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H2O2 through piezoelectric catalytic dual reaction
pathways†
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Hydrogen peroxide (H2O2) is a crucial industrial chemical with diverse applications, ranging from

disinfection and bleaching to chemical synthesis and environmental remediation. However, conventional

H2O2 production methods, such as the anthraquinone oxidation process, face significant challenges,

including high energy consumption, environmental concerns, and reliance on hazardous chemicals. To

address these issues, there is a growing need for the development of stable, green, and efficient

production technologies. Piezoelectric catalysis has emerged as a cutting-edge solution, leveraging

piezoelectric materials to convert mechanical energy into chemical energy. This process facilitates the

charge separation necessary for redox reactions, offering a promising pathway for the clean and

sustainable production of H2O2. In this study, S-type ZnO/Ag2O heterojunctions were synthesized using

a precipitation method. This heterojunction demonstrated exceptional catalytic performance, achieving

an impressive H2O2 production rate of 346.9 mmol g�1 h�1, surpassing many existing catalysts. A key

breakthrough of this research lies in the dual reaction pathway mechanism of H2O2 production. Unlike

traditional methods that rely on a single reaction pathway, the ZnO/Ag2O catalyst enables simultaneous

H2O2 generation through both the water oxidation reaction (WOR) and the oxygen reduction reaction

(ORR). This dual reaction pathway approach significantly enhances the overall yield. This study not only

highlights the potential of piezoelectric catalysis as a high-performance method for H2O2 synthesis but

also paves the way for further advancements in clean and sustainable chemical production.

1. Introduction

Hydrogen peroxide (H2O2) is a remarkable chemical compound
known for its excellent properties, including zero emissions,
strong redox capability, and renewability. Since the 20th century,
it has become an indispensable chemical with widespread appli-
cations across various fields, such as environmental remediation,
chemical manufacturing, biological research, and medical treat-
ments. Its versatility and eco-friendly nature make it a preferred
choice for numerous industrial and scientific processes.1–4

Currently, the anthraquinone method is the primary industrial
process for synthesizing hydrogen peroxide (H2O2). While this
method has been widely adopted due to its ability to produce

H2O2 on a large scale, it suffers from several significant drawbacks
that limit its sustainability and efficiency.5–7 In light of the
limitations of the traditional anthraquinone method—such as
its high risk, cost, energy consumption, and environmental
impact—researchers have been actively exploring green, low-
energy, and scalable alternatives for hydrogen peroxide (H2O2)
production. As an emerging technology, photocatalysis has
attracted considerable interest due to its ability to harness solar
energy, a clean and inexhaustible resource, to drive chemical
processes. However, despite its promise, photocatalysis faces
several challenges that hinder its practical application, such as
low light utilization efficiency, poor electron–hole separation and
limited application effectiveness.8,9

Piezoelectric materials, first discovered by Curie brothers in
1880, have revolutionized the field of energy conversion with
their unique ability to transform mechanical energy into elec-
trical energy. This phenomenon arises from their non-
centrosymmetric crystal structures, which allow them to gen-
erate an electric charge in response to applying mechanical
stress. Over the years, piezoelectric materials have found
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widespread applications in sensors, actuators, energy harvesters,
and, more recently, in catalytic processes.8 Some of the most
well-known piezoelectric materials include ZnO, BaTiO3, and
PbTiO3.9,10 When external mechanical energy is applied to a
piezoelectric material, the material undergoes deformation, caus-
ing the positive and negative charge centers within its crystal
lattice to shift in opposite directions. This displacement creates a
built-in electric field across the material, a phenomenon known as
the piezoelectric effect. This electric field can drive the separation
of charge carriers (electrons and holes), which are then available
to participate in redox reactions on the material’s surface.11

In recent years, piezocatalysis has emerged as a groundbreaking
catalytic technology, offering an efficient way to harness mechan-
ical energy from natural sources such as ultrasonic waves, vortex-
induced shear, stirring, and physical bending. By harnessing the
intrinsic piezoelectric properties of specific materials, piezocata-
lysis facilitates the direct conversion of mechanical energy into
chemical energy, thereby driving redox reactions. This innovative
approach has garnered significant attention as a green and
sustainable alternative to traditional catalytic methods.12 The
production of hydrogen peroxide (H2O2) through catalytic pro-
cesses often relies on two key reactions: the oxygen reduction
reaction (ORR) and the water oxidation reaction (WOR). Both
mechanisms have their unique advantages and limitations, but
the WOR is increasingly being recognized as a more rational and
efficient approach for H2O2 production, particularly due to its
ability to overcome the limitations associated with the ORR.13,14

Indeed, growing interest in developing dual reaction pathway
catalysts capable of producing hydrogen peroxide (H2O2) through
both the water oxidation reaction (WOR) and the oxygen
reduction reaction (ORR) reflects a significant shift toward more
efficient and versatile catalytic systems.

