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Achieving stable immobilization of organic photocatalysts is essential for practical photocatalytic hydrogen

peroxide (H2O2) production. In this study, we propose a robust photocatalytic strategy that immobilizes

self-assembled porphyrin nanosheets (SA-TCPP) onto quartz wool (QW), using polydimethylsiloxane

(PDMS) as both a binding and encapsulating medium. By optimizing the viscosity and operating

temperature of PDMS, the resulting PDMS/SA-TCPP/QW composite achieves a high H2O2 yield of 95

mmol and maintains excellent stability over 10 cycles. The composite reaches a concentration of 7.4 mM

and an internal quantum efficiency as high as 15.84% at 420 nm, which is comparable to that of SA-

TCPP powder. In a modular flow reactor, it produced 3.5 mmol of H2O2 over 50 h, with the final solution

concentrated to 100 mM, demonstrating strong scalability. In the PDMS/SA-TCPP/QW composite, PDMS

forms a semi-solid interfacial layer that not only physically anchors the SA-TCPP nanosheets but also

enhances interfacial stability through the formation of covalent amide (–CONH–) bonds. This integrated

design offers a practical and broadly applicable strategy for the stable immobilization of organic

photocatalysts.
Broader context

Photocatalytic H2O2 production represents a sustainable approach because it relies on environmentally benign water, oxygen, and sunlight. However, most
existing photocatalytic systems are designed in powder-suspension form, which typically suffers from limited reusability, challenging recovery, and poor
dispersion. In this study, polydimethylsiloxane (PDMS) is employed as a semi-solid interfacial binder to immobilize porphyrin nanosheets (SA-TCPP) onto
quartz wool (QW). This immobilization strategy enables the preparation of a PDMS/SA-TCPP/QW composite that achieves a high H2O2 production rate of 1.8 mM
h−1, comparable to the performance of the powder counterpart. Moreover, the system can be readily scaled up, with activity increasing proportionally as the
number of loaded QWmodules increases from 1 to 8, and demonstrates excellent operational stability for up to 50 h. QW proves to be an ideal support due to its
chemical inertness toward H2O2 and its highly porous brous network, which provides efficient dispersion of active SA-TCPP photocatalysts. Meanwhile, PDMS
effectively stabilizes the immobilized SA-TCPP and maintains its dispersity, attributed to its high viscosity and strong chemical interactions. Overall, this
strategy offers a practical route toward modular, continuous-ow photocatalytic systems and underscores the potential of decentralized solar-driven chemical
manufacturing.
1. Introduction

Hydrogen peroxide (H2O2) is a versatile and environmentally
benign oxidant, widely employed in healthcare, food process-
ing, environmental remediation, and chemical synthesis. Its
sole decomposition products, water and oxygen, render it
particularly attractive for sustainable chemistry.1,2 Currently,
otoresponsive Molecules and Materials,
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u.cn
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sity, Beijing, 100086, China

the Royal Society of Chemistry
industrial H2O2 is produced via the anthraquinone (AQ)
process, which involves sequential hydrogenation and oxida-
tion steps catalysed by Pd complexes.3,4 Despite its commercial
viability, this process is energy-intensive, generates hazardous
waste, and poses challenges in H2O2 storage and transport due
to its intrinsic instability. To address the limitations associated
with conventional H2O2 production and distribution, decen-
tralized H2O2 generation has emerged as a promising strategy,
enabling on-demand synthesis at the point of use.5–7 Among the
various methods under exploration, photocatalysis stands out
as a green and solar-driven alternative. In principle, it requires
only water, oxygen, and a semiconductor photocatalyst,
providing a direct and sustainable pathway to H2O2.8,9
EES Sol., 2025, 1, 1115–1125 | 1115
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Fig. 1 Schematic of the preparation process of QW loaded with SA-TCPP nanosheets.
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To date, various organic photocatalysts (e.g., g-C3N4 (ref. 10
and 11) and porphyrins12,13) have been studied for photocatalytic
H2O2 production. However, they are mostly used in powder form,
which limits their practical applications due to poor reusability,
difficult recovery, and inadequate dispersion. Also, such
photocatalyst-suspended systems remain largely conned to
laboratory-scale investigations. These limitations have sparked
increasing interest in photocatalyst immobilization as a means
to enable reactor integration, long-term operational stability, and
continuous-ow operation. Immobilization improves photo-
catalyst reusability and simplies separation and recycling.14,15

Despite these benets, immobilization still presents signicant
challenges. Achieving strong adhesion between the photocatalyst
and support without compromising activity remains a major
difficulty. Hence, selecting a suitable support material is crit-
ical—it must offer high surface area, robust physicochemical
stability, and strong interfacial interaction with the
photocatalyst.

