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ABSTRACT 

Piezo-photocatalysis synergistically integrates the features of piezocatalysis and photocatalysis, offering promising applications 
in environmental remediation, energy conversion, and biomedical therapy. Herein, we introduce modularly designed solid 
molecular catalysts (SMCs) comprised of metal-free, polyaromatic, two-dimensional polymers which offer an unprecedented 
level of control over piezopolarization—and consequently, piezo-photocatalysis—through the rational design of structural motifs 
(diphenylpyridine or terpyridine) and backbone functionalities (methyl group, aliphatic amine antenna, or aromatic pyrrole ring). 
We demonstrate that piezopolarization, induced by ultrasound across a wide frequency range (35 kHz to 2.6 MHz), enables highly 
efficient sono-piezo-photocatalytic hydrogen peroxide production. The SMC AP5 featuring the terpyridine motif and pyrrole 
functionalization is the most active metal-free piezo-photocatalyst for hydrogen peroxide production under ambient conditions. 
Furthermore, the instantaneous on/off-switchability of the sono-piezo-photocatalysts is shown, underscoring their potential for 
applications requiring spatiotemporal control over catalytic activity. 
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 Introduction 

o achieve a carbon-neutral and sustainable future, cost-effective,
afe, and environmentally friendly chemical processes are essen-
ial [ 1, 2 ]. Conventional methods for hydrogen peroxide (H2 O2 )
roduction—such as the anthraquinone process or electrochem-
cal routes—are often carbon-intensive and energy-demanding
 3 ]. In contrast, polymeric catalysts offer a promising path toward
reen H2 O2 production through approaches like photocatalysis or
iezo-photocatalysis [ 4, 5 ]. As a result, current research focuses
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on developing catalytic systems that efficiently drive peroxide
production under ambient conditions, thereby minimizing the
environmental burden from wastewater, exhaust gases, and solid
inorganic waste associated with traditional H2 O2 manufacturing
[ 6–8 ]. 

Piezo-photocatalysis represents a sustainable strategy for
H2 O2 production by harnessing renewable energy, such as
sunlight, with improved efficiency [ 9–12 ]. In line with green
chemistry principles, this approach promotes the development of
cense, which permits use, distribution and reproduction in any medium, provided the original 
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FIGURE 1 Comparison of different piezo-photocatalysts for H2 O2 production. The figure illustrates representative material classes, including 
metal oxides, perovskites, MOFs, g-C3 N4 derivatives, and organic polymers, highlighting their relative performance. Detailed information about the 
different systems and the reaction conditions are provided in Table 2 of the Supporting Information. 
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nvironmentally friendly technologies [ 13–15 ]. While the exact
ature of the underlying mechanism remains object of discussion
 16 ], piezo-photocatalysis combines the piezo-electric effect with
hotocatalysis, wherein mechanical stress generates a piezoelec-
ric polarization within the catalyst material that induces an inter-
al electric field (piezo-potential) [ 10, 12, 17 ]. This internal field
irects photoinduced electrons and holes in opposite directions,
ffectively suppressing their recombination —a major limitation
n conventional photocatalysis. Consequently, the synergistic
iezo–photo activation enhances charge separation and improves
hotocatalytic efficiency, rendering piezo-photocatalysts superior
o their purely photocatalytic counterparts [ 12, 17, 18 ]. 

ver the past decade, piezo-photocatalytic research has primarily
ocused on water purification [ 19, 20 ], water splitting [ 21, 22 ],
itrogen fixation [ 23, 24 ], carbon dioxide reduction [ 25, 26 ],
2 O2 production [ 27, 28 ], and various organic transformations

 29–32 ]. These reactions have been demonstrated mostly at
aboratory scale under ultrasound irradiation. A key challenge
or advancing this technique toward practical application lies
n understanding the interaction between ultrasound and piezo-
hotocatalysts [ 9, 12, 16, 33 ]. Recent studies have explored a
ariety of piezo-photocatalysts for hydrogen peroxide synthesis,
ncluding bismuth-based metal oxides [ 34 ], zinc oxides [ 35–37 ],
TiO3 -type perovskites [ 38, 39 ], metal-organic frameworks [ 40 ],
nd metal-doped graphitic carbon nitride [ 41, 42 ] (Figure 1 ). Still,
ven while not normalizing for varying reaction conditions, only
he most active recent catalysts surpass activities of 2000 µmolH2O2
Cat 

