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ABSTRACT: Hydrogen peroxide (H,0,) attracts widespread attention
as a clean and sustainable oxidant. Nevertheless, porphyrin-based
photocatalysts generally exhibit low H,O, concentration in aqueous
systems because the generated H,0, does not accumulate effectively
and is difficult to separate from the water. Here, we report an amino-
terminated polydimethylsiloxane (NH,-PDMS) modified supramolecular
tetrakis(4-carboxyphenyl)  porphyrin  (SA-TCPP) for effectively
photocatalytic H,O, production in a water/n-decane biphasic system. We
illustrate that the formation of amide bonds (-CO-NH-) between NH,-
PDMS and SA-TCPP regulates the catalyst’s surface from hydrophilic to
hydrophobic, enabling its uniform dispersion in the nonpolar (n-decane)
organic phase. We further demonstrate that this spatial distribution
effectively separates the NH,-PDMS@SA-TCPP catalyst from the
generated H,O,, allowing H,O, to accumulate in the aqueous phase and
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reducing its decomposition. The NH,-PDMS@SA-TCPP catalyst delivers an H,O, generation rate of 10.5 mM-h™" and an
apparent quantum efficiency as high as 16.02% at 420 nm. Additionally, in a long-term run, the accumulation of H,O, with
concentration is found to reach ca. 0.65 wt.%, close to the commercial level (1 wt.%—3 wt.%). This biphasic design provides

a simple approach for efficient, stable, and sustainable H,O, production.
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1 Introduction

Hydrogen peroxide (H,O,) serves as a clean and versatile oxidizing
agent, extensively utilized in medical treatment, environmental
purification, and green synthesis [1-3]. At present, the industrial
H,0, is synthesized through the anthraquinone (AQ) route, it
remains energy-demanding, produces toxic by-products, and raises
concerns regarding the storage and transportation of unstable H,0,
solutions [4—-6]. Photocatalytic synthesis is gained prominence as a
sustainable, ~sunlight-driven strategy that converts simple
substrates—typically water and oxygen—into H,0O, using a
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semiconductor catalyst. However, the practical application of
photocatalytic H,O, production still encounters multiple
challenges [7-9].

Beyond intrinsic catalytic constraints such as inefficient charge
separation, the separation and accumulation of H,O, remain the
primary bottlenecks to scaling photocatalytic H,O, production
[10, 11]. First, in conventional single-phase systems, the separation
of H,0, from the catalyst requires additional energy input, resulting
in considerable economic costs. Second, the attainable H,O,
concentration in the aqueous phase is low because the generated
H,0, readily undergoes decomposition or side reactions on catalyst
surfaces and in water, which prevents its effective accumulation.
The introduction of a biphasic photocatalytic system may spatially
separate the generated H,O, away from the catalyst, minimizing
contact with active sites to suppress decomposition and enabling
effective H,O, concentration and extraction.
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In reported biphasic systems, benzyl alcohol [12-14] and 1-
octanol [15] are often used as the organic phase. However, they
serve as sacrificial donors and are readily oxidized by H,O,. They
often partially dissolve organic semiconductor catalysts, break their
intermolecular structure, decrease the H,O, production activity. To
overcome these issues, chemically inert organic solvents such as
toluene [16] and dichloromethane [17] are introduced alternatively.
Their inertness suppresses undesired oxidation and side reactions,
providing a controlled reaction environment and improving H,O,
stability. Nevertheless, their relatively low boiling points and toxicity
limit their use under the thermal effects induced by light irradiation.
Hence, the organic phase in an efficient biphasic system should be
chemically inert, immiscible with water, low-cost, and low-toxic.

The n-decane [18, 19] may be selected as the organic phase
because it is chemically stable and unreactive toward the generated
H,0,, while its relatively high boiling point (174 °C) minimize
photothermal evaporation and ensure stability and reproducibility
of the system.