ZnO is a highly versatile and widely studied material,
particularly in the field of catalysis, due to its unique properties
and advantages. As a wide-bandgap n-type semiconductor with
a bandgap of 3.37 eV, ZnO has garnered significant attention
for its potential in various applications, including photo-
catalysis, piezocatalysis, and sensing.15,16 The wide bandgap
(3.37 eV) of ZnO, while beneficial for certain applications, poses
a significant challenge due to its low efficiency in electron–hole
separation and limited visible light absorption. These limitations
hinder its widespread industrial use, particularly in photocatalytic
and piezocatalytic processes. To overcome these limitations, con-
structing ZnO-based heterojunctions with complementary semicon-
ductors (e.g., Ag2O) has emerged as a highly effective strategy. Ag2O,
a p-type narrow bandgap semiconductor with a bandgap of approxi-
mately 1.3 eV, complements ZnO’s properties and significantly
enhances its catalytic performance.17 The design of heterojunctions
plays a critical role in determining the efficiency of catalytic systems,
particularly in balancing charge separation and redox capacity.
Traditional type I and type II heterojunctions, while effective in
enhancing charge separation, often come with trade-offs that can
reduce the redox potential of the system. This limitation has led to
the exploration of alternative heterojunction designs, such as S-
scheme heterojunctions, which offer a more effective way to
improve both charge separation and redox capacity.18–24

In this study, we synthesized an S-type ZnO/Ag2O hetero-
junction using a precipitation method. A key distinction
between our approach and the typical single reaction pathway
method for generating H2O2 lies in the significant enhance-
ment of catalytic efficiency achieved through the use of double
reaction pathway H2O2 generation process. Furthermore, to
assess the piezoelectric catalytic performance of the ZnO/
Ag2O heterojunction, we employed the iodine assay as a reliable
measurement technique. Then, capture experiments were con-
ducted to elucidate the mechanism of H2O2 production by
the heterojunction. In addition, the successful synthesis of an
S-type heterojunction was verified by in situ XPS technology.
Ultimately, the piezoelectric stability and reusability of the
catalyst were evaluated, highlighting its promising potential
for practical applications and further development.

2. Experimental methods
2.1. Chemicals

Zinc sulfate heptahydrate (ZnSO4�7H2O) was provided by Shandong
West Asia Chemical Co., Ltd, dodecyl sulfate (SDBS, CH3(CH2)11O-
SO3Na) was purchased from Shanghai Aladdin Co., Ltd in China,
sodium hydroxide (NaOH) was obtained from Shanghai Titan
Technology Co., Ltd, and silver nitrate (AgNO3) was obtained from
Shanghai Sinopharm Chemical Reagent Co., Ltd. All chemistries
are analytically pure grade and require no further purification.

2.2. Preparation of piezoelectric materials

The composite materials were synthesized via a precipitation
method. Initially, 2.7 g of ZnSO4�7H2O, 3.4 g of AgNO3, 1.6 g of
NaOH, and 480 mg of SDBS (with SDBS mass consistently
maintained at 30% of NaOH) were dissolved in 150 mL of
deionized water under vigorous stirring until complete dissolu-
tion was achieved. Subsequently, the reaction temperature was
elevated to 80 1C and held constant for 2.5 hours. Post-reaction,
the mixture underwent a washing process involving three cycles
of deionized water and anhydrous ethanol, followed by centri-
fugation for product recovery. The final product was then dried
at 60 1C for 12 hours, yielding a ZnO/Ag2O composite with a
molar ratio of 1 : 1. For comparative analysis, the quantities of
ZnSO4�7H2O and AgNO3 in the initial reactants were system-
atically varied to fabricate ZnO/Ag2O composite heterojunctions
with different molar ratios.25

2.3. Characterization

X-ray diffraction (XRD, TD-3500, Dandong Tongda) was used to
analyze the phase and crystal structure of the catalyst. The
morphology, particle size and chemical composition of the
products were detected by scanning electron microscopy
(SEM, ZEISS Gemini-500, Germany) and transmission electron
microscopy (TEM, Thermo Fisher 2000, USA). X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher Scientific KAlpha, USA)
was used to analyze the chemical state of the elements on the
surface of the catalyst. The binding energy of the elements was
calibrated using C1s (284.8 eV) as the benchmark. Catalyst
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molecules were detected and characterized at 400–4000 cm�1

after mixing with KBr using a Thermo Fisher Technology
infrared spectrometer (FTIR, NICO-LET6700, Thermo Fisher
Technology, USA). The UV-Vis absorption spectra of the catalyst
in the wavelength range of 200–800 nm were determined using
UV-vis DRS and UV-2600 (Shimadzu, Japan) against the back-
ground of BaSO4. Piezoelectric properties are measured by
piezoelectric responsive force microscopy (PFM, Bruker Dimen-
sion Icon, Germany).