− 1 h− 1 , often times necessitating the use of sacrificial agents,
nriched atmospheres or harsher conditions [ 10, 12, 43–46 ].
urthermore, organic polymers remain underexplored as catalyst
lass, even though their flexible choice of different monomers
ffers opportunities for rational structural tuning and functional
ptimization [ 12, 47–49 ]. 

raphitic carbon nitride (g-C3 N4 ), a representative nitrogen-
ontaining organic polymer is among the most extensively stud-
ed materials for the piezo-photocatalytic production of H2 O2 ,
of 11
owing to its excellent chemical and thermal stability as well as
its suitable band structure [ 41 ]. Depending on the synthesis route
and the morphology of the g-C3 N4 , activities between 57 and 89
µmolH2O2 gCat − 1 h− 1 have been reported under ambient conditions
[ 41, 50, 51 ]. Another widely investigated organic polymer is
polyvinylidene fluoride (PVDF), which shows high chemical
stability and mechanical flexibility. However, only its β-phase
exhibits significant piezocatalytic activity with reported H2 O2 
production rates reaching up to 163 µmolH2O2 gCat − 1 h− 1 [ 47, 52, 53 ].

Regarding piezo-photocatalysis, one of the most promising sub-
sets of organic polymers are conjugated microporous polymers
(CMPs) based on their advantageous material properties. If a
CMP exhibits a molecularly defined active site, they are often
referred to as solid molecular catalyst (SMC). SMCs thus com-
monly comprise polycrystalline, thermally stable networks which
combine the molecular precision of homogeneous catalysts with
the structural robustness of heterogeneous systems. In our pre-
vious study, we demonstrated the potential of two-dimensional
(2D) SMCs for the photocatalytic H2 O2 production, with the most
active catalyst achieving a rate of 2.31 mmolH2O2 gCat − 1 h− 1 under
simulated sunlight at half intensity (50 mW cm− 2 ) [ 54 ]. Motivated
by their strong photocatalytic performance and inspired by the
study of Wang et al. [ 11 ], we herein report the unprecedented
piezo-photocatalytic properties of these SMCs. Remarkably, all
tested SMCs exhibited activity under ultrasound exposure. While
most piezo-photocatalytic research to date has focused on the
degradation of organic pollutants, our objective was to develop a
sustainable strategy for H2 O2 production from water and molecu-
lar oxygen under ambient conditions —without the use of metals,
additives, UV light, pure oxygen or pressurized conditions [ 10,
55–57 ]. Herein, we report a series of modular, air-stable, metal-
free SMCs with molecularly defined architectures that enable
efficient piezo-photocatalytic H2 O2 production. The modularity
of the SMCs additionally allows the proposal of structure-activity
relationships. The most active catalyst in this series exhibits the
highest H2 O2 production rate reported to date for a metal-free
system under ambient conditions. 
Angewandte Chemie International Edition, 2026
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FIGURE 2 Synthesis and structure of SMCs AP1 to AP5. 
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 Results and Discussion 

.1 Synthesis and Characterization of SMCs 

o elucidate the influence of different structural motifs and
ackbone functionalities on the piezo-photocatalytic H2 O2 pro-
uction, a series of five SMCs, designated as AP1 through AP5
Figure 2 ), was synthesized. Structurally, AP1 and AP3 are com-
rised of a diphenylpyridine motif, whereas a terpyridine motif
as incorporated in AP2, AP4, and AP5. Each SMC additionally
ontains a backbone functionalization. In this regard, AP1 and
P2 both feature a methyl group to allow for a comparison
etween the diphenylpyridine and terpyridine motif. AP3 and
P4 contain a large, aliphatic amine functionalization, aimed
t significantly increasing the hydrophilicity of the SMCs. AP5
ncorporates an aromatic pyrrole ring directly attached to the
erpyridine structure, adding an additional heterocycle to the
onjugated system and altering its electronic makeup. 