In our previous work, we reported that self-assembled tetrakis(4-
carboxyphenyl) porphyrin (SA-TCPP) nanosheets exhibited
outstanding photocatalytic performance, with an extended
absorption range into the near-infrared region and an impressive
H,0, generation rate of up to 1.72 mMh™ [20]. Therefore,
incorporating SA-TCPP into a biphasic photocatalytic system is
expected to further increase the H,0, performance in the system.
When constructing such a biphasic system, the interaction between
the photocatalyst and the biphasic solvent plays a decisive role in
determining overall efficiency [21, 22]. Note that SA-TCPP
contains abundant carboxyl groups and exhibits strong
hydrophilicity, making it difficult to be stably introduced into an
organic photocatalytic system. To improve its organic compatibility,
polydimethylsiloxane (PDMS) is introduced as a surface modifier
owing to its high transparency, hydrophobicity, and chemical
inertness [23]. Nevertheless, pristine PDMS [24] interacts with SA-
TCPP only through physical forces, leading to the aggregation of
SA-TCPP within the PDMS matrix and hindering the formation of
a stable hybrid structure. Amino-terminated polydimethylsiloxane
(NH,-PDMS) [25] is expected to form covalent amide linkages
(-CO-NH-) with the carboxyl groups of SA-TCPP, which may
help the dispersion of SA-TCPP in the organic phase.

Here, we developed a water/n-decane biphasic photocatalytic
system employing amino-functionalized polydimethylsiloxane-
modified self-assembled TCPP (NH,-PDMS@SA-TCPP) as the
active photocatalyst. We systematically investigated the H,O,
production performance on the prepared NH,-PDMS@SA-TCPP.
In particular, controlled photocatalytic experiments were conducted
to evaluate the influence of key operational parameters, including
reaction temperature, water/n-decane volume ratio, NH,-
PDMS/SA-TCPP mass ratio, and solvent polarity. To further
elucidate the reaction environment, we integrated in situ
spectroscopic characterization with phase-distribution tracking to
monitor the formation and migration of H,0O, within the biphasic
medium. This methodological framework was employed to clarify
how molecular modification and reaction conditions regulate the
pathways of photocatalytic H,O, generation, thereby providing
guidance for the rational design of efficient biphasic photocatalytic
systems.
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2 Experimental

2.1 Preparation of SA-TCPP

TCPP (150 mg) was dissolved in 5 mL of 0.5 M KOH and stirred
for 30 min at ambient temperature. The alkaline solution was
slowly titrated with 0.1 M HCI from a constant-pressure funnel
until the pH reaches approximately 4.0. The resulting solid was
isolated by centrifugation and rinsed three times with deionized
water until the supernatant becomes neutral. The obtained SA-
TCPP powder was subsequently dried at 60 °C for 12 h.

2.2 Preparation of NH,PDMS modified SA-TCPP
catalyst

The NH,-PDMS (0.3-0.9 g) was first dissolved in 20 mL of n-
heptane under vigorous stirring to obtain a homogeneous solution.
The SA-TCPP supramolecular material was then introduced, and
the suspension was stirred at 100 °C for 1 h to achieve surface
modification. The resulting composite was collected by
centrifugation and dried at 80 °C to yield the NH,-PDMS@SA-
TCPP catalyst.

2.3 Photocatalytic production of H,0,

In the photocatalytic H,0, generation, 45 mg of NH,-PDMS@SA-
TCPP catalyst was dispersed in 30 mL of reaction medium (water:n-
decane = 1:5) within a quartz reactor. Oxygen was purged through
the suspension for 30 min in the dark. The reactor was then placed
in a thermostatic oil bath maintained at 80 °C and irradiated with a
300 W Xe lamp (150 mW-cm™ A > 420 nm).

The concentration of H,0, was quantified using the potassium
titanium oxalate method. At predetermined intervals, 1 mL of the
reaction mixture was withdrawn through a 0.45 um syringe filter
and combined with 1 mL of 0.02 M potassium titanium oxalate
solution. A transparent-to-yellow color change indicated
complexation between titanium oxalate and H,O,. The absorbance
at 400 nm was recorded with a ultraviolet—visible (UV-Vis)
spectrophotometer (UV-9010, Pushi, China) to determine the H,O,
concentration.

3 Results and discussion

3.1 Morphological and structural characterizations

The morphology of the prepared samples was characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM). As
shown in Fig. 1(a), the SEM image of NH,-PDMS@SA-TCPP
exhibits a uniform and smooth surface with a diameter of 0.2-
2 pum. Compared with pristine SA-TCPP (Fig. S1 in the Electronic
Supplementary Material (ESM)), the overall morphology remains
nearly unchanged, indicating that the introduction of NH,-PDMS
does not disrupt the supramolecular self-assembly. This observation
was further confirmed by the TEM images of SA-TCPP and NH,-
PDMS@SA-TCPP (Figs. S2(a) and S2(b) in the ESM). Both samples
display thin sheet-like structures, while the NH,-PDMS@SA-TCPP
nanosheets exhibit an average thickness of about 3.72 nm
(Fig. 1(b)), slightly thicker than pristine SA-TCPP (3.40 nm) [20]
due to the presence of surface-grafted NH,-PDMS chains. This
result verifies that NH,-modified polydimethylsiloxane (NH,-
PDMS) introduced into SA-TCPP did not alter its inherent two-
dimensional morphology, and the supramolecular assembly shows
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Figure1 (a) SEM, (b) AFM, and (c) SEM-EDS elemental mapping images (C, O, N, Si) of NH,-PDMS@SA-TCPP catalyst.