In recent years, some organic support materials have been
investigated for H2O2 production, including polymers,16,17 metal
organic frameworks (MOFs),18,19 and covalent organic frame-
works (COFs).20,21 However, these organic supports suffer from
high cost and poor chemical stability in the produced H2O2

solution. Although some inorganic supports have been reported,
such as glass beads,22 and porous alumina ceramics,23 these
inorganic supports exhibit a small surface area, resulting in
much lower photocatalytic performance for the immobilized
system compared to the corresponding powder suspension.
Given the above limitations, quartz wool (QW) emerges as an
ideal support for photocatalyst immobilization, owing to its
excellent thermal stability, chemical inertness, high optical
transparency, and highly porous brous network.24,25 For
instance, nanoscale TiO2 layers have been reported to be
deposited on QW surfaces by sol–gel methods, resulting in good
adhesion and uniform morphology.26,27 However, the immobili-
zation is primarily suited for inorganic photocatalysts, which can
readily interact with hydroxylated surfaces. The highly active
organic photocatalysts in the H2O2 production eld typically
exhibit poor affinity toward the QW surface and have been
1116 | EES Sol., 2025, 1, 1115–1125
insufficiently explored. The stable immobilization of organic
H2O2-production photocatalysts onto QW remains challenging.

Polydimethylsiloxane (PDMS)28,29 offers a unique combina-
tion of chemical inertness in H2O2, high optical transparency,
excellent thermal and photostability, inherent gas-permeability
and coating exibility. In the literature, the material has been
used as an encapsulation medium or support matrix.30–32

Therefore, the material may be used as a binder to increase the
affinity between the support and organic H2O2 production
photocatalysts.

Self-assembled tetrakis(4-carboxyphenyl) porphyrin (SA-
TCPP) nanosheets are reported as one of the highest-activity
photocatalysts by our group.33,34 However, the material is only
studied in its powder form, which limits further utilization. To
achieve stable immobilization of the SA-TCPP photocatalyst, we
propose a PDMS-coating strategy to immobilize SA-TCPP onto
QW for scalable H2O2 production by an evaporation method
(Fig. 1). The control factors of the supported system on the H2O2

production activity are studied. The effect of PDMS coating in
stabilizing the SA-TCPP photocatalysts on QW and in enhancing
H2O2 production activity is claried. Furthermore, we report
that the introduction of amino-functionalized PDMS (NH2-
PDMS) enables the formation of amide linkages with the
carboxyl groups of SA-TCPP, signicantly enhancing its overall
stability, with H2O2 concentration reaching 7.4 mM. This
strategy enables robust and scalable H2O2 production using
immobilized organic photocatalysts.
2. Results and discussion
2.1 Morphological and structural characterizations

The morphology of the prepared samples is investigated using
SEM. Fig. 2a–d present the SEM images of QW, PDMS/QW, SA-
TCPP/QW, and PDMS/SA-TCPP/QW composites, respectively,
illustrating the stepwise modication process and correspond-
ing morphological changes. Fig. 2a shows that the single QW
ber exhibits a rough and uniform surface with a diameter of
approximately 2.5 mm. Multiple bers are intertwined to form
a three-dimensional porous network (Fig. S1a), which serves as
a potential substrate for SA-TCPP nanosheets loading.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) QW, (b) PDMS/QW composite (b inset,
corresponding BSE image), (c) SA-TCPP/QW composite, and (d)
PDMS/SA-TCPP/QW composite (d inset, corresponding BSE image).
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Fig. 2b shows the morphology of QW modied with PDMS
alone, which exhibits a smooth and uniform surface. In this
case, PDMS is found to uniformly coat the surface of QW with
a thickness of approximately 1 mm. The backscattered electron
(BSE) image in Fig. 2b reveals a distinct contrast between the
PDMS layer and the QW substrate, indicating clear phase
separation. Since BSE imaging is sensitive to differences in
atomic number, the brighter QW core and darker PDMS shell
provide direct evidence for the successful formation of a PDMS-
coated layer. This contrast conrms the presence and unifor-
mity of the PDMS coating. Compared to Fig. 2a, this demon-
strates that PDMS forms a distinguishable layer, potentially
Fig. 3 (a) FTIR spectra of PDMS/SA-TCPP/QW composite, SA-TCPP, PDM
with the PDMS/SA-TCPP/QW composite. TG-DTA curves of (b) SA-TCP

© 2025 The Author(s). Published by the Royal Society of Chemistry
improving surface adhesion for subsequent SA-TCPP catalyst
deposition.

Fig. 2c shows the morphology of SA-TCPP loaded onto QW.
Aer loading, SA-TCPP nanosheets are observed outside the
surface of QW. The SA-TCPP nanosheets are also conrmed by
the SEM observation without the addition of QW and PDMS
(Fig. S1b). Note that some nanosheets are only partially in
contact with QW, indicating the weak interaction between
them. This may affect the mechanical stability during the
reaction.

Fig. 2d shows PDMS-coated QW with SA-TCPP nanosheets.
SA-TCPP nanosheets are still observed on the surface of QW
bers with an average diameter of 3 mm. On the outermost
surface, a thin layer of PDMS is observed, which covers the
surfaces of both QW and SA-TCPP. In the corresponding back-
scattered electron (BSE) image, the QW core appears brightest
due to its high atomic number constituents (Si and O). The SA-
TCPP nanosheets also show relatively high brightness, which
can be attributed to their multi-layered, densely stacked
morphology formed via p–p self-assembly, resulting in
enhanced electron backscattering. In contrast, the PDMS
coating appears darker, consistent with its low density, thin-
lm structure, and lower average atomic number. These
contrast differences clearly reveal the spatial arrangement and
phase separation within the composite. Incorporating a PDMS
interlayer can reinforce interfacial adhesion between SA-TCPP
and QW, thereby enhancing mechanical integrity during pho-
tocatalytic operation.