he SMCs AP1-5 were synthesized based on an amended, pre-
iously reported synthetic procedure [ 54 ]. The C3 -linker was
ynthesized following the established procedure described by
ang et al., [ 58 ]. The corresponding monomer was synthesized
s outlined by Tabrizian et al. and tailored by our group [ 59 ]. 

olid-state magic angle spinning nuclear magnetic resonance
SS-MAS-NMR) spectra were recorded to confirm the successful
ormation of the target structures (Figures 3a , S9–S14 ). The 13 C-
ngewandte Chemie International Edition, 2026
MAS-SS-NMR spectra of polymers with a diphenylpyridine motif
exhibit four peaks within the aromatic region, at 122, 133, 146,
and 163 ppm, respectively. The polymers with terpyridine motifs
show four peaks within the aromatic region due to the electron
withdrawing effect of the nitrogen in the pyridine rings (125,
133, 145, and 161 ppm). Furthermore, for AP3 and AP4, the
aliphatic carbons of the backbone antenna can be observed at
around 50 ppm. AP5, featuring a pyrrole structure, exhibits two
additional signals in the aromatic range (110 and 147 ppm),
in agreement with the proposed structure. X-ray photoelectron
spectroscopy (XPS) measurements were carried out for further
structural verification (Figure 3b,c ). High-resolution Br 3d spectra
display only residual peaks, indicating successful polymerization,
and nearly complete endcapping (see Figure S34 ). The DRIFTS
data further corroborate the successful polymerization, as no
bands attributable to B-O stretching vibrations ( ∼ 1330 cm− 1 ) are
detected in the polymer spectra (see Figure S14–S17 ). To remove
potential Pd impurities stemming from the polymerization, all
SMCs were stirred in a mixture of hydrochloric acid, H2 O2 and
water and subsequently Soxhlet extracted [ 57 ]. The XPS Survey
Scan (Figure 3b ) showed no residual palladium in the SMCs.
High-resolution N 1s scan of backbone-functionalized SMCs
(Figure 3c ) reveal the presence of two distinct nitrogen signals
of strongly varying electron densities for AP3 and AP4 (aliphatic
amine and pyridine), and two signals of comparable electron
densities for AP5 (pyrrole and pyridine), again confirming their
proposed structures. Thermogravimetric analysis (TGA) under
air atmosphere reveals thermal stability of the polymer backbone
3 of 11
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FIGURE 3 Characterization of SMCs. (a) Solid State 13C-MAS-CC-NMR Spectra. *Spinning side bands. Detailed analysis can be found in the 
Supporting Information. (b) XPS Survey scan. (c) XPS N 1s high-resolution core-level spectrum. (d) A Tapping-mode AFM height image of AP5 powder 
shows a sub-100 nm structure when utilizing a tip with a radius of less than 5 nm. (e, f) PFM images of AP5 acquired with a conductive tip (radius < 

40 nm), (e) topography image and (f) corresponding piezoresponse amplitude. 
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p to 450◦C (Figure S15 ), while the amine functionalization
n AP3 and AP4 slowly decomposes at temperatures above
80◦C. Scanning electron microscopy (SEM) shows large aggre-
ates with irregular edges and abundant holes (Figure S16 ).
n addition, the samples were subjected to x-ray diffraction
nalysis to determine the extent of crystallinity present in the
aterials. The diffractograms (Figure S17 ) show broad reflexes
n a regular manner, indicating the polycrystalline structure of
he SMC. Additionally, Atomic Force Microscopy (AFM) images
Figure S18 ) were acquired. The topography image shown in
igure 3d and the phase image presented in Figure S19 both reveal
ggregates composed of particles smaller than 100 nm. Moreover,
he AFM analysis uncovered a layered structure at the edges
f these aggregates, with step heights ranging from 2 to 5 nm.
astly, to verify the piezoelectric response of these amine-based
MCs, Piezoresponse Force Microscopy (PFM) measurements
ere performed. For this purpose, a conductive ultrasonic tip
as employed, and a single grain of the material was isolated
of 11
and subsequently pressed onto a conductive aluminum substrate.
The conductive tip was modulated with 5 V and a frequency
of 15 kHz, while the substrate potential was maintained at
5 V. Figure 3e presents the corresponding topography image,
while the simultaneously acquired amplitude of the piezoelectric
response is shown in Figure 3f . These results demonstrate that the
SMCs exhibit pronounced, voltage-dependent piezoresponsive
behavior. In conclusion, the employed synthesis strategy afforded
the target metal-free SMCs with the proposed structures as
large polycrystalline 2D polymer particles, which possess distinct
piezo-responsivity. 

2.2 Piezo-Photocatalytic Behavior of SMCs 

Piezo-photocatalysis combines photocatalysis and piezocatalysis
in a synergistic manner, utilizing both light and mechani-
cal energy to drive chemical reactions. The internal electric
Angewandte Chemie International Edition, 2026
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FIGURE 4 Proof of piezo-Photocatalytic behavior of SMCs. (a) Schematic illustration of the mechanisms of photocatalysis, piezocatalysis, and 
piezo-photocatalysis (b) Time-resolved absorbance of potassium permanganate (40 mg L− 1 ) at 525 nm under ultrasonic irradiation with and without 
SMC AP5 (3 mg, 6 mL solution, 45 kHz ultrasonic bath, ambient conditions). (c) Influence of different ion concentrations on the production of H2 O2 
(6 mL water, 45 kHz, 1 h). (d) Influence of the type of mechanical stress on the piezo-photocatalytic activity (3 mg AP5, 6 mL water, stirring at 1000 rpm 

or shaking bath with 100 rpm orultrasonic bath with a frequency of 45 kHz, 1 h). 
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ield generated by the piezoelectric effect enhances the separa-
ion of photogenerated charge carriers, leading to significantly
mproved catalytic efficiency compared to either process alone
Figure 4a ) [ 12, 60 ]. In order to verify that the multi-energy piezo-
hotocatalysis is the underlying mechanism when employing the
resented SMCs, a series of preliminary reactions was carried
ut. The piezo-photocatalytic activity of the SMCs was tested
sing an established procedure [ 11 ]. To this end, potassium
ermanganate (KMnO4 ) was reduced by piezo-photocatalytically
enerated electrons [ 11 ]. The reduction of KMnO4 was monitored
ia UV Vis spectroscopy based on the absorbance at around
25 nm (Figure 4b ) [ 11 ]. 

n the absence of SMCs, the absorbance of the KMnO4 solution
xposed to ultrasound at ambient light did not change, confirm-
ng its stability in the presence of such ultrasonic irradiation
Figure 4b ). In comparison, in the presence of either of the
ive different SMCs the time-resolved reduction of KMnO4 can
e observed upon ultrasonication. The methyl-functionalized
P1 and AP2 show the lowest decomposition activities within 5
in. The differently functionalized SMCs show higher activity
ncreasing from AP4 to AP3 to AP5. For AP5, no absorbance
emained at 525 nm after 5 min of ultrasonic irradiation, evidenc-
ng the complete reduction of KMnO4 and in turn its exceptional
ngewandte Chemie International Edition, 2026
piezo-photocatalytic activity. In sonocatalysis, reactive oxygen
species (ROS) are generated through the reaction of oxygen
with charge carriers, especially electrons (e− ) and electron holes
(h+ ), at the catalyst surface. The four major ROS are superoxide
anion radicals, singlet oxygen, hydroxy radicals, and H2 O2 [ 2,
47, 61, 62 ]. To rule out a contribution of metal impurities in
the employed water to the observed overall activity, different
purity levels of water were sonicated. In these experiments, the
concentration of catalytically produced hydrogen peroxide was
used to determine activity since its quantification is possible
using colorimetric methods. Figure 4c shows that such produced
H2 O2 is negligible in the absence of a catalyst and no major
difference between the various purity levels of water and ion
concentrations was observed. Lastly, the impact of the nature of
the induced mechanical force was investigated. In the absence
of mechanical force, a concentration of 0.64 mg L− 1 H2 O2 
was measured, which corresponds to the purely photocatalytic
activity of the SMC. In this study, three different forms of mechan-
ical input were investigated: stirring, shaking, and ultrasound.
For stirring and shaking, frictional energy serves as the driv-
ing force (tribocatalysis), whereas under ultrasonic conditions,
the primary excitation source is the ultrasonic energy (piezo-
/sonocatalysis) [ 63 ]. Stirring or shaking of the reaction mixture
did not lead to a significant increase in H2 O2 concentration, while
5 of 11
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FIGURE 5 Piezo-photocatalytic production of H2 O2 from water and oxygen. (a) Comparison of the activity of five SMCs (0.5 mg/mL) with different 
motifs and backbone functionalities at 45 kHz. (b) Solid UV/Vis spectra of the investigated SMCs. (c) Water physisorption isotherms of the SMCs. (d) 
Influence of reduced (0.2 mg L− 1 ) and enriched ( > 20 mg L− 1 ) oxygen atmosphere on the piezo-photocatalytic performance of AP5 (3 mg AP5, 6 mL 
water, 45 kHz, 1 h). (e) Radical scavenger experiments (0.05 mM solution, 3 mg AP5, 6 mL water, 45 kHz, 1 h). The dotted markers indicate measurements 
from the reference experiment. Error bars represent standard deviation from N ≥ 2 independent measurements. 
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ltrasound irradiation resulted in a peroxide concentration of
2.4 mg L− 1 . Collectively, these findings indicate that frictional
nergy alone is insufficient to activate the catalyst, confirming
hat the observed catalytic activity arises from a combined
iezo-/sono-photocatalytic mechanism. 