2.4. Performance test of catalyst hydrogen peroxide
production

100 mg of the catalyst was placed in a brown stoppered conical
flask, followed by the addition of 45 mL of ultrapure water and
5 mL of a sacrificial agent (methanol, ethanol, or isopropanol).
The mixture was subjected to ultrasonication in an ultrasonic
machine (400 W, 40 kHz). Samples were collected every
30 minutes, and 3.5 mL of the solution was withdrawn and
filtered. The hydrogen peroxide (H2O2) content in the filtered
supernatant was determined using an iodine assay. Specifically,
200 mL of the supernatant was mixed with 50 mL of 0.01 M
ammonium molybdate solution ((NH4)2MoO4) and 2 mL of
0.1 M potassium iodide (KI) solution. The resulting mixture was
analyzed using a UV-Vis spectrophotometer at a wavelength of
352 nm.

3. Results and discussion
3.1. Structural characterization

The crystal structure of the composites with different proportions
was analyzed using X-ray diffraction (XRD), as shown in Fig. 1 The
diffraction peaks observed at 2y values of 31.761, 34.421, 36.251,
47.531, 56.61, 62.861, 67.961, and 69.091 correspond to the (100),
(002), (101), (102), (112), and (201) crystal planes of hexagonal ZnO
(PDF# 36-1451), respectively. Additionally, the peaks observed
at 32.791, 38.041, 47.061, and 54.91 are attributed to the (111),
(200), (211), and (220) planes of cubic phase Ag2O (PDF# 43-0997).
These results confirm that the prepared composite consists of
both hexagonal ZnO and cubic Ag2O. The narrow and intense

diffraction peaks indicate that the synthesized sample exhibits
high crystallinity. Notably, no peaks corresponding to impurities
or unreacted metal species were detected, further confirming that
the nanocomposites are primarily composed of ZnO and Ag2O.
Based on these findings, it can be preliminarily concluded that
the composite heterojunction was successfully synthesized.

To further confirm the formation of heterojunctions, the
samples were characterized using scanning electron micro-
scopy (SEM). Fig. 2(a) and (c) presents the SEM images of pure
ZnO, 50% ZnO composite, and pure Ag2O, respectively. As
shown in the SEM images, pure ZnO exhibits a densely
arranged structure of anisotropic ZnO nanosheets, while pure
Ag2O displays an irregular nanospherical morphology. In the
50% ZnO heterojunction composite, the dense Ag2O spheres
are embedded within the ZnO nanosheets. The synthesis
method employed in this study resulted in a roughened surface
of ZnO, which increases the number of active sites and
enhances the piezoelectric catalytic efficiency. These observa-
tions provide clear evidence for the successful synthesis of the
heterojunction structure.

The morphological characteristics of the synthesized ZnO/
Ag2O heterostructure were further examined using transmis-
sion electron microscopy (TEM). Fig. 2(d) and (e) displays
typical TEM images of the prepared heterostructure, highlight-
ing the lattice fringes of the nanostructure. The lattice fringes
with interplanar spacings of 0.236 nm, 0.192 nm, and 0.258 nm
correspond to the (200), (211), and (002) crystal planes of Ag2O
nanosheets, respectively. Additionally, at the interface between
the two components, a clear continuity in the lattice fringes
is observed, providing strong evidence for the formation of
heterojunctions between ZnO and Ag2O. These findings con-
firm the successful integration of the two materials into a
cohesive heterostructure.26,27 The TEM images clearly reveal
that the spherical Ag2O particles are adsorbed and embedded
within the ZnO nanosheets. These TEM observations are in
excellent agreement with the SEM results, further confirming
the successful formation of the ZnO/Ag2O heterostructure and
its well-integrated morphology.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the surface composition and chemical states of pure
ZnO, pure Ag2O, and 50% ZnO. The full-scan survey spectrum is
presented in Fig. 3(a), which reveals the presence of only O, Zn,
and Ag peaks in the 50% ZnO spectrum, with no additional
peaks corresponding to other elements. This indicates that the
synthesized 50% ZnO product is of high purity. The Zn 2p
spectra of the samples are shown in Fig. 3(b). For the 50% ZnO
sample, the Zn 2p spectrum can be deconvoluted into two
Gaussian peaks centered at 1021.6 eV and 1044.6 eV, respec-
tively. The binding energy separation of 23 eV corresponds to
the spin–orbit splitting of the 2p3/2 and 2p1/2 components,
confirming the presence of Zn in the Zn2+ oxidation state,
consistent with the ZnO phase. These results further validate
the chemical composition and oxidation states of the elements
in the synthesized heterostructure.28 In Fig. 3(d), the Ag 3d
spectrum of the composite can be deconvoluted into two peaks
centered at 368 eV and 374.1 eV, with a binding energyFig. 1 XRD patterns of complexes with different ZnO and Ag2O contents.
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separation of 6 eV. These peaks correspond to Ag 3d5/2 and Ag
3d3/2 of metallic silver, respectively, confirming that the Ag
element exists in the Ag+ oxidation state within the Ag2O
phase.29 This finding is consistent with the XRD and HRTEM
results, further supporting the successful preparation of the
heterojunction structure. In Fig. 3(c), the O 1s spectrum shows
a peak at 530.1 eV, which corresponds to Ag–O and Zn–O
bonds, while the other peak at 531.2 eV is attributed to the
O–H groups from water molecules adsorbed on the surface of
the heterojunction. The XPS spectra also provide insights into
charge transfer within the heterojunction. The Zn 2p spectra
(Fig. 3(b)) exhibit a positive shift from 1021.4 eV and 1044.5 eV
in pure ZnO to 1021.6 eV and 1044.6 eV in the 50% ZnO
composite, indicating a decrease in electron density around
ZnO. In contrast, the Ag 3d spectra show a slight negative shift
from pure Ag2O to the 50% ZnO composite, suggesting an
increase in electron density at the Ag2O sites. This observation
implies that electrons flow from ZnO to Ag2O during the
reaction, driven by the formation of an internal electric field
at the interface. This internal electric field balances the Fermi
levels of the composite material by directing the movement of
electrons, further confirming the effective formation of the
heterojunction structure.18

Fig. 4 presents the FTIR spectra of the composites with
varying proportions of ZnO and Ag2O, revealing several signifi-
cant characteristic peaks that further confirm the successful
synthesis of the catalyst. In the spectra of pure Ag2O, 25% ZnO,
50% ZnO, and 75% ZnO, a distinct peak at 704 cm�1 is
observed, corresponding to the Ag–O stretching vibration. This
peak is absent in the spectrum of pure ZnO, consistent with the

XRD results, and serves as a fingerprint for the presence of
Ag2O. A characteristic peak at 881 cm�1 is present in all five
spectra, which may arise from the bending vibration of Zn–O
(or Ag–O). For pure ZnO, the broad peaks at 3380 cm�1 and
1661 cm�1 are attributed to the O–H stretching and bending
vibrations, respectively, of water molecules adsorbed on the
surface. These observations provide additional evidence for the
successful formation of the ZnO/Ag2O heterostructure and
highlight the presence of surface-adsorbed water in the pure
ZnO sample.30 In pure Ag2O, 25% ZnO, 50% ZnO, and 75%
ZnO, the vibration bands at 1367 cm�1, 1447 cm�1, 1661 cm�1,
and 3177 cm�1 belong to the O–H bending, C–H bending, C–O
absorption, and O–H stretching, respectively.31 These peaks in
FTIR spectra typically come from the absorption of CO2 from
water molecules and air.32 Compared to the FTIR spectra of
pure ZnO and pure Ag2O, the spectra of 25% ZnO, 50% ZnO,
and 75% ZnO exhibit mixed characteristic peaks corresponding
to both Ag2O and ZnO. This observation confirms the success-
ful synthesis of the composites, as the presence of distinct
vibrational modes from both components demonstrates the
coexistence and integration of Ag2O and ZnO within the hetero-
structure. These results further validate the formation of the
composite materials and highlight the effective combination of
the two phases.

Under mechanical stress or strain, polarized positive and
negative charges are generated at opposite ends of the crystal.33

To investigate the piezoelectric properties of the material,
piezoelectric force microscopy (PFM) experiments were con-
ducted using 50% ZnO as the target. A non-contact atomic force
microscope (AFM) probe was employed to measure the surface

Fig. 2 (a)–(c) SEM images of pure ZnO, 50% ZnO, and pure Ag–O; (d) and (e) TEM image of M50% ZnO; and (f)–(i) mapping of 50% ZnO.
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piezoelectric potential of the material. Fig. 5(b), (c) and (e)
presents the PFM morphology, amplitude, and phase images of
50% ZnO within a randomly selected scan area, where the
sample height varies in the range of �39.8 to 72.2 nm. When a
conductive probe applies a voltage to the catalyst’s surface, a
distinct contrast is observed in both the amplitude and phase
images, confirming the presence of a piezoelectric response in

the composite material. These results demonstrate the material’s
ability to generate piezoelectric effects under external stimuli.34

The piezoelectric potential of 50% ZnO, as measured by PFM in
the dark, reveals a surface potential of approximately 334.3 mV
(Fig. 5(c)), highlighting its excellent piezoelectric properties. When
an AC voltage of �12 V is applied to the sample, as shown in
Fig. 5(a) and (d), that 50% ZnO exhibits a typical butterfly-shaped
amplitude curve and a phase hysteresis loop with a switching
angle of 1891. These observations confirm the presence of a local
piezoelectric polarization field within the crystalline structure,
providing strong evidence for the piezoelectric behavior of the
50% ZnO composite. These results underscore the feasibility of
50% ZnO as an effective piezocatalytic material for applications
requiring piezoelectric responses.35–37

3.2. The performance of piezoelectric catalysis for H2O2

production

The catalytic activity was evaluated by measuring the amount of I3
�

produced using the iodometric method, with KI as an indicator,
and determining its concentration spectrophotometrically at
352 nm.38,39 Fig. 6(a) and (c) illustrate the formation of H2O2 under
different experimental conditions: simultaneous ultrasonication
with the addition of the catalyst, addition of the catalyst only,
and ultrasonication only. As shown in the figures, the final yield of
H2O2 is negligible when only ultrasound or the catalyst is used

Fig. 3 XPS survey of pure ZnO, 50%ZnO, pure Ag2O; high resolution XPS spectra of (a) survey scan, (b) Zn 2p, (c) O 1s and (d) Ag 3d.

Fig. 4 FTIR analysis of pure ZnO, 75%ZnO, 50%ZnO, 25%ZnO, and
pure Ag2O.
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individually. This observation rules out any potential interference
from sonochemistry in this system, confirming that H2O2 genera-
tion is primarily driven by the piezocatalytic activity of the catalyst
under ultrasonication.7,40 In stark contrast, when both ultrasonica-
tion and the piezoelectric catalyst are present, H2O2 is produced in
significant amounts, and its concentration increases steadily over
time. This clearly demonstrates that the generation of H2O2 in the
piezocatalytic process is the result of the synergistic interaction
between ultrasound and the catalyst. The mechanical energy
provided by ultrasonication activates the piezoelectric properties
of the catalyst, leading to the efficient production of H2O2. Thus, it
can be concluded that the combined action of ultrasound and the
catalyst is essential for the observed piezocatalytic activity.41,42

To determine the optimal reaction conditions for the piezo-
catalytic system, the effects of composite ratio, initial pH, and
type of sacrificial agent on the performance of H2O2 production
were systematically investigated. By varying the molar ratios of
ZnSO4�7H2O and AgNO3 in the raw materials, the influence of
different composite proportions on the piezocatalytic properties
was studied. The overall trend in Fig. 6(b) and (d) exhibits a
volcanic-type relationship. As the ZnO content increases, the H2O2

formation rates of pure ZnO, 75% ZnO, 50% ZnO, 25% ZnO, and
pure Ag2O gradually increase, with values of 67.8 mmol g�1 h�1,
143.2 mmol g�1 h�1, 346.9 mmol g�1 h�1, 318.7 mmol g�1 h�1, and
164.7 mmol g�1 h�1, respectively. The performance peaks when
the molar ratio of ZnO to Ag2O is 1 : 1. Combined with the analysis
results of XPS, it can be seen that the electrons (e�) of ZnO are
gradually transferred from the CB to the VB of Ag2O, and the
separation of electrons (e�) and holes (h+) is enhanced compared
with pure ZnO or pure Ag2O, while their recombination is

effectively suppressed. This optimal balance between ZnO and
Ag2O maximizes the piezocatalytic efficiency, leading to the
highest H2O2 production rate.26 However, since Ag2O tends to
trap electrons, when the Ag2O content exceeds 50% (i.e., when
the molar ratio of Ag2O is higher than 50%), too much Ag2O may
compete for electrons, resulting in some electrons being unable
to participate in the reaction, further degrading piezoelectric
catalytic performance.43 This indicates that by optimizing the
composite ratio, the piezocatalytic performance can be signifi-
cantly enhanced compared to that of either individual compo-
nent alone. The results demonstrate that the ZnO/Ag2O
heterojunction successfully improves the piezoelectric catalytic
activity. As shown in Table 1, compared with the catalysts
reported in the literature, ZnO has a wide bandgap but high
activity and easy regulation, and the catalyst in this study is very
competitive under the modification of Ag2O with a narrow
bandgap, highlighting its potential for practical application.
These findings highlight the promising prospects of the ZnO/
Ag2O composite as an efficient piezocatalytic material for H2O2

production and related applications.
The influence of electron donors on the performance of

piezocatalytic H2O2 production was investigated using several
common sacrificial agents, including methanol (MeOH), etha-
nol (EtOH), and isopropanol (IPA). Fig. 7(a) and (c) show the
yield of H2O2 after 3 hours of piezocatalytic reaction using 50%
ZnO in aqueous solutions containing different alcohols at the
same molar concentration (10%). The H2O2 production rates
were as follows: methanol (302.4 mmol g�1 h�1) 4 ethanol
(170.5 mmol g�1 h�1) 4 isopropanol (167.2 mmol g�1 h�1).49

A review of the literature reveals that the addition of methanol,

Fig. 5 PFM characterization of 50% ZnO: (a) amplitude–voltage butterfly loop, (b) topography image, (c) piezoelectric potential, (d) phase–voltage
hysteresis loop and (e) phase image and (f) 3D image of the distribution of the piezoelectric potential according to the morphology image over 50% ZnO
nanoplates.
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which has a greater electron-donating capacity (electron-donating
capacity: methanol 4 ethanol 4 isopropanol), results in superior
piezocatalytic performance compared to the other two sacrificial
agents. This is attributed to methanol’s ability to more effectively
suppress charge recombination by rapidly donating electrons,
thereby enhancing the separation of electron–hole pairs and
improving the overall efficiency of the piezocatalytic process.
These findings align with the experimental results, further con-
firming the critical role of sacrificial agents in optimizing piezo-
catalytic activity.50

In addition, the pH value of the aqueous solution can signifi-
cantly influence the proton-coupled electron transfer process,

thereby affecting the formation of H2O2. To investigate this, the
effect of the initial solution pH on the H2O2 yield was explored
using methanol as the sacrificial agent and 50% ZnO as the
catalyst. As shown in Fig. 7(b) and (d), the efficiency of piezo-
catalytic H2O2 production remained relatively stable at pH = 7, 8,
and 9, with no significant changes observed. However, at pH 10, the
yield of H2O2 decreased dramatically. This decline can be attributed
to the fact that H2O2 is prone to decomposition in highly alkaline
environments, as reported in the literature, leading to a significant
reduction in the net production rate of H2O2. These results high-
light the importance of maintaining an optimal pH range to
maximize piezocatalytic performance and H2O2 yield.51

The reusability of the piezoelectric catalyst was evaluated
through recycling experiments. As shown in Fig. 8(b), after six
cycles, the yield of piezocatalytic H2O2 remained above 90% of
the initial yield, with no significant decline. In addition, the
XRD spectra in Fig. 8(a), as well as the IR spectra in Fig. S1
(ESI†), show that the characteristic peaks of the catalyst remain
essentially unchanged before and after the reaction. Fig. S2
(ESI†) shows the SEM after the reaction, which can be observed
to be almost indistinguishable from before the reaction, con-
firming the structural stability of the catalyst. Overall, the
catalyst exhibits excellent recovery performance and can be

Fig. 6 (a) H2O2 production under the catalyst, ultrasonication, and catalyst and ultrasonication; (b) H2O2 production at different ZnO and Ag2O contents;
(c) H2O2 production rate under the catalyst, ultrasonication, catalyst and ultrasonication; (d) H2O2 production rate at different ZnO and Ag2O contents.

Table 1 This experiment was compared with the reported performance
of piezoelectric catalytic hydrogen peroxide production

Catalyst
H2O2 yield
(mmol g�1 h�1) Ultrasonic power Ref.

ZnO/Ag2O 346.9 400 W and 40 kHz This work
BiOCl 249.7 150 W and 53 kHz 44
V-NaNbO3 102.6 192 W and 68 kHz 45
ZnS/In2S3/BaTiO3 107.9 150 W and 40 kHz 7
g-C3N4 68 150 W and 53 kHz 46
BaTiO3 175.71 100 W and 50 kHz 47
PTFE/RbBiNb2O7 219.2 260 W and 68 kHz 48
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effectively reused within a reasonable range, demonstrating its
potential for practical applications.52

3.3. Catalytic mechanism

Fig. 9(a) presents the UV-Vis absorption spectra of heteroge-
neous structures with varying ZnO/Ag2O ratios. A noticeable
blue shift was observed in the UV-Vis spectra of pure ZnO
nanoparticles as the Ag2O doping ratio increased. Utilizing
the Kubelka–Munk method,53 the bandgap energies of the

nanocomposites were determined to be 1.74 eV for pure
Ag2O, 2.98 eV for 25% ZnO, 3.16 eV for 50% ZnO, 3.24 eV for
75% ZnO, and 3.32 eV for pure ZnO, as illustrated in Fig. 9(b). The
introduction of Ag2O nanoparticles resulted in a reduction of the
bandgap in ZnO/Ag2O nanoparticles. Consequently, ZnO/Ag2O
nanocomposites offer enhanced opportunities for electron–hole
separation, thereby improving catalytic efficiency.54 As illustrated
in Fig. S3 (ESI†), the 50% ZnO sample exhibits the smallest
arc radius in the electrochemical impedance spectroscopy (EIS)

Fig. 7 (a) H2O2 production under different sacrificial agents, (b) H2O2 production at different pH values, (c) H2O2 production rate under different
sacrificial agents and (d) H2O2 production rate at different pH values.

Fig. 8 (a) The XRD patterns after reaction and before reaction; (b) catalytic stability test.
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Nyquist plot, demonstrating the most efficient charge transfer
kinetics among the tested samples. To further investigate the
charge carrier dynamics, photoluminescence (PL) spectroscopy
was performed (Fig. S4, ESI†). The 50% ZnO sample shows the
lowest PL intensity, indicating its superior charge separation cap-
ability and effective suppression of electron–hole pair recombina-
tion. These findings provide a plausible explanation for the
observed enhancement in hydrogen peroxide production efficiency,
where the 50% ZnO sample demonstrated the highest yield.

To further determine the band positions of the catalyst, XPS
valence band (XPS-VB) analysis was conducted. The VB poten-
tials of ZnO and Ag2O were found to be located at 2.21 eV and

0.33 eV, respectively (Fig. 9(c) and (d)). To account for the
contact potential difference between the sample and the spec-
trometer (vs. NHE, pH = 7), the actual VB positions were
calculated using eqn (1), where F (4.38 eV) represents the work
function of the XPS analyzer.55 Therefore, the actual VB poten-
tials of the ZnO and Ag2O samples are determined to be 2.15 eV
and 0.27 eV, respectively. By combining the Zn 2p and Ag 3d
spectra from the XPS analysis, it is concluded that electrons
flow from ZnO to Ag2O. This electron transfer behavior sup-
ports the formation of an S-type heterojunction between ZnO
and Ag2O. In addition, to verify the successful formation of the
S-type heterojunction, we tested in situ XPS. As can be seen

Fig. 9 (a) UV-vis DRS spectra, (b) the corresponding Tauc plot, (c) and (d) XPS valence band spectra of pure Ag2O and pure ZnO, (e) and (f) in situ
irradiated XPS spectra of Zn 2p and Ag 3d for 50% ZnO as compared with those for 50% ZnO with ultrasonication.
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from Fig. 9(e) and (f), the binding energy of Zn increases and
that of Ag decreases when ultrasound is present, indicating that
there are electrons flowing from Zn to Ag, which is consistent with
the characteristics of the S-type heterojunction.21–24 As an impor-
tant prerequisite for the formation of H2O2, the standard redox
potential plays a critical role in relation to the heterojunction band
structure. The band structure of the heterojunction is closely
aligned with the standard redox potentials of the oxygen reduction
reaction (ORR) and water oxidation reaction (WOR), which are
essential for H2O2 generation, as illustrated in Fig. 10. As can be
seen from the figure, the ORR (indirect: O2/�O2

�, �0.33 V; �O2
�/

H2O2, +1.44 V; direct: O2/H2O2, +0.68 V)53,56 is corrected over the VB
of Ag2O, and the WOR (indirect: OH�/�OH, 1.99 V; direct: H2O/
H2O2, +1.76 V) is more negative than the VB of ZnO. Thus, the
heterojunction may trigger the ORR (O2 - �O2

� - H2O2) and
WOR (direct: H2O - �OH - H2O2; indirect: OH� - �OH -

H2O2) reactions through the accumulation of electrons and holes in
the CB of Ag2O and the VB of ZnO. Indeed, the formation of
heterojunctions can shift the generation of H2O2 from a conven-
tional single reaction pathway to a more efficient dual reaction
pathway. In a single reaction pathway, H2O2 production typically
relies on either the oxygen reduction reaction (ORR) or the water
oxidation reaction (WOR) alone. However, in a dual reaction path-
way, both reactions can occur simultaneously, significantly enhan-
cing the overall yield of H2O2.

EVB (vs. NHE) = F + EVB (determined by XPS) � 4.44 (1)

To investigate the reaction pathway of H2O2 formation,
scavenger experiments were conducted using tert-butanol
(TBA), silver nitrate (AgNO3), L-ascorbic acid (VC), and nitrogen
(N2) as quenchers for hydroxyl radicals (�OH), electrons (e�),
superoxide radicals (�O2

�), and oxygen (O2), respectively. As
shown in Fig. 11(a), the formation of H2O2 is severely inhibited
upon the introduction of VC, which acts as a scavenger for
superoxide radicals (�O2

�). This observation confirms that �O2
�

is a critical intermediate in the generation of H2O2.57,58 The
yield of H2O2 was inhibited to 521.62 mmol after continuous N2

injection, indicating that dissolved oxygen is an essential but
not the only source for the synthesis of hydrogen peroxide.

Therefore, we consider the oxygen reduction reaction (ORR) to
be one of the pathways for the formation of H2O2. A series of
studies have shown that the ORR pathway can be divided into a
two-step single-electron reaction (eqn (2) and (3)) and a direct
one-step two-electron reaction (eqn (4)):53,56

O2 + e� - �O2
� (2)

�O2
� + 2H+ + e� - H2O2 (3)

O2 + 2H+ + 2 e� - H2O2 (4)

To investigate the reaction pathway of the oxygen reduction
reaction (ORR), we employed DMPO spin-trapping ESR tech-
nology to quantify the formation of superoxide radicals (�O2

�)
in the piezocatalytic system. As shown in Fig. 11(d), the ESR
spectrum captures a characteristic 1 : 1 : 1 : 1 intensity ratio of
the DMPO–�O2

� adduct, confirming the presence of �O2
�

radicals. This result strongly suggests that �O2
� is a crucial

intermediate in the generation of H2O2.57,58 As shown in the
figure, the introduction of L-ascorbic acid (VC) significantly inhi-
bits the generation of H2O2, providing strong evidence for the
existence of superoxide radicals (�O2

�) as key intermediates in the
reaction pathway. Based on these observations, we propose that
the oxygen reduction reaction (ORR) proceeds via a two-step
single-electron reduction mechanism (eqn (2) and (3)).56

In addition to the ORR pathway, we conducted active species
capture experiments to validate the role of the water oxidation
reaction (WOR) in the catalytic production of H2O2. As shown
in the figure, the addition of tert-butanol (TBA), a scavenger for
hydroxyl radicals (�OH), also inhibited the formation of H2O2 in
the piezocatalytic reaction system. This suggests that �OH
radicals play a significant role in the reaction pathway. Further-
more, as depicted in Fig. 11(b), the ESR spectrum revealed four
characteristic peaks with an intensity ratio of 1 : 2 : 2 : 1, which are
associated with �OH radicals. This confirms the presence of �OH
in the system and supports the involvement of the WOR pathway
in H2O2 generation. In Fig. 11(c), it is observed that the intensity
of the TEMPO characteristic peak decreases significantly after the
initiation of ultrasonication, indicating the formation of holes (h+)
in the heterojunction.55 This provides direct evidence for the
generation of h+, which can participate in the water oxidation
reaction (WOR) to produce H2O2. Various indications have also
been shown that �OH radicals can be used as a secondary source
of H2O2 production (eqn (5)–(7)).19 These findings confirm that
the heterojunction can transform the generation of H2O2 from the
single reaction pathway (e.g., ORR alone) to the dual reaction
pathway (ORR + WOR). The dual reaction pathway mechanism
significantly enhances H2O2 production by leveraging both oxygen
reduction and water oxidation processes, thereby improving the
overall efficiency of the piezocatalytic system. This dual reaction
pathway approach represents a major advancement in optimizing
H2O2 generation for practical applications.

h+ + OH� - �OH (5)

�OH + �OH - H2O2 (6)

h+ + H2O - H2O2 + 2H+ (7)
Fig. 10 Schematic illustration of the band structures of the prepared
samples.
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4. Conclusions

In summary, ZnO/Ag2O S-type heterojunctions synthesized via a
precipitation method exhibit superior performance compared to
traditional type I or II heterojunctions. These S-type heterojunctions
demonstrate enhanced charge separation efficiency, enabling more
effective utilization of electrons and holes in the reaction process.59

As a result, they achieve a significantly higher H2O2 yield of
346.9 mmol g�1 h�1 through piezoelectric catalysis, without com-
promising their redox capacity. This yield surpasses that of con-
ventional photocatalysis and offers a greener and safer alternative
to the traditional anthraquinone method. It is noteworthy that, in
contrast to conventional catalytic systems relying on a single
reaction pathway, this heterojunction catalyst exhibits a unique
dual reaction pathway synergistic mechanism. As shown in
Fig. 11(a), after adding ascorbic acid (VC) to scavenge superoxide
radicals, the system still maintains a 51.7% H2O2 yield (excluding
the contribution from the oxygen reduction pathway). This result
demonstrates that the two reaction pathways contribute nearly
equally (approaching a 1 : 1 ratio) to H2O2 generation, and such
dual reaction pathway synergy significantly enhances the overall
hydrogen peroxide production efficiency.
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