The interaction among the QW, PDMS, and SA-TCPP is
investigated by FTIR spectra as shown in Fig. 3a. For the PDMS/
SA-TCPP/QW composite, a broad and weak absorption band
S, and QW, along with enlarged views comparing SA-TCPP and PDMS
P/QW composite and (c) PDMS/SA-TCPP/QW composite.

EES Sol., 2025, 1, 1115–1125 | 1117
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appears in the range of 2500–3300 cm−1, corresponding to O–H
and N–H stretching vibrations. Sharp peaks at 1684 cm−1,
1602 cm−1, and 1402 cm−1 are attributed to the stretching
modes of C]O, C]C, and C]N, respectively.35,36 These peaks
indicate that SA-TCPP is well preserved within the composite as
compared with the FTIR spectrum of pure SA-TCPP.

The absorption bands at 2962 cm−1 and 2902 cm−1 corre-
spond to the symmetric and asymmetric C–H stretching vibra-
tions of methyl groups, while those at 1411 cm−1 and 1258 cm−1

are assigned to their in-plane and out-of-plane bending vibra-
tions. The peaks at 862 cm−1 and 786 cm−1 are ascribed to the
stretching and bending vibrations of Si–C bonds,37,38 conrming
the presence of the PDMS siloxane backbone in the supported
system.

Additionally, the broad absorption band observed between
750 cm−1 and 1350 cm−1 is characteristic of Si–O–Si stretching
vibrations of amorphous SiO2,25,39 verifying the presence of the
QW support. Note that the characteristic peaks in the PDMS/SA-
TCPP/QW composite are retained without signicant shis or
new absorption bands relative to that of SA-TCPP, PDMS, and
QW, indicating the absence of chemical bonding among the
components. Instead, the composite is stabilizedmainly because
of physical interactions. PDMS may act as a semi-solid encap-
sulating medium,40,41 embedding SA-TCPP and adhering to the
QW surface. This interfacial structure spatially stabilizes the SA-
TCPP without disrupting its electronic structure, thereby
preserving its photocatalytic activity. Notably, UV-Vis-NIR spec-
troscopy (Fig. S2) reveals that the introduction of PDMS does not
alter the light absorption prole of SA-TCPP, indicating that
PDMS is optically transparent in the 350–1000 nm range.

Fig. 3b presents the TG and DTA curves of the SA-TCPP/QW
composite. The TG curves reveal a multistep decomposition
process, exhibiting thermal behaviour similar to that of SA-
TCPP (Fig. S3a). The mass loss before 600 °C is approximately
77.0%, which is attributed to the thermal decomposition of SA-
TCPP, whereas QW exhibits negligible mass loss below this
temperature (Fig. S3b). In comparison, pure SA-TCPP exhibits
a mass loss of 88.0% below 600 °C. The additional mass loss of
SA-TCPP in the SA-TCPP/QW composite beyond 600 °C is esti-
mated to be 10.5%. Meanwhile, QW alone exhibits a mass loss
of approximately 12.5%. These results indicate that the thermal
decomposition characteristics of SA-TCPP are preserved in the
SA-TCPP/QW composite, with QW serving as an inert support
with negligible inuence on the overall decomposition process.

Aer the introduction of PDMS, the TG curve of the PDMS/
SA-TCPP/QW composite (Fig. 3c) exhibits initial decomposi-
tion characteristics similar to those of SA-TCPP. This suggests
a lack of covalent bonding between PDMS and SA-TCPP.
However, its nal decomposition temperature is identical to
that of PDMS (Fig. S3c). Notably, no further weight loss of SA-
TCPP is observed beyond 600 °C, in contrast to the SA-TCPP/
QW composite. Thus, PDMS enhances the overall thermal
stability of the system. Moreover, these decomposition charac-
teristics indicate that PDMS likely forms a dense, thermally
stable coating. This physical encapsulation effect is supported
by SEM imaging, which reveals a uniform PDMS coating on the
composite surface (Fig. 2d).
1118 | EES Sol., 2025, 1, 1115–1125
FTIR analysis conrms the preservation of SA-TCPP's struc-
tural integrity and the physical adsorption effect of PDMS in the
PDMS/SA-TCPP/QW composite. In addition, TG and DTA anal-
yses demonstrate that PDMS signicantly enhances the thermal
stability of the composite.
2.2 Photocatalytic H2O2 production on PDMS/SA-TCPP/QW

The photocatalytic H2O2 production on the PDMS/SA-TCPP/QW
composite is evaluated in pure water under 4 h of visible light
irradiation, showing the highest activity under pure water
conditions (Fig. S4). The activities of PDMS, PDMS/QW, and SA-
TCPP/QW composites are also evaluated as controls (Fig. 4a and
S5a). The PDMS/SA-TCPP/QW composite produces 30 mmol of
H2O2 aer 4 h. In contrast, both pure PDMS and PDMS/QW
show negligible amounts of H2O2 production under the same
conditions. This suggests that the observed activity of the
PDMS/SA-TCPP/QW composite does not originate from either
PDMS or QW. Meanwhile, the SA-TCPP/QW composite
produces 12 mmol of H2O2 over 4 h, which is only one-third
relative to that of the PDMS/SA-TCPP/QW composite. This
signicant increase highlights the advantage of incorporating
PDMS in the supported system. Additionally, the optimal mass
ratio of SA-TCPP to PDMS is determined to be 1 : 6 (Fig. S5b).