.3 Piezo-Photocatalytic H2 O2 Production 

n order to quantify the piezo-photocatalytic activity of the SMC
eries, the production of H2 O2 was again used as a model reaction.
n an initial series of experiments, all SMCs were screened under
niform conditions to identify the influence of their individual
tructural inclusions on catalytic activity (Figure 5a ). 

P1 and AP2, featuring a methyl functionalization along the
iphenylpyridine or terpyridine structure, respectively, showed
he lowest catalytic activities in the series, resulting in per-
xide concentrations below 7 mg L− 1 . Between the two, the
eaction employing AP2, based on the terpyridine structure,
xhibited a minimally higher peroxide concentration. Upon
nclusion of the large aliphatic amine functionalization, both
he diphenylpyridine- (AP3) and terpyridine-based (AP4) SMC
xhibited significantly increased peroxide production rates. Addi-
ionally, the gap in activity between the two aromatic backbone
of 11
types widened substantially, with AP3 resulting in a peroxide
concentration of around 20 mg L− 1 , while AP3 achieved a concen-
tration of around 30 mg L− 1 . Based on this, it can be concluded
that the terpyridine scaffold is superior to the phenylpyridine
one in the context of the piezo-photocatalytic production of
H2 O2 . Furthermore, the addition of the aliphatic amine motif
significantly improved the catalytic activity of both scaffold types,
evidencing that an increased hydrophilicity of SMCs benefits
catalytic activity, most likely through improved catalyst/solvent,
and thus substrate, interaction. Lastly, employing AP5, featuring
a pyrrole antenna directly attached to the terpyridine structure in
lieu of the aliphatic amine, resulted in the highest peroxide con-
centration of the series, at 36.9 mg L− 1 . Despite also increasing the
N content of the overall SMC, the pyrrole is expected to increase
the hydrophilicity of the material less than the highly basic
aliphatic amines of AP3 and AP4, and the observed improved
catalytic activity is instead attributed to beneficial changes to
the properties of the conjugated, aromatic system. To further
substantiate these claims, band gap energy solid state UV/vis
spectra (Figure 5b ) were recorded via the Tauc method [ 64–67 ].
AP1 shows the highest band gap energy in the series with 3.12 eV,
whereas AP2 to AP4 show similar band gaps between 2.54 eV
to 2.65 eV. The lowest band gap energy is exhibited by AP5 with
2.34 eV. This finding is in agreement with the observed catalytic
activity trends and validates the proposed effect of the pyrrole
Angewandte Chemie International Edition, 2026
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tructure on the properties of the conjugated system as main
ause for the exceptional activity of AP5. While the band gap is a
ignificant determinant of the catalytic activity, the hydrophilicity
f the SMCs was also proposed as a key differentiator. Figure 5c
hus shows water physisorption measurements of all SMCs in
he series. As expected, the adsorbed volume and therefore
he hydrophilicity increased drastically upon introduction of
dditional nitrogen-containing functionalities. Interestingly, the
yrrole-functionalized AP5 shows a hydrophilicity comparable to
he aliphatic amine-containing AP3 and AP4. With the nitrogen
o carbon ratio, the partial charge and therefore polarity of
he polymers increased. Furthermore, the adsorbed volume of
ater per active surface area for a monolayer of water was
alculated. The adsorbed volume of water per active surface area
ncreases from AP1 to AP5, AP1 to AP5, with values of 0.131, 0.142,
.918, 1.253, and 1.975 cm3 m− 2 , respectively, correlating with
he observed catalytic activity trends (Table S1 ). Next, reaction
arameters were varied to quantify their impact on the catalytic
ctivity of the best-performing AP5. Mechanistically, H2 O2 can be
roduced via the oxygen reduction reaction (ORR) or the water
xidation reaction (WOR) [ 13 ]. In the reductive mechanism,
olecular oxygen can be reduced via a one-, two- or four-
lectron process. In the one-electron transfer mechanism oxygen
s reduced to super oxide radicals, which can be protonated to
ydroperoxyl radicals. In a second electron transfer these active
xygen species can be further reduced and protonated to form
2 O2 . In the direct two-electron transfer mechanism, oxygen is
irectly converted to H2 O2 . Unfortunately, a further reduction of
2 O2 to water via the four electron pathway is also possible [ 13, 68,
9 ]. The ORR commonly represents the main contributor to the
verall activity in the catalytic production of H2 O2 . As oxygen is
he key reactant of this mechanistic pathway, the influence of the
xygen concentration on the catalytic activity was investigated via
xperiments with reduced (0.20 mg L− 1 ) or enriched ( > 20 mg L− 1 )
xygen content (Figure 5d ). The oxygen content of the reaction
ystem was adjusted by flushing argon or pure oxygen through
he suspension for ten minutes. Afterwards, the reaction tube was
ealed. With reduced oxygen content, catalytic activity decreased
y 80%. In Addition, the reaction was repeated in the presence of
n increased oxygen content. Surprisingly, the catalytic activity
lso decreased, albeit by just 30%. In literature, several decom-
osition mechanisms of H2 O2 through oxygen radicals, such as
enton-like reactions or the Haber-Weiss reaction, are known [ 70,
1 ]. In the Haber-Weiss decomposition mechanism, superoxide
adicals react with H2 O2 to form oxygen, hydroxyl anions and
ydroxy radicals [ 71 ]. We propose that with increasing oxygen
ontent the decomposition rate of H2 O2 via a Haber-Weiss like
eaction becomes faster than the production of H2 O2 resulting in
he overall lower concentration. Of the three tested conditions,
ir atmosphere was thus shown to be the most beneficial. While
his is a promising circumstance from an application point of view
ue to the simplicity of using air, it is likely that the catalytic
ctivity of AP5 could further be improved by varying the oxygen
ontent with a higher degree of control. As an additional angle to
ncover the underlying reaction mechanisms, radical scavenging
xperiments were conducted with the three most active SMCs.
cavengers were chosen to inhibit the stepwise oxygen reduction
eaction (NBT, O2 

− . ) the direct and stepwise water oxidation reac-
ion (oxalate, h+ ), the isolated stepwise water oxidation reaction
n-BuOH, OH. ) and the singulet oxygen pathway (FFA, 1 O2 ). As
hown in Figure 5e , in the presence of NBT a significant reduction
ngewandte Chemie International Edition, 2026
in catalytic activity was observed for all SMCs, pointing towards
the ORR being the major mechanistic pathway towards hydrogen
peroxide. The presence of oxolate increased the catalytic activity
of AP3 while reducing that of AP4 and AP5. The increased activity
with AP3 can be attributed to oxolate acting as a sacrificial agent
rather than a scavenger and is thus evidence of the WOR not
significantly contributing to the overall activity of that SMC.
In contrast, for AP4 and AP5 the presence of oxolate resulted
in reduced catalytic activity, suggesting that the WOR is taking
place in addition to the ORR for these SMCs. Interestingly, in the
presence of n-BuOH, which is supposed to impact the stepwise
WOR exclusively, a reduction in catalytic activity was observed for
AP3, for which we propose no WOR is taking place. Furthermore,
the reduction of catalytic activity for AP4 and AP5 is more
pronounced than in the presence of oxolate, which should quench
both the direct and indirect WOR pathway. Both findings can,
however, be explained when considering the homolytic cleavage
of H2 O2 into two hydroxy radicals. Even if the cleaved peroxide
was produced without hydroxy radicals as intermediates, for
example via the ORR, its cleavage and the subsequent inhibition
of recombination by quenching would result in a reduced overall
catalytic activity, matching the observed trends. No impact was
found on catalytic activity in the presence of furfuryl alcohol,
suggesting that it does not play a role in the piezophotocatalytic
production of peroxide. Together, these experiments confirm
that in all cases the production of H2 O2 mainly follows the
oxygen reduction mechanism, while for the SMCs containing the
terpyridine motif and aliphatic amine functionalization (AP4)
or pyrrole functionalization (AP5), the WOR is enabled as an
additional mechanistic pathway. Based on this observation, an
additional reaction in a closed system was performed to inves-
tigate the water splitting ability of the catalyst. However, in
the gas sample no hydrogen could be detected, which suggests
that the catalysts are not active in water splitting. Next, the
effect of the light source on the piezo-photocatalytic reaction was
investigated (Figure 6a ). Compared to the reference at room light
with an intensity between just 3 W m− 2 and 6 W m− 2 , under dark
conditions (0 W m− 2 ) the activity was 35% lower. The remaining
activity can be attributed to the purely piezocatalytic capabilities
of the SMC. The pronounced impact of the low intensity room
light underlines the synergistic impact of piezo-photocatalysis.
Upon additional irradiation of the ultrasound bath with UV Light
(365 nm, 1000 W m− 2 ), the H2 O2 concentration of the product
solution increased by 41% up to 52 mol L− 1 . 

These findings highlight the potential for a combined and
synergistic approach utilizing piezo- and photocatalysis, as the
highest overall yield of H2 O2 was obtained. At the same time, the
catalyst already showed exceptional activity at ambient light with
light intensities between just 3 W m− 2 and 6 W m− 2 . Since the use
of additional UV light also entails a significant increase in the
energy demand of the overall setup, and since UV usage carries
negative implications regarding catalyst and material stabilities,
the ability to maintain a majority of the catalytic activity using
ambient light is a key advantage of the presented system over
existing piezo-photocatalysts [ 72, 73 ]. Lastly, the influence of
the ultrasound frequency and intensity was further examined.
Typical frequencies used for sonocatalysis start above the audible
range (20 kHz) and extent into the megahertz region, whereby
the cavitation strength increases with decreasing frequency [ 74,
75 ]. To be able to cover this entire frequency range, two set-ups
7 of 11
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FIGURE 6 Time-resolved and ON/OFF studies. (a) Influence of light source on the piezo-photocatalytic activity (3 mg AP5, 6 mL water, 45 kHz, 
1 h, dark: 0 W m− 2 , room light: 3 – 6 W m− 2 and UV light: 365 nm, 1000 W m− 2 ). (b) Influence of the ultrasonic frequency on catalytic activity (3 mg 
AP5, 6 mL water, 1 h). The dotted markers indicate measurements from the reference experiment. (c) Time-resolved study using AP5 under ambient 
conditions (3 mg AP5, 6 mL water, 45 kHz, air, room light). (d) ON- OFF- ON experiments of ultrasonic with 45 kHz and AP5 (3 mg AP5, 6 mL water, 
air, room light). (e) Switching between piezocatalysis, photocatalysis, and piezo-photocatalysis with AP5 (3 mg AP5, 6 mL water, air, 5 min intervals, UV 

lamp: 365 nm, 500 W/m2 , US: 45 kHz, 120 W) Detailed information about the modified set-up can be found in the Supporting Information. Error bars 
represent standard deviation from N ≥ 2 independent measurements. 
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or sonication were deployed (see Supporting Information).
mportantly, the change in frequency can significantly alter the
ode of energy input to the reaction. As an example, under
tandard conditions cavitation no longer takes place at very high
requencies [ 76–79 ]. Consequently, a quantitative comparison of
atalytic activity is difficult across a wide frequency range, and
his set of experiments are instead intended to analyze if catalytic
ctivity remains at a particular frequency, and in turn if the SMC
as suitable for an application requiring it. 

igure 6b illustrates that activity remained at all frequencies. The
ctivity of the catalysts increases from 2.6 MHz to the reference
xperiment at 45 kHz and drops again at lower frequencies.
his surmises that the resonance frequency of the material is
round 45 kHz. Noteworthily, even though the overall catalytic
ctivity decreased, the presented SMC maintained its ability to be
timulated by biocompatible ultrasound with frequencies above
 MHz [ 75 ]. At 2.6 MHz, for instance, the production of 3.9
g L− 1 of H2 O2 per hour remains possible (Figure 6b ). This
arries important implications for a potential application of these
ystems in a medical context [ 79 ]. Furthermore, the influence
of 11
of the ultrasound intensity was tested. With an increasing
intensity from 50 % to 100 % at a fixed frequency of 0.6 MHz
the catalytic activity steadily increases from 4.6 mg L− 1 to
6.3 mg L− 1 . All following experiments were performed with an
ultrasound frequency of 45 kHz and 100% intensity. In summary
these experiments showed that the presented SMC exhibited
the highest efficiency with the simplest reaction set-up: air
atmosphere, room light, and an ultrasound bath. Subsequently,
in order to achieve even higher peroxide concentrations, an
extended reaction employing the best-performing SMC AP5
was carried out for 3 h. As a result, a H2 O2 concentration
exceeding 60 mg L− 1 was obtained (Figure 6c ). The observed
linear correlation between reaction time and peroxide concen-
tration ( R2 = 0.98) during the reaction proves both that the
catalytic system remained stable throughout this time and that
no equilibrium was reached. Additionally, a series of adaptive
ON-OFF experiments (Figure 6d ) was conducted. As can be seen
in Figure 6d , the catalytic production hydrogen peroxide can
be precisely controlled via ultrasound. Upon its deactivation, no
increases in H2 O2 levels can be observed. Upon reactivation of
ultrasound, the production of peroxide continues in an immediate
Angewandte Chemie International Edition, 2026
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nd fast manner. This means that both the timing and the concen-
ration of H2 O2 can be controlled by the applied ultrasonication
ime, and that the presented SMC is switchable through the
pplication of mechanical force. Furthermore, the possibility
f switching between piezocatalysis, photocatalysis, and piezo-
hotocatalysis was investigated. The corresponding results are
resented in Figure 6e , demonstrating that hydrogen peroxide
eneration occurs under all three activation modes. Moreover,
 synergistic effect is observed for piezo-photocatalysis, as the
esulting hydrogen peroxide concentration increases significantly
ompared to the sum of the individual contributions. 

 Conclusion 

n conclusion, five structurally different, modular, metal-free,
mine-based SMCs were successfully synthesized and applied
n the piezo-photocatalytic production of H2 O2 . Owing to their
odular design, it was possible to correlate the incorporation of
arious functional groups with changes to the band gap energy
nd the hydrophilicity of the SMCs and ultimately with their
bserved catalytic activities. Among them, AP5, comprised of a
erpyridine structure and a pyrrole functionalization, exhibited
he highest performance, achieving a H2 O2 concentration of
6.9 mg L− 1 h− 1 under ultrasound irradiation at 45 kHz in water,
sing only low-intensity room light and normal atmosphere.
s such, these SMCs rank among the most efficient metal-
ree catalyst systems for the H2 O2 production under ambient
onditions. Furthermore, catalytic activity was maintained even
nder high-frequency, biocompatible ultrasound ( > 2 MHz),
emonstrating the robustness of the system and showcasing the
otential for application in a medical context. In time-dependent
nd ON-OFF switching experiments, the long-term stability of
P5 was shown, and it was confirmed that H2 O2 production
ould be externally regulated by ultrasound, allowing precise
ontrol of the timing and extent of peroxide production. In
ddition, it could be shown, that these materials can switch
etween piezocatalysis, photocatalysis, and piezo-photocatalysis,
hich highlights the potential of these systems for controllable,
n-demand applications. 
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