good consistency in the powder X-ray diffraction (PXRD) patterns
(Fig. S3 in the ESM).

The SEM-EDS elemental mapping (Fig. 1(c)) shows
homogeneous distributions of C, O, N, and Si, confirming the
coexistence of the SA-TCPP nanosheet and NH,-PDMS. The well-
dispersed Si signal directly demonstrates that NH,-PDMS is
uniformly anchored on the SA-TCPP surface. Quantitative EDS
analysis (62% C, 1% N, 12% O, 25% Si), combined with the
molecular weight of NH,-PDMS measured by gel permeation
chromatography (GPC) (M, approximately 6833 gmol’,
corresponding to ca. 92 Si atoms per chain, Fig. S4 in the ESM),
indicates that NH,-PDMS@SA-TCPP contains roughly one NH,-
PDMS chain per SA-TCPP molecule.

These results collectively indicate that NH,-PDMS preferentially
resides on the outer surface of the SA-TCPP nanosheets. The
presence of this semi-solid siloxane layer preserves the nanosheet
morphology, which may help maintain structural integrity during
subsequent photocatalytic reactions.

The interaction between SA-TCPP and NH,-PDMS was
investigated by Fourier transform infrared (FTIR) spectroscopy
(Fig. 2(a)). Pristine SA-TCPP shows a broad band at 2500-
3300 cm™ attributed to O-H and N-H stretching vibrations, and
characteristic peaks at 1602 and 1402 cm™ corresponding to the
C=C and C=N vibrations of the porphyrin ring, respectively. NH,-
PDMS exhibits typical C-H stretching bands at 2962 and 2902 cm™
and Si-C vibration bands at 862 and 786 cm™ All these
characteristic peaks are retained in the NH,-PDMS@SA-TCPP
spectrum, confirming the coexistence of SA-TCPP and NH,-PDMS
in the NH,-PDMS@SA-TCPP catalyst. Importantly, the C=O
stretching band of SA-TCPP shows a slight blue shift from 1687 to
1675 cm™ [26-28], indicating that amide bonds may form between
the carboxyl groups of SA-TCPP and the amino groups of PDMS
in the NH,-PDMS@SA-TCPP catalyst.

The "C nuclear magnetic resonance (NMR) spectrum further
confirms this interaction (Fig. 2(b)), the *C NMR spectrum of
pristine SA-TCPP displays characteristic signals at 167.9, 145.9,
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134.9, 130.9, 128.4, and 119.8 ppm, corresponding to the porphyrin
framework [20]. After NH,-PDMS modification, these signals are
largely retained, indicating that the conjugated skeleton remains
intact. Importantly, a new resonance peak emerges at 173.8 ppm,
which is downfield relative to the carboxyl carbon at 167.9 ppm
[29, 30]. This downfield shift is characteristic of an amide carbonyl,
further suggesting that amide bonds form between SA-TCPP and
NH,-PDMS.

The formation of amide bonds between SA-TCPP and NH,-
PDMS was further confirmed by X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 2(c), the C 1s spectrum of pristine SA-
TCPP exhibits three characteristic peaks at 284.8 eV (C-C/C-H),
285.8 eV (C-O/C-N), and 289.0 eV (O-C=0), corresponding to
the porphyrin skeleton and terminal carboxyl groups [20, 31, 32].
After NH,-PDMS modification, the intensity of the O-C=0 signal
markedly decreases, accompanied by the emergence of new peaks
at ~ 286.8 and 283.8 eV, which are assigned to amide (-CONH-)
and C-Si bonds, respectively, indicating partial conversion of
—COOH to —-CONH- functionalities. The O 1s spectrum (Fig. 2(d))
also reveals a shift of the carbonyl-related component from 529.8 to
5306 eV due to the formation of electron-deficient amide
carbonyls, along with a Si—O-Si feature at 528.7 eV. Furthermore,
the N 1s (Fig. S5(a) in the ESM) and Si 2p spectra (Fig. S5(b) in the
ESM) display characteristic peaks corresponding to N-C=0O
(397.2 V), Si—C (102.1 eV), and Si-O-Si (102.7 eV) bonds [33, 34].
These findings, together with the FTIR and "C NMR analyses,
provide compelling evidence that NH,-PDMS is covalently grafted
onto the porphyrin framework through amide bond formation.

Meanwhile, the thermogravimetric (TG)/differential thermal
analysis (DTA) of NH,-PDMS@SA-TCPP retains the thermal
decomposition characteristics of SA-TCPP while the additional
mass loss originates from NH,-PDMS, indicating that its
incorporation enhances thermal stability without affecting the
porphyrin framework (Fig. S6 in the ESM).

Figure 3(a) shows the ultraviolet-visible-near-infrared
(UV-Vis-NIR) diffuse reflectance spectra (DRS) of the NH,-
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Figure2 (a) FTIR spectra of NH,-PDMS, SA-TCPP and NH,-PDMS@SA-TCPP catalysts. (b) Comparison of *C NMR spectra of SA-TCPP and NH,-PDMS@SA-
TCPP. (c) C 1s and (d) O 1s XPS spectra of SA-TCPP and NH,-PDMS@SA-TCPP catalysts.

PDMS@SA-TCPP catalyst, with pristine SA-TCPP supramolecules
as a reference. Both samples exhibit a pronounced Soret band at
415-430 nm and a broad absorption tail extending to about
1100 nm, reflecting their narrow bandgap characteristics. The
nearly identical absorption edges and intensities indicate that the
incorporation of NH,-PDMS does not affect the intrinsic light-
harvesting capability and electronic structure of the porphyrin
framework. Based on the Kubelka-Munk function (Fig. 3(b)), the
optical bandgap of NH,-PDMS@SA-TCPP catalyst is estimated to
be 1.65 eV. The band structure of NH,-PDMS@SA-TCPP is further
investigated using Mott-Schottky analysis (Fig. 3(c)). The linear
region of the Mott-Schottky plot reveals a flat-band potential (Ej,)
of —0.12 V vs. Ag/AgCl, which corresponds to the Fermi level of the
n-type TCPP semiconductor. Using the relation Eqp = Ey, — X (with
X = 0.1 V for TCPP) and an optical band gap of 1.65 eV, the
conduction and valence band edges are —0.01 and 1.64 V vs. RHE,
respectively. Moreover, the valence band energy (Ey;) obtained
from the XPS valence-band spectrum (Fig. S7 in the ESM) is
1.64 V, which shows excellent agreement with the result derived
from the Mott-Schottky analysis. As illustrated in Fig. 3(d), the
schematic energy-band diagram clearly shows that the band
positions of NH,-PDMS@SA-TCPP catalyst remain nearly identical
to those of SA-TCPP catalyst. Therefore, NH,-PDMS@SA-TCPP
catalyst possess conduction bands sufficiently negative to drive the
0,/H,0, redox reaction (0.68 V vs. RHE) and valence bands
positive enough to promote the ROOOH/ROOH oxidation process
(151 V vs. RHE), consistent with the dual-pathway mechanism
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previously demonstrated by our group, in which O, undergoes
reductions on the NH group in the porphyrin ring, while
photogenerated holes oxidize peripheral carboxyl groups (-COOH)
to percarboxylic acids (-COOOH) that further hydrolyze to H,0,.
The NH,-PDMS modification preserves the fundamental electronic
configuration and photocatalytic reaction pathway responsible for
efficient H,0, generation.

3.2 Dispersion of NH-PDMS@SA-TCPP in the biphasic
system

To function effectively in a water/n-decane biphasic system, the SA-
TCPP catalyst may possess sufficient hydrophobicity. Pristine SA-
TCPP, rich in carboxyl groups, exhibits a low water contact angle of
only 50° (Fig. 4(a)), indicating substantial hydrophilicity. By
introducing amino-terminated polydimethylsiloxane (NH,-PDMS)
as a hydrophobic anchoring modifier and chemically grafting
siloxane chains onto the SA-TCPP framework, the surface of SA-
TCPP is successfully modified. After modification, the water
contact angle of NH,-PDMS@SA-TCPP increases markedly to
136°, confirming the successful transformation of the catalyst from
hydrophilic to strongly hydrophobic. ~Therefore, in a
water/hydrophobic organic solvent system (n-decane, Fig. 4(b)), the
pristine SA-TCPP tends to disperse in the lower aqueous phase. In
contrast, NH,-PDMS@SA-TCPP disperses in the upper organic
phase, thereby achieving clear spatial separation from the aqueous
phase. Dynamic light scattering (DLS) analysis shows that NH,-
PDMS@SA-TCPP forms uniform nanosheets in n-decane, with an

\\\\\\\\\\\\\\\\\\
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average diameter of ~ 775 nm and a low polydispersity index
(PDI =0.051), indicating excellent dispersibility of NH,-PDMS@SA-
TCPP within the organic phase (Fig. 4(c)). To more closely
examine the NH,-PDMS@SA-TCPP catalyst distribution, the
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aqueous phase is stained with potassium titanium oxalate and H,O,
and is observed under an optical microscope (Fig. 4(d)). The
organic phase, although inherently colorless, appears distinctly
darker than the aqueous phase, indicating that the NH,-PDMS@SA-
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TCPP catalyst is primarily localized in the organic phase. A clearly
curved interface is also observed, resulting from the significant
interfacial tension difference (51.4 mN-m™) between the aqueous
and organic phases [35]. In addition, UV-Vis spectroscopy
confirms that the NH,-PDMS@SA-TCPP catalyst is almost
completely confined to the organic phase, as the characteristic
absorbance of NH,-PDMS@SA-TCPP in the aqueous phase is
nearly negligible (Fig. S8 in the ESM).

These findings indicate that the NH,-PDMS@SA-TCPP catalyst
disperses exclusively in the organic phase, enabling efficient spatial
separation between the photocatalyst and the produced H,O,,
which in turn facilitates the continuous formation and enrichment
of H,0O, in the aqueous phase.

3.3 Photocatalytic H,0O, production on the
PDMS@SA-TCPP in the biphasic system

The photocatalytic H,O, production of the NH,-PDMS@SA-TCPP
catalyst was evaluated under visible-light irradiation for 4 h, using
SA-TCPP and the monophasic aqueous system as controls
(Fig. 5(a)). In the biphasic system, NH,-PDMS@SA-TCPP achieves
a maximum H,O, concentration of 42 mM, compared to only
15 mM for SA-TCPP, corresponding to an approximately three
times higher yield. Notably, NH,-PDMS itself exhibits no detectable
photocatalytic activity toward H,O, generation (Fig. S9 in the

NH,-
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ESM). Further comparison with the aqueous system shows that the
H,O, concentration of NH,-PDMS@SA-TCPP under biphasic
conditions is 19 times higher than that in pure water (42 mM vs.
2 mM), in addition, less than 0.48% of the generated H,O, is
detected in the n-decane phase based on aqueous extraction (Fig.
S10 in the ESM). This result indicates that NH,-PDMS@SA-TCPP
exhibits much higher reaction efficiency in the presence of an n-
decane inert organic phase. The chemical stability of n-decane
before and after the photocatalytic reaction is examined by 'H NMR
spectroscopy, and no chemical changes are observed (Fig. S11 in
the ESM).

Benefiting from the stable biphasic reaction environment, NH,-
PDMS@SA-TCPP maintains approximately 90% of its catalytic
activity after five consecutive cycles under visible-light irradiation
(Fig. 5(b)). The structural integrity of the NH,-PDMS@SA-TCPP
catalyst is well preserved after cycling, as confirmed by FTIR
analysis (Fig. S12 in the ESM). After 12 h of reaction, the H,0O,
accumulates and concentrates to 0.65 wt.%, approaching the level
required for practical aqueous applications, indicating that the
biphasic photocatalytic strategy effectively enables in situ
enrichment of dispersed H,O, (Figs. S13 and S14 in the ESM).
Moreover, no n-decane is detected in the aqueous phase after the
reaction (Fig. S15 in the ESM), which enables the direct collection
of the aqueous H,0, product without purification.

As shown in Fig. 5(c), the apparent quantum efficiency (AQE) of

(b)/_\ 50
% Total reaction time: 20 h
= 404. 05 e nan > S 2. ..
c ne
o
=
® 30+
-
c
[}
O 20+
c
Q
(&)
~ 10 A
o
o
L
0 T T T r T
1st 2nd 3rd 4th 5th
Cycle numbers
(d)~ : .
- 101 . *g—
. i . 3
~ u- : E i f
8 ». I E :
9 s U E ;
® : = :
= 6 5 <! -G
= QO o = & ;
e} £ z . % g
s ] T a N S T
S 4138385 15 F
3 LA Lo 9
S 2l 5 £ £2 % &0
o 2 S @ [* ] I ol
o~ E o Z . S
() ° 0 0 : % '
IN 0 Water Water/ Water/ Water/
toluene DCM n-decane
Photocatalyst

Figure5 (a) Comparison of H,O, production by pristine SA-TCPP and the NH,-PDMS@SA-TCPP catalysts in an aqueous phase and a water/n-decane biphasic system.
(b) Cycle stability of the NH,-PDMS@SA-TCPP catalyst over 5 repeated runs. (c) AQE of the NH,-PDMS@SA-TCPP measured with different band-pass filters (420 + 10,
450 + 10, 500 + 10, 550 + 10, 600 + 10, 650 + 10, 700 + 10, 800 + 10, and 850 + 10 nm). (d) Comparison of H,O, production by NH,-PDMS@SA-TCPP in water/organic
biphasic system and inert organic phases, as well as reference systems employing highly active catalysts in the aqueous phase. Reaction conditions: solution volume, 30 mL
(water:n-decane = 1:5), reaction temperature: 80 °C, NH,-PDMS@SA-TCPP catalyst: 45 mg, O, bubbling, reaction time: 4 h, light source: Xe lamp with a 420 nm cut-off
filter.
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the NH,-PDMS@SA-TCPP catalyst is measured as a function of
incident wavelength using band-pass filters in the range of 420 + 10
to 850 + 10 nm. The AQE reaches a maximum of 16.02% at 420 +
10 nm, compared with other top-performing photocatalysts in
aqueous systems (ca. 15.80% at 400 nm) [36—41], and gradually
decreases at longer wavelengths, which is consistent with the
absorption characteristics of NH,-PDMS@SA-TCPP (Fig. 3(a)).
Notably, a detectable response is still observed beyond 850 + 10 nm,
indicating the effective utilization of both visible and near-infrared
light. Correspondingly, the NH,-PDMS@SA-TCPP catalyst exhibits
an H,O, generation rate of 10.5 mM-h". which surpasses most
previously reported photocatalytic systems operated in aqueous and
water/inert organic biphasic (Fig. 5(d)).

Compared with water, n-decane exhibits a substantially higher
oxygen solubility. Based on an anthracene fluorescence quenching
evaluation [42, 43], the dissolved oxygen concentration in n-decane
decreases from 61.7 mM at 20 °C to 13.3 mM at 80 °C, which is
about 51 times higher than that in water at 20 °C (ca. 1.2 mM) (Fig.
S16 in the ESM). However, despite the higher oxygen solubility at
lower temperatures, the H,O, generation rate does not reach its
maximum under these conditions, indicating that temperature-
dependent reaction kinetics play a more dominant role than oxygen
availability.

In our previous study, we demonstrated that H,O, generation
proceeds through two pathways,namely, the reduction of O, and
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the hole-driven oxidation of carboxyl groups to percarboxylic acids.
Temperature serves as a critical parameter governing the generated
peroxyl-group intermediates to hydrolyze and regenerated COOH
groups and H,0,, as higher temperatures promote the hydrolysis of
peroxy acid. The accelerated hydrolysis suppresses the
accumulation of peroxyacid species (ie., recombination centers),
thereby enhancing the overall efficiency of H,O, production.
Therefore, we investigate the activity of the NH,-PDMS@SA-TCPP
catalyst for H,O, production at different reaction temperatures. As
the temperature increases from 60 to 80 °C, the H,O, concentration
gradually rises, reaching a maximum value of 42 mM at 80 °C
(Fig. 6(a)). However, further increasing the temperature to 90 °C
leads to a pronounced decline in activity due to the decomposition
of high concentrated H,O,.

The effect of the aqueous phase on photocatalytic H,0,
production was systematically investigated by varying the water-to-
organic phase ratio from 20:10 to 2:28 (v/v) (Fig. 6(b)). The H,0O,
concentration increases significantly from 8 to 45 mM, whereas the
total amount of H,O, generated first increases at moderate ratios
(20:10-5:25) and then decreases sharply at the lowest ratio (2:28).
This observation indicates that the increase in concentration does
not correspond to a proportional increase in total H,O, yield. The
reason probably lies in the dispersion state of the NH,-PDMS@SA-
TCPP catalyst in the biphasic system. NH,-PDMS@SA-TCPP is
mainly dispersed in the organic phase (Fig. 4(d)), while the aqueous
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Figure 6 (a) H,0, concentration of NH,-PDMS@SA-TCCP catalyst at various reaction temperatures. (b) The H,O, concentration produced by NH,-PDMS@SA-TCPP
catalyst in different water/n-decane volume ratios. (c) The H,O, concentration produced by NH,-PDMS@SA-TCPP catalyst in different NH,-PDMS to SA-TCPP mass
ratios. (d) H,O, production of the NH,-PDMS@SA-TCPP in water/organic biphasic systems using different organic phases (e.g., 1-octanol, 1,2-propylene carbonate, 4-
methyl-2-pentanone, 3-methylbutyl acetate, n-decane). Reaction conditions: solution volume, 30 mL (water:n-decane = 1:5), reaction temperature: 80 °C, NH,-
PDMS@SA-TCPP catalyst: 45 mg, O, bubbling, reaction time: 4 h, light source: Xe lamp with a 420 nm cut-off filter.
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phase provides the environment for H,0, generation and diffusion.
As the aqueous volume increases, the content of the organic phase
decreases, leading to poorer dispersion of the NH,-PDMS@SA-
TCPP catalyst with the same mass, and particle aggregation occurs
(Fig. S17(a) in the ESM), resulting in a lower H,0, concentration in
the aqueous phase. When the aqueous volume is decreased, the
NH,-PDMS@SA-TCPP catalyst disperses more uniformly (Fig.
S17(b) in the ESM), and the produced H,0O, concentration
increases significantly. However, the higher H,0, concentration
also accelerates its decomposition. Considering both the H,O,
concentration and total yield, the optimal water-to-organic phase
ratio is 5 mL/25 mL.

Building upon the investigation of the water-to-organic phase
volume ratio, we further examined the effect of the NH,-PDMS/SA-
TCPP mass ratio (2:3-6:3) on photocatalytic H,O, production in
the biphasic system (Fig. 6(c)). As shown in Fig. 6(c), the H,O,
concentration first increases and then decreases with increasing
NH,-PDMS content, reaching a maximum of 42 mM at the 4:3
ratio. At lower NH,-PDMS content, the NH,-PDMS@SA-TCPP
catalyst exhibits partial dispersion in the aqueous phase. The *C
NMR spectrum of the aqueous-phase catalyst (Fig. S18 in the ESM)
shows no characteristic signals of amide bond formation, indicating
that insufficient amide coupling between NH,-PDMS and SA-
TCPP leads to incomplete surface modification and consequently
reduces the H,0, activity. In contrast, excessive NH,-PDMS (> 5:3)
may encapsulate the SA-TCPP catalyst, thereby reducing the
accessibility of active sites. Moreover, a high NH,-PDMS content
leads to aggregation of the SA-TCPP, further decreasing the
dispersion of NH,-PDMS@SA-TCPP catalyst (Fig. S19 in the
ESM). These results highlight that a moderate amount of NH,-
PDMS is essential to balance surface modification and oxygen
transport, with the 4:3 ratio representing the optimal condition for
maximizing H,O, production.

To further verify the general applicability of biphasic system,
representative organic solvents with different polarities were
examined, including protic polar (e.g, 1l-octanol), aprotic polar
(e.g. 1,2-propylene carbonate), medium-polar (e.g., 4-methyl-2-
pentanone), low-polar (e.g., 3-methylbutyl acetate), and nonpolar
(n-decane) solvents (Fig. 6(d)). When 1-octanol and 1,2-propylene
carbonate are used as the organic phases, the H,0, concentrations
are 12.0 and 8.5 mM, respectively. The slightly higher activity in the
1-octanol-based system is attributed to its protic nature, which
allows it to act as a mild hole scavenger. To reliably evaluate the
intrinsic photocatalytic performance of the NH,-PDMS@SA-TCPP
catalyst, non-sacrificial organic phases are therefore employed in
subsequent experiments. As the solvent polarity decreases (1,2-
propylene carbonate > 4-methyl-2-pentanone > 3-methylbutyl
acetate > n-decane), the H,O, concentration gradually increases
from 85 to 42 mM, with NH,-PDMS@SA-TCPP exhibiting the
highest activity in the water/n-decane system. In polar solvents,
porphyrin molecules tend to dissolve, disrupting their
supramolecular assemblies (Fig. S20 in the ESM).

In contrast, nonpolar solvents preserve the structural integrity of
NH,-PDMS@SA-TCPP catalyst. As show from Fig. S21 in the
ESM, similar results are observed with solvents of comparable
nonpolar, such as toluene, n-heptane and n-dodecane, which
exhibit consistent H,O, concentrations with n-decane, further
confirming the general effectiveness of NH,-PDMS@SA-TCPP
biphasic photocatalytic system across different nonpolar organic-
water combinations.
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Taken together, these results indicate that careful adjustment of
reaction parameters, including reaction temperature, water/organic
phase volume ratio, NH,-PDMS/SA-TCPP mass ratio, and organic
solvent polarity, is essential, as adequate dispersion of the NH,-
PDMS@SA-TCPP catalyst within the organic phase is the key
factor for achieving high photocatalytic H,O, production.

34 Mechanism of NH,PDMS@SA-TCPP in biphasic
system

To gain deeper insight into the microenvironment of H,0,
formation, the behavior of the NH,-PDMS@SA-TCPP catalyst was
investigated in a sole-n-decane system, where no external water is
introduced, and the trace moisture originated solely from the
solvent itself. In situ FTIR spectroscopy of NH,-PDMS@SA-TCPP
dispersed in pure n-decane under visible-light irradiation exhibits
several characteristic absorption bands (Fig. 7(a)). The characteristic
absorption bands at 838 cm™ [44, 45] and 1282 cm™ [46, 47]
correspond to O-O stretching and peroxide-related vibrations,
respectively, providing direct evidence for oxygen reduction and
peroxide formation in the hydrophobic organic phase. Moreover,
the broad peak around 3240 cm™ (O-H stretching) [48] confirms
the formation of H,0, molecules. This observation is further
supported by the EPR spectra of NH,-PDMS@SA-TCPP in the
pure organic phase (Fig. 7(b)). Furthermore, the H,O, formed in
pure n-decane is successfully extracted into the aqueous phase and
verified by a horseradish  peroxidase  (HRP)-coupled
photoluminescence (PL) assay (Fig. S22 in the ESM). Together with
the in situ FTIR and EPR results, these findings confirm that the
NH,-PDMS@SA-TCPP catalyst directly generates H,O, in the
organic phase.

To further elucidate the hole oxidation pathway, the post-
reaction structure of NH,-PDMS@SA-TCPP in pure n-decane was
characterized by "C NMR spectroscopy (Fig. 7(c)) and compared
with that before the reaction. Prominent *C NMR signals at 166.1,
140.3, 128.9, 128.5, and 118.3 ppm are observed, corresponding to
-COOOH groups formed via the oxidation of ~-COOH, consistent
with our previous report. Meanwhile, the characteristic peaks of the
amide carbonyl group remain unchanged, further confirming that
the amide linkage between NH,-PDMS and SA-TCPP is preserved
after the reaction. The results indicate that, in the organic phase,
H,0, is generated not only through O, reduction but also through
the photogenerated-hole-driven oxidation of porphyrin carboxyl
groups, forming peroxycarboxylic acid intermediates that are
subsequently hydrolyzed to produce H,0, [20].

To more intuitively understand the accumulation mechanism of
H,0, in the aqueous phase of the biphasic system, NH,-PDMS@SA-
TCPP is dispersed in the organic phase above water and irradiated
with visible light under static conditions. The H,O, concentration
in the underlying aqueous phase is monitored using PL. As shown
in Fig. 7(d), the PL intensity gradually increases over time, reflecting
the continuous migration and progressive accumulation of H,O,
from the organic phase into the aqueous phase. This time-
dependent enhancement highlights the mass transfer and effective
enrichment of H,O, in the aqueous phase.

Under stirred conditions, the aqueous phase does not exist as a
continuous layer, but rather as fine water droplets dispersed around
the NH,-PDMS@SA-TCPP catalyst particles (Fig. 7(e)). These
microdroplets create a dynamic microenvironment that enables
efficient extraction of the hydrophilic H,O, molecules immediately
after their formation. Once H,O, is generated on the NH,-
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Figure7 (a) In situ FTIR spectra of the NH,-PDMS@SA-TCPP catalyst in the pure n-decane phase and the corresponding magnified region. (b) EPR spectra of
superoxide radicals (O, