicates that SnCl, underwent partial oxidation
during calcination under an air atmosphere, while the residual
SnCl, likely results from incomplete oxidation and its limited
solubility, which hinders complete removal during post-synthesis
washing.”®*® For the M-0.5KSn sample, no diffraction peaks
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Fig. 2 (a) XRD patterns and (b) FTIR patterns of the samples.
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corresponding to KCI were observed (Fig. S4a), suggesting that
the interaction with g-C;N, primarily involves Sn-containing
species rather than KCl. Furthermore, reducing the SnCl,-to-
melamine ratio in the precursor mixture led to a decrease in
the intensity and number of Sn-related peaks (Fig. S5a), consis-
tent with the lower SnCl, content in the reaction system.

The Fourier transform infrared (FT-IR) spectra offered valu-
able insights into the chemical structures of the various
samples (Fig. 2b). All samples displayed characteristic vibra-
tional bands near 800 cm™ " and within the 1200-1700 cm "
range, which are associated with the stretching vibrations of tri-
s-triazine rings and C-N heterocycles, respectively.*® Notably,
the intensity of the band around 800 cm ' was significantly
reduced in the SnCl,-treated samples compared to M, indi-
cating a higher degree of structural disorder or defects within
the carbon nitride framework. A distinct absorption peak at
approximately 2180 c¢cm™' corresponding to the stretching
vibration of cyanide (-C=N) groups was observed in M-0.5Sn
(Fig. 2b) as well as in other samples subjected to oxidative
treatment (Fig. S4b and S5b). The presence of this peak is
indicative of terminal ~-C=N groups resulting from incomplete
condensation, and it reflects an increased level of structural
defects.® Broad absorption bands in the 2900-3600 cm ™’
region were clearly visible in sample M, which can be attributed
to surface-NH, functionalities and physically adsorbed water

(@) C1s
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molecules. In M-0.5Sn and M-0.5Sn-N,, the bands within the
1200-1700 cm ™' region exhibited slight shifts relative to M,
likely due to strong interactions between Sn-based species and
aromatic C-N structures. The SnCl,-treated samples showed
new peaks (Fig. 2b and S5b) in the 570-700 cm ™" region, which
are assigned to Sn—O-Sn stretching vibrations. In contrast, M-
0.5Sn-N, exhibited only a weak single peak in this region,
suggesting a significantly lower content of residual Sn species.
This observation is consistent with other characterizations,
including XRD, SEM, and ICP analyses.

X-ray photoelectron spectroscopy (XPS) was performed to
further confirm the structures of the samples (Fig. 3). The survey
spectrum (Fig. 3f) confirms the presence of O, N, and C elements
in all three samples, with Sn as an additional element in M-0.5Sn.
It should be noted that additional minor peaks are observed for
the M-0.5Sn-N, sample, which can also be attributed to Sn-related
signals (Fig. 3f). However, these peaks are generally not suitable for
quantitative analysis or for distinguishing the chemical states of
Sn, as they exhibit relatively weak intensities and small chemical
shifts among different Sn oxidation states. Moreover, they are
often affected by overlapping Auger features or background
contributions. Fig. 3a shows the high-resolution C 1s spectra of the
samples. Four peaks at a binding energy of 284.9, 286.5, 288.2, and
293.6 €V are assigned to C=C(C-C), -C=N, N=C-N, and 7 exci-
tation of heptazine rings, respectively.”* We calculated the relative

M-0.5Sn

M-0.5Sn-N, / /\/\\ M-0.5Sn-N, //L M9§§£ N2 J;Q:”D’ .‘H"E
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Fig. 3 High-resolution XPS spectra of (a) C 1s, (b) N 1s, and (c) O 1s for M, M-0.5Sn, and M-0.5Sn-N,. (d) The peak intensity ratios of different N-
containing bonds: data derived from (a). (e) High-resolution XPS spectra of Sn 3d, and (f) survey scan of all the samples.
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peak intensity ratios to show the structure variations in different
samples. As quantified in Fig. 3d, M shows the lowest ratio of the
C=C(C-C) peak and the -C=N peak, whereas M-0.5Sn shows the
highest ratio for these two peaks among the three samples. The
relative intensity of these two peaks indicates the degree of defect
in the carbon nitride framework. These results prove that the
oxidation of metal salts during sample preparation introduces
more defects into the carbon nitride framework, which is well
aligned with the FTIR analysis. Fig. 3b shows the high-resolution N
1 s spectra. The binding energies centered at 398.7, 400.1, and
401.2 eV can be ascribed to the C-N=C, N-(C);, N-H, and =
excitation of heptazine rings, respectively.*** While the binding
energy of various N species in metal salt-treated samples remains
largely unchanged compared to M, the relative peak intensity
ratios of N-(C); and N-H increase and decrease, respectively. This
variation in the chemical environment is attributed to the modi-
fication induced by the Sn species. Fig. 3c shows the high-
resolution O 1s spectra. One extra peak assigned to O-Sn was
detected in M-0.5Sn compared to M and M-0.5Sn-N,. Fig. 3e
presents the high-resolution XPS spectra of Sn 3d, in which two
distinct peaks are clearly attributed to Sn**/Sn** species.®** The
intensity of the Sn 3d peaks increases markedly when the samples
are prepared under an oxidative atmosphere, consistent with the
observations from SEM, XRD, and FTIR analyses.

Piezocatalytic performance

To investigate the role of Sn species in enhancing piezocatalytic
activity, the piezocatalytic water splitting performance of

View Article Online

Journal of Materials Chemistry A

various samples was evaluated in an ultrasonication bath (80 W,
40 kHz) without the use of any sacrificial agents or cocatalysts.
As shown in Fig. 4a, the amount of H, produced increased
progressively with ultrasonication time within each cycle.
Moreover, M-0.5Sn demonstrated excellent stability over four
consecutive cycles. The good stability of this catalyst was further
confirmed by the negligible changes in its chemical structure
before and after the reaction, as evidenced by the FTIR
(Fig. S6a), XRD (Fig. S6b), and XPS (Fig. S7) results. Among the
tested samples, M-0.5Sn exhibited the highest H, production
rate, achieving 3846.46 umol g~ ' within one hour of ultra-
sonication: approximately 12 times greater than that of M
(328.73 pmol g~ ') and about 8 times greater than that of M-
0.5Sn-N, (456.79 umol g~') (Fig. 4b). Although the exfoliation
effect induced by SnCl, led to a significant reduction in the
thickness of the g-C3;N, layers, sample M showed only
a marginal increase in H, production. This indicates that the
mere thinning of the g-C;N, layers does not substantially
enhance piezocatalytic performance. To further elucidate the
origin of the performance enhancement observed in M-0.5Sn,
the influence of varying SnCl, content on the piezocatalytic H,
generation was investigated (Fig. 4c). While M-0.5Sn exhibited
optimal activity, increasing the SnCl, content to produce M-
1.0Sn led to a decline in H, evolution. This decrease is attrib-
uted to the excessive deposition of Sn-based nanoparticles,
which excessively cover the carbon nitride nanosheets (Fig. S2¢
and d) and hinder their catalytic activity, as neither SnO, nor
SnCl, typically exhibits any intrinsic piezoelectric properties.™
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Fig. 4

(a) Recycling piezocatalytic H, evolution rates of M-0.5Sn. (b) H, evolution of M, M-0.5Sn, and M-0.5Sn—N,, respectively. (c) Comparison

of the H, evolution rate of M-1.0Sn, M-0.5Sn, and M-0.25Sn, respectively. (d) Comparison of the H, evolution rate of different samples at
different reaction conditions. (e) H,O, evolution rate of M, M-0.5Sn, and M-0.5Sn—-N,, respectively. (f) Comparison of the H,O, evolution rate of

M-1.0Sn, M-0.5Sn and M-0.25Sn, respectively.
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To better understand the role of the interaction between g-
C;N, and Sn species, a comparative sample, CN-0.5Sn, was
prepared by pyrolysing the mixture of SnCl, and the pre-
synthesised g-C;N, (Fig. S8). As shown in Fig. 4d, CN-0.55n
exhibited a hydrogen production rate of 829.34 pmol g,
which is approximately twice that of the pristine g-C3N, sample
(M) but still significantly lower than that of M-0.5Sn. These
results indicate that while the oxidation of SnCl, in contact with
pre-formed g-C3N, can moderately improve piezocatalytic
performance, the enhancement is substantially more effective
when Sn species are introduced during the precursor stage,
likely due to stronger interfacial interactions and more uniform
distribution within the g-C;N, matrix. We also investigated the
piezocatalytic reaction under two different ultrasonication
baths available in the lab: 40 kHz-80 W and 45 kHz-25 W. The
H, production rate decreased with decreasing ultrasonic power.
This behavior can be attributed to the fact that higher ultrasonic
power induces greater mechanical deformation and generates
a stronger internal electric field, which enhances carrier sepa-
ration and, consequently, improves catalytic performance. The
superior performance of our optimal catalyst is further
compared with previously published results in Table S2. As
shown, M-0.5Sn exhibits comparable or even higher activity
than the values reported in the literature. However, we also note
that the ultrasonication conditions employed in these studies
are not identical. Therefore, a more accurate comparison that
considers the influence of ultrasonic energy is necessary for
a more standardized evaluation in future work.

To investigate the influence of the Sn-g-C;N, interaction on
the piezoelectric response, the piezoelectric current responses
of M, M-0.5Sn, and M-0.5Sn-N, were measured under periodic
ultrasonic vibration. As shown in Fig. 5a, all three samples
exhibit a pronounced and rapid increase in current upon
ultrasonication, confirming the generation of piezo-induced
charge carriers in the electrodes. Notably, M-0.5Sn shows
a significantly enhanced piezoelectric polarization current
compared with M and M-0.55n-N,, indicating more efficient
charge separation and transfer.®'** To further investigate the
piezoelectric properties, the ferroelectric switching behaviour
of M, M-0.5Sn, and CN-0.5Sn was examined using switching
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spectroscopy piezo response force microscopy (SSPFM). As
shown in Fig. 5b and c, all three samples exhibited a complete
180° phase reversal (Fig. 5b) and a characteristic butterfly-
shaped amplitude curve (Fig. 5c), confirming typical ferroelec-
tric switching behaviour. Notably, the calibrated effective
piezoelectric coefficient followed the trend: M-0.5Sn > M = CN-
0.5Sn. These findings suggest that the strong interaction
between the Sn species and the carbon nitride framework
formed during the pyrolysis of melamine in the presence of
SnCl, is critical for enhancing piezoelectric performance.

The melting and oxidation of SnCl, during synthesis play
a pivotal role in this enhancement. SnO, does not exhibit intrinsic
ferroelectric behaviour. However, it can be integrated with ferro-
electric materials, such as in heterostructures with BaTiO3-TiO,,
which enhances specific ferroelectric properties in the resulting
composite.”® In this work, SnCl, serves a dual function: it facili-
tates the exfoliation of bulk g-C3;N, layers, and it introduces
additional structural defects into the g-C;N, matrix. Simulta-
neously, the oxidative atmosphere promotes the formation of Sn-
O bonds during synthesis. The resulting Sn-based nanoparticles
not only increase the specific surface area but also chemically
interact with the g-C3N, framework. Ultrasonic excitation induces
periodic mechanical strain in the tin oxide/g-C;N, composites,
generating a piezoelectric potential that promotes the separation
and migration of charge carriers at the catalyst surface, thereby
enabling pure water splitting. Pristine g-C;N, exhibits an intrinsic
piezoelectric response and can drive water splitting under ultra-
sonic stimulation; however, the generated piezoelectric potential
and charge separation efficiency are relatively limited. Upon
incorporation of Sn-based species into the g-C;N, matrix, the
piezoelectric potential is significantly enhanced due to interfacial
coupling and strain amplification effects. The strengthened
internal electric field accelerates charge transfer and suppresses
carrier recombination, ultimately resulting in markedly improved
piezocatalytic H, production.

To investigate the role of the piezoelectric effect in H,O,
production, the samples were evaluated in pure water under
ultrasonication, without the addition of any sacrificial agents or
cocatalysts. As shown in Fig. 4e, the H,O, generation rates over two
hours followed the order: M-0.5Sn > M-0.5Sn-N,, = M. Notably, M-
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(a) Piezo-current responses of M, M-0.5Sn, and M-0.5Sn—-N5, "On"” means the time when ultrasonication was turn on, “Off" notes that the

ultrasonication was turned off. The (b) phase and (c) amplitude hysteresis loops tested by piezo response force microscopy (PFM), for different

samples.
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0.55n achieved a production rate of 999.11 umol g, representing
a nearly 14-fold increase compared to M (72.03 pmol g~ ') and
approximately 10 times higher than M-0.5Sn-N, (99.22 umol g™ )
within one hour. Similarly, the amount of SnCl, added during
catalyst synthesis should have an optimal value, as M-0.5Sn shows
the best performance compared to M-0.255n and M-1.0Sn (Fig. 4f).
To elucidate the underlying reaction mechanisms and identify the
active species, the influence of atmospheric conditions (air vs. N,)
on H,0, production was first examined.*® As shown in Fig. S9, the
H,0, yield of M-0.5Sn was significantly higher under an air atmo-
sphere than under N,, indicating that O, from the air is the primary
source of H,0, via reduction. This suggested that the contribution
of water oxidation to H,O, production is minimal during the pie-
zocatalytic reaction. Subsequently, radical scavenging experiments
were conducted using isopropyl alcohol (IPA) and benzoquinone
(BQ) to probe the roles of hydroxyl radicals (*OH) and superoxide
radicals (*O, "), respectively.”” As illustrated in Fig. S9, the addition
of BQ led to a marked suppression of H,O, generation, implying
that *O,~ is a key intermediate in the piezocatalytic process. In
contrast, the presence of IPA had a negligible effect on H,O,
production, suggesting that *OH radicals are not significantly
involved in the reaction pathway. Based on these findings, we
propose that under ultrasonication, M-0.5Sn facilitates H,O,
production via a two-electron oxygen reduction pathway: adsorbed
0, is reduced by piezoelectrically generated electrons to form *O, ",
which is subsequently reduced to yield H,0,.*

Conclusion

In this study, we successfully introduced SnCl, as a molten salt
medium for the synthesis of carbon nitride/metal oxide-based
composites, demonstrating a simple yet highly effective strategy
to engineer multifunctional piezocatalytic materials. The utiliza-
tion of SnCl, under air atmosphere conditions played a critical
dual role: it facilitated the thermal exfoliation of bulk graphitic
carbon nitride into thinner nanosheets and promoted the
formation and anchoring of oxidized Sn-based species onto the g-
C;N, framework. This process also led to the generation of
structural defects within the carbon nitride matrix, which are
known to enhance charge separation and active site availability.
Remarkably, the prepared composites exhibited efficient dual-
functional activity for H, and H,O, production under ultra-
sonication, without using any sacrificial agents or additional co-
catalysts. The observed enhancements are attributed to the
modulation of the local electric field via the piezoelectric effect,
which is believed to be strengthened by the SnCl, melt treatment
in an oxidative environment. With optimized SnCl, loading, the
composites achieved a notably high hydrogen evolution rate of
3846.46 ymol ¢ ' h™ ', alongside an impressive hydrogen peroxide
production rate of 999.11 umol g~* h™'. This work proves the
potential of utilizing g-C;N,/metal oxide-based composites for the
production of green energy and chemicals via mechanical energy.
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