The time-dependent H2O2 production on SA-TCPP/QW and
PDMS/SA-TCPP/QW composites is detailed in Fig. 4b. At the
initial stage of the reaction, SA-TCPP/QW exhibits signicantly
higher H2O2 activity than PDMS/SA-TCPP/QW, which can be
attributed to the diffusion resistance of O2 introduced by the
PDMS layer (vide infra). However, aer 27 min, the H2O2

production rate of the PDMS/SA-TCPP/QW composite surpasses
that of SA-TCPP/QW, reaching 9 mmol aer 1 h, whereas the
latter achieves only 7 mmol.

To elucidate the effect of PDMS on the performance differ-
ences between the two composites, we compare the optical
microscopy images and photos of SA-TCPP/QW and PDMS/SA-
TCPP/QW composites before and aer the photocatalytic reac-
tion (Fig. 4c and S6). Before the reaction, the SA-TCPP/QW
composite surface is densely covered with aggregated SA-TCPP
nanosheets. Aer the reaction, however, a large amount of SA-
TCPP detachment is observed, with most nanosheets missing
and large areas of the QW surface exposed, corresponding to the
extent of SA-TCPP detachment. This suggests insufficient
interfacial adhesion and poor structural integrity under pho-
tocatalytic conditions, leading to catalyst shedding and
decreased H2O2 production performance.

In contrast, the PDMS/SA-TCPP/QW composite maintains
a uniform distribution of SA-TCPP nanosheets before and aer
the reaction, with no visible structural detachment. Conse-
quently, its H2O2 production continues to improve with
extended reaction time. These results indicate that PDMS plays
a critical role in maintaining the structural integrity of the
composite during the photocatalytic process, which accounts
for the observed differences in catalytic performance.

In the absence of PDMS, SA-TCPP lacks effective adhesion to
the QW surface and is susceptible to detachment into the
solution, leading to signicant SA-TCPP loss. In contrast, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) H2O2 production on the PDMS, PDMS/QW, SA-TCPP/QW, and PDMS/SA-TCPP/QW composites. (b) H2O2 yields of SA-TCPP/QW and
PDMS/SA-TCPP/QW composites for 1 h. (c) Optical microscopy images of the SA-TCPP/QW and PDMS/SA-TCPP/QW composites before and
after photocatalytic reaction. Solution: 30 mL H2O, pH = 7, temperature: 40 °C, SA-TCPP catalyst loading: 45 mg, O2 bubbling, light source: Xe
lamp with a 420 nm cut-off filter.
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incorporation of PDMS contributes to improved overall
stability. Contact angle measurements show a value of 110°
(Fig. S7), conrming the pronounced hydrophobicity of PDMS.
The inherent viscosity of PDMS also enhances the adhesion
between SA-TCPP and the QW substrate, while also promoting
a more uniform dispersion of SA-TCPP across the QW surface.
The above factors act synergistically to stabilize the distribution
of the SA-TCPP catalyst and maintain its photocatalytic activity.

The effect of reaction temperature on the H2O2 production
activity is further investigated. In our previous study, reaction
temperature is identied as a critical parameter inuencing
H2O2 generation, as elevated temperatures promote the hydro-
lysis of peroxyl acids—formed by photogenerated holes—into
H2O2, thereby inhibiting the accumulation of peroxyl acid
recombination centres. For the SA-TCPP powder photocatalyst,
the optimal temperature is previously determined to be 80 °C.

In the current study, a range of temperatures from 20 °C to
80 °C are tested to evaluate the inuence of thermal conditions
on H2O2 production activity of the PDMS/SA-TCPP/QW
composite, as shown in Fig. 5a. We also evaluate the cycling
stability of the composite across six consecutive runs at each
temperature. As the reaction temperature increases from 20 °C
© 2025 The Author(s). Published by the Royal Society of Chemistry
to 80 °C, the H2O2 yield aer 4 h increased from 19 mmol to 58
mmol. However, this improvement in activity is accompanied by
a signicant decline in cycling stability at 60 °C and 80 °C. In
contrast, the composite demonstrates excellent durability at
20 °C and 40 °C. Considering both photocatalytic activity and
cycling stability, 40 °C is identied as the optimal reaction
temperature. Under this condition, PDMS/SA-TCPP/QW
composite produces 30 mmol of H2O2 aer 4 h reaction and
retains 90% of its initial activity aer six cycles. Also, negligible
structure change is found on the composite aer six cycles
(Fig. S8).

To study the reasons for rapid activity fade at elevated
temperatures, the residual amount of SA-TCPP and corre-
sponding photographs of PDMS/SA-TCPP/QW composite before
and aer photocatalytic reactions at 40 °C and 80 °C are pre-
sented in Fig. 5b. At 40 °C, the PDMS/SA-TCPP/QW composite
retains 90% of its initial SA-TCPP content (from 45 mg to 38
mg), with negligible visual change, indicating strong structural
integrity and effective anchoring of the SA-TCPP catalyst. In
contrast, at 80 °C, a dramatic loss of SA-TCPP is observed, with
the remaining amount dropping to only 12 mg (27% retention),
accompanied by a signicant color change from purple to pale,
EES Sol., 2025, 1, 1115–1125 | 1119
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Fig. 5 (a) H2O2 yields and cycling stability of PDMS/SA-TCPP/QW composites at various reaction temperatures (PDMS viscosity: 5000mPa s). (b)
Corresponding macroscopic photographs of PDMS/SA-TCPP/QW composite before and after reactions at 40 °C and 80 °C, illustrating the
morphological changes under thermal conditions. (c) Temperature-dependent viscosity profile of PDMS (5000 mPa s) under atmospheric
pressure. (d) H2O2 yields and cycling stability of PDMS/SA-TCPP/QW composite at various PDMS viscosities. Reaction temperature: 40 °C.
Solution: 30mL H2O, pH= 7, SA-TCPP catalyst loading: 45mg, O2 bubbling, reaction time: 4 h, light source: Xe lampwith a 420 nm cut-off filter.
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suggesting severe detachment of the active layer. This stark
contrast highlights the critical role of temperature in deter-
mining PDMS/SA-TCPP/QW composite stability. The elevated
temperature likely reduces the viscosity of the PDMS matrix,
weakening its physical adhesion to SA-TCPP, thereby acceler-
ating the loss of the catalytic layer.

We then measure the temperature-dependent viscosity vari-
ation of PDMS to elucidate the reason for the detachment of SA-
TCPP from QW at elevated temperatures. Fig. 5c shows rheo-
logical measurements of PDMS in the range from 20 °C to 80 °C.
The results show an inverse relationship between temperature
and PDMS viscosity. Accordingly, the uidity of PDMS increases
with temperature, which weakens its physical interaction with
the surface-bound SA-TCPP. This suggests that elevated
temperatures cause the semi-solid PDMS to ow away from the
encapsulated SA-TCPP, resulting in its detachment into the
solution.

The viscosity of PDMS with distinct differences is further
studied in the supported system. Three PDMS viscosities (500
mPa s, 5000 mPa s, and 50 000 mPa s) are chosen, and the
photocatalytic activity is also evaluated for six cycles (Fig. 5d). At
a PDMS viscosity of 500 mPa s, the accumulated amount of
H2O2 reaches 22 mmol aer 4 h of reaction. However, aer six
cycles, it rapidly decays to 12 mmol, conrming the importance
of the PDMS viscosity to activity stability. Besides that, the SEM
images show that PDMS visibly aggregates on QW at a viscosity
of 500 mPa s (Fig. S9), which may also decrease the activity. At
viscosities of 5000 and 50 000 mPa s, the accumulated amounts
1120 | EES Sol., 2025, 1, 1115–1125
of H2O2 reach 30 mmol and 23 mmol, respectively. Aer six
cycles, the activity stabilizes at approximately 90% and 65%
relative to their rst run, respectively. Note that the accumula-
tion amount of H2O2 for the latter is slightly lower than that of
the former. This may be due to the slow O2 diffusion in the
PDMS with a high viscosity (0.4 × 10−9 m2 s−1, 50 000 mPa s)
relative to the one with a low viscosity (2.2 × 10−9 m2 s−1, 5000
mPa s) (SI Note S1, Table S1 and Fig. S10). The slow O2 diffusion
in the PDMS layer may limit the H2O2 generation rate at high
PDMS viscosity. In addition to O2 diffusion, the diffusion
coefficients of H2O2 (2.2× 10−8 m2 s−1, SI Note S2 and Fig. S11),
and H2O (6.8 × 10−8 m2 s−1, SI Note S3 and Fig. S12) in the
medium-viscosity PDMS layer are also measured, revealing that
both species readily permeate through the PDMS layer. This
nding conrms that water molecules access the encapsulated
SA-TCPP photocatalyst, while the generated H2O2 diffuses
outward into the aqueous phase, thereby sustaining the pho-
tocatalytic reaction.

Medium-viscosity PDMS (5000 mPa s) provides optimal
physical xation of SA-TCPP and oxygen diffusivity, ensuring
high photocatalytic activity and excellent reusability under mild
conditions.

2.3. Enhancement of the activity and durability of H2O2

production on PDMS/SA-TCPP/QW composite via amidation

We further investigate the effect of PDMS type on the H2O2

production activity. Fig. 6a shows the H2O2 production using
PDMS with three terminal groups: –NH2 (NH2-PDMS), –OH (HO-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Comparison of the H2O2 yields for pristine PDMS/SA-TCPP/QW, HO-PDMS/SA-TCPP/QW, and NH2-PDMS/SA-TCPP/QW
composites. (b) Cycling stability of the NH2-PDMS/SA-TCPP/QW composite over ten successive runs. (c) Comparison of the H2O2 yields
between SA-TCPP powder and NH2-PDMS/SA-TCPP/QW composite at 80 °C. (Insets) Photographs showing the SA-TCPP powder (left) and the
immobilized NH2-PDMS/SA-TCPP/QW composite (right). (d) UV-Vis-NIR absorption spectrum (black line, left axis) and incident quantum
efficiency (IQE, magenta triangles, right axis) of NH2-PDMS/SA-TCPP/QW composite under irradiation with different monochromatic wave-
lengths. Solution: 30 mL H2O, pH = 7, temperature: 40 °C, SA-TCPP catalyst loading: 45 mg, O2 bubbling, reaction time: 4 h, light source: Xe
lamp with a 420 nm cut-off filter.
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PDMS), and –CH3 (pristine PDMS). Among the tested types of
PDMS, the H2O2 production of the NH2-PDMS/SA-TCPP/QW
composite reaches up to 95 mmol, approximately three times
higher than that of HO-PDMS/SA-TCPP/QW and pristine PDMS/
SA-TCPP/QW composites (around 30 mmol for each sample).
NH2-PDMS markedly enhances the photocatalytic H2O2

production. A control test conrms that NH2-PDMS/QW alone is
inactive for H2O2 generation, indicating that the photocatalytic
activity of NH2-PDMS/SA-TCPP/QW originates solely from SA-
TCPP (Fig. S13). The presence of the amino terminal group is
essential for enhancing the photocatalytic efficiency of the
PDMS/SA-TCPP/QW composite.

To investigate the origin of high H2O2 accumulation with
NH2-PDMS, FTIR spectra of the PDMS/SA-TCPP/QW and NH2-
PDMS/SA-TCPP/QW composites are obtained and compared
(Fig. S14a). The C]O stretching vibration is found to shi from
1684 cm−1 in SA-TCPP to 1700 cm−1 in NH2-PDMS/SA-TCPP/QW
composite. This shi is attributed to the formation of covalent
amide bonds (–CONH–) between the amino groups of NH2-
PDMS and the carboxylic acid groups of SA-TCPP. In addition,
we compare the 13C NMR spectra of SA-TCPP and NH2-PDMS
modied SA-TCPP. Compared with pristine SA-TCPP, a new
resonance signal appears at 173.8 ppm aer NH2-PDMS modi-
cation, corresponding to the carbonyl carbon of the amide
group (Fig. S14b), which is consistent with previous
reports.36,42–44 Such additional covalent interactions may work
synergistically with the intrinsic physical interactions of PDMS,
© 2025 The Author(s). Published by the Royal Society of Chemistry
inhibiting the detachment of SA-TCPP from the QW surface.
The resulting steady H2O2 production accounts for the high
accumulation, resembling the trend observed in SA-TCPP/QW
systems with and without PDMS (Fig. 4b).

We also evaluate the durability of the NH2-PDMS/SA-TCPP/
QW composite. The activity tests are carried out over ten
consecutive cycles of H2O2 generation, each lasting 4 h under
identical conditions (Fig. 6b). The initial H2O2 production is 80
mmol and stabilizes at 44 mmol in the subsequent cycles,
remaining approximately 1.5 times higher than that of pristine-
PDMS/SA-TCPP/QW composite. We collect and quantify the
amount of SA-TCPP detached aer each photocatalytic cycle
(Table S2). A signicant loss of 9 mg (ca. 20%) is detected in the
rst cycle, while the variation in subsequent cycles is negligible.
The initial activity enhancement is attributed to loosely bound
or unstable SA-TCPP, which detaches during the rst cycle.
Thereaer, the system maintains consistent performance and
structural integrity. The composite also exhibits a continuous
increase in H2O2 yield over 50 h of visible light irradiation,
ultimately reaching 360 mmol (Fig. S15).

Next, we compare the NH2-PDMS/SA-TCPP/QW composite
with SA-TCPP powder. The composite produces 7.4 mM of H2O2

within 4 h, with comparable activity to SA-TCPP powder (6.4
mM) (Fig. 6c). In addition, the NH2-PDMS/SA-TCPP/QW
composite achieved an H2O2 concentration of 3.2 mM under
simulated sunlight (AM 1.5G), comparable to the powders re-
ported under the same conditions34 (Fig. S16). This is
EES Sol., 2025, 1, 1115–1125 | 1121
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encouraging for scalability study because inmost photocatalytic
cases, the suspension system always exhibits much higher
activity than the supported system due to a larger reactive
surface area. More importantly, the amount of H2O2 produced
on NH2-PDMS/SA-TCPP/QW composite ranks among the high-
est compared with other supported photocatalysts reported in
the literature (Table S3). The internal quantum efficiency (IQE)
and H2O2 yields of the NH2-PDMS/SA-TCPP/QW composite at
various wavelengths are also evaluated. The resulting IQE is
consistent with the UV-Vis-NIR absorption spectrum (Fig. 6d, SI
Note S4 and Fig. S17), indicating that the H2O2 production is
due to the photocatalytic process. The highest IQE is observed
at 420 nm, reaching 15.84%, compared with other top-
performing suspended powder systems (ca. 20%).45

2.4 Conceptual verication for scale-up H2O2 production
using multiple supported SA-TCPP modules

Encouraged by the high H2O2 production efficiency of single
NH2-PDMS/SA-TCPP/QW module, we carry out photocatalytic
tests with multiple QW modules. The device design is shown in
Fig. 7a. A cylindrical quartz reactor with an inner irradiation-type
is used with 25 cm in height and 5 cm in inner diameter (see the
photo in Fig. 7a). A 24 cm-long arc Xe lamp is employed as the
visible light source with cooling water to control the reaction
temperature at 40 °C. Multiple QW modules are placed between
the light source and inner wall of the quartz reactor, each
Fig. 7 (a) Schematic illustration of the continuous flow system for scale
tration of an internal-illumination reactor equipped with a centrally posi
(left). (b) Photocatalytic H2O2 production using different amount of Q
ambient air conditions using eight NH2-PDMS/SA-TCPP/QW compos
operation. Solution: 350 mL H2O, pH = 7, temperature: 40 °C, O2 bubb
400 nm.

1122 | EES Sol., 2025, 1, 1115–1125
measuring 10 cm in length and 7 cm in width. The detailed
conguration of the experimental setup is illustrated in Fig. S18.

Fig. 7b shows the H2O2 production with increasing the NH2-
PDMS/SA-TCPP/QW modules. As the number of QW modules
increases from 1 to 8, the H2O2 production rate nearly increases
at the same ratio. When the number is 8, the H2O2 production
amount reaches up to 450 mmol aer 4 h of irradiation. When
the O2 saturated condition switches to the air condition, the
H2O2 yield still maintains at 350 mmol (Fig. 7c), corresponding
to approximately 70% of that obtained under pure oxygen. This
high accumulation at the air conditions indicates the potential
use of the supported system at the ambient atmosphere.

We then evaluate the H2O2 accumulation during a contin-
uous reaction over 50 h. In this case, the cumulative H2O2

production reaches 3.5 mmol with almost no time decay of the
production rate (Fig. 7d). To further improve practical applica-
bility, we employ a simultaneous ow and evaporation strategy
during long-term operation, instead of the conventional batch
reaction. The evaporation device (a heater) is used to concen-
trate the produced H2O2 and is placed beneath the H2O2 accu-
mulation tank. The H2O2 solution is continuously pumped out
of the reactor at a rate of 0.2 mL min−1 and directly transferred
to a Petri dish (diameter: 15 cm) maintained at 40 °C for
concentration. Aer 50 h of continuous reaction, the accumu-
lated volume of the concentrated H2O2 solution is approxi-
mately 25 mL, with a nal H2O2 concentration of 100 mM (ca.
up H2O2 production using multiple QW modules and structural illus-
tioned Xe lamp and packed with NH2-PDMS/SA-TCPP/QW composite
W modules. (c) Comparison of H2O2 production under pure O2 and
ite. (d) Time-dependent H2O2 production over 50 h of continuous
ling, reaction time: 4 h, light source: a 300 W long-arc Xe lamp with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.3%). This value approaches the lower threshold of commer-
cial concentrations (1–3%).

These ndings demonstrate that the NH2-PDMS/SA-TCPP/
QW module maintains stable and efficient H2O2 production
during scale-up experiments. The successful proof-of-concept
validation of modular scale-up conrms the viability of a scal-
able and practical production strategy for H2O2. Additionally, we
evaluate the economic feasibility of the H2O2 production on
NH2-PDMS/SA-TCPP/QW module. A detailed cost assessment is
conducted based on an eight-module QW-supported laboratory
system operating for 50 h (SI Note S5, Fig. S19a and Table S4).
The total cost including the device, the materials, running and
labor costs is approximately $102.33 for the rst 50 h run (0.12 g
H2O2 production). The cost per gram of H2O2 is initially high
($852.75 g−1) at the lab scale, the device accounts for the vast
majority of the total cost (92.2%). Due to the reusability of the
device and the materials, 200 h long-time further reduces the
cost to $26.56 g−1 by considering only operational expenses with
the device cost excluded. Compared with commercial-grade
H2O2 ($0.2–7.0 g−1 depending on the grade),46 the current lab-
scale cost of H2O2 production using the NH2-PDMS/SA-TCPP/
QW system remains relatively high, in the early stage, elec-
tricity, CH2Cl2, and SA-TCPP represent the major contributions
(Fig. S19b), yet it holds substantial potential for cost reduction.
For instance, substituting the Xe lamp with natural sunlight can
eliminate electricity consumption, the major contributor to the
operating, thereby reducing the estimated cost to approximately
$17.78 g−1 over 200 h. Scale-up operation can further reduce the
cost of raw materials (i.e., TCPP, QW, NH2-PDMS, and CH2Cl2)
and thus decreases the cost of H2O2 production from $17.78 g−1

to $8.37 g−1. Moreover, if the photocatalytic activity is enhanced
by an order of magnitude, the cost would decrease proportion-
ally to one-tenth of the current level, approaching parity with the
market price of commercial H2O2. Additional cost reductions
are anticipated with further scale-up (Fig. S19c), which could
bring the production price closer to that of high-value
commercial products.

3. Conclusions

In summary, this study realizes the effective immobilization
of self-assembled porphyrin nanosheets (SA-TCPP) on quartz
wool (QW) via semi-solid PDMS interfacial engineering. The
resulting PDMS/SA-TCPP/QW composite generates 95 mmol
H2O2 in 4 h and exhibits stable photocatalytic performance for
10 reuse cycles. Its photocatalytic performance (7.4 mM) is
comparable to that of the SA-TCPP powder (6.4 mM), with an
internal quantum efficiency (IQE) as high as 15.84% at
420 nm. In a modular ow reactor, it generates 3.5 mmol H2O2

over 50 h and is concentrated to 100 mM by ow evaporation,
which validates its potential for commercial-scale production.
For PDMS/SA-TCPP/QW composite, the improved perfor-
mance stems from synergistic physical encapsulation by high-
viscosity PDMS and chemical xation via amide bonding (–
CONH–). This work provides an effective solution for the
practical application of organic photocatalysts. These nd-
ings underscore the promising scalability and economic
© 2025 The Author(s). Published by the Royal Society of Chemistry
viability of this photocatalytic system for sustainable H2O2

production.
4. Experimental section
4.1. Materials

All chemicals and reagents are purchased of analytical grade
and are used without further purication. Tetrakis(4-
carboxyphenyl) porphyrin (TCPP, 97%) is purchased from Bei-
jing InnoChem Technology Co., Ltd, China. Shanghai Mirel
Chemical Technology Co., Ltd, China provides 1–3 mm high-
purity quartz wool (QW) and polydimethylsiloxane (PDMS).
Amino-modied and hydroxyl-modied polydimethylsiloxane
(NH2-PDMS/HO-PDMS) are provided by Dow Corning Co., Ltd,
dichloromethane (CH2Cl2) and hydrochloric acid (HCl, 37 wt%)
are purchased from Shanghai McLean Biochemical Technology
Co., Ltd, China. Potassium hydroxide (KOH) is sourced from
Sinopharm Chemical Reagent Co., Ltd, China.
4.2. Preparation of SA-TCPP

150 mg of TCPP is dissolved in 5 mL of 0.5 M KOH solution. The
solution is stirred at room temperature for 0.5 h. Then, the
alkaline TCPP solution is titrated with 0.1 M HCl using
a constant-pressure separatory funnel until the pH reaches
approximately 4.0. The resulting sample is centrifuged and
washed three times with deionized water until the pH of the
supernatant becomes neutral. The self-assembled TCPP powder
(SA-TCPP) is collected and dried for 12 h at 60 °C.
4.3. Preparation of QW-loaded SA-TCPP catalyst

4.3.1. Pre-treatment of QW. The purchased QW is rst
immersed in 0.5 M NaOH solution for 0.5 h, and then heated at
80 °C for 1 h in a water bath. The pre-treated QW is washed
with deionized water until the pH reaches 7.0, and then dried at
60 °C to remove impurities.

4.3.2. Loading of SA-TCPP onto QW. The prepared SA-TCPP
is dispersed in 20 mL of dichloromethane and sonicated for
0.5 h. Then, 0.4 g of the pre-treated QW is added to the solution.
The solution is evaporated at 60 °C to obtain the dried SA-TCPP/
QW composite.

4.3.3. Preparation of the PDMS modied SA-TCPP/QW
composite (PDMS/SA-TCPP/QW). To further improve the
stability of the loading, a certain amount of PDMS is dissolved
in 20mL of dichloromethane, and then the prepared SA-TCPP is
added. The mass ratio of SA-TCPP to PDMS ranges from 1 : 4 to
1 : 7. The suspension is sonicated for 0.5 h. Subsequently, the
pre-treated QW is added to the well-dispersed suspension and
the mixture is sonicated for an additional 0.5 h. The PDMS-
containing suspension is evaporated at 60 °C to obtain the
PDMS-modied SA-TCPP/QW composite, the composite
contains SA-TCPP with a loading of approximately 45 wt% (SI
Note S6, Fig. S20 and Table S5). NH2-PDMS and HO-PDMS are
prepared using the same method as pristine PDMS. They are
named NH2-PDMS/SA-TCPP/QW and HO-PDMS/SA-TCPP/QW
composite, respectively. The amino groups in NH2-PDMS are
EES Sol., 2025, 1, 1115–1125 | 1123
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identied by a colorimetric reaction with ninhydrin in ethanol
to be 3.94 wt% (SI Note S7 and Fig. S21).
4.4. Characterizations

The SEM images are obtained using an S-4800 eld emission
scanning electron microscope (Hitachi, Japan). All FT-IR
spectra are measured using a Nicolet 6700 Fourier-
transform infrared spectrometer (Thermo Fisher Scientic,
USA) within the range of 500–4000 cm−1. TG and DTA data are
collected on a TGA/DSC1/1100SF Thermal Analyzer (Mettler
Toledo, Switzerland). The UV-Vis DRS absorption spectra are
recorded by ultraviolet-visible (UV-Vis) spectroscopy using
a UV-3600 plus ultraviolet-visible spectrophotometer (Shi-
madzu, Japan). The PDMS viscosity data are collected on an
MCR302 Rotational Rheometer (Anton Paar GmbH). The
contact angles of droplets of PDMS and H2O on the PDMS/SA-
TCPP/QW are measured using an OCA15EC contact angle
meter (Dataphysics Instruments GmbH, Germany) at room
temperature.
4.5. Photocatalytic production of H2O2

In the photocatalytic production of H2O2, 45 mg of SA-TCPP
loaded onto QW modied with PDMS is placed in 30 mL of
water in a quartz glass reactor, where O2 is aerated for 20
minutes in the dark. The reactor is then placed in a tempera-
ture-controlled oil bath maintained at 40 °C. A Xe lamp (90
mW cm−2, l $ 420 nm) is used as the light source.

The produced H2O2 concentration is determined by a potas-
sium titanium oxalate method. At designated reaction intervals,
1 mL of the reaction solution is collected using a syringe topped
with a 0.45 mm lter and mixed with 1 mL of prepared potas-
sium titanium oxalate solution (0.02 M). The solution is
observed to change from transparent to yellow due to the
formation of a complex between potassium titanium oxalate
and H2O2. The absorbance at 400 nm is used to determine the
concentration of H2O2 and is monitored by a UV-Vis's spec-
trometer (UV-9010, Pushi, China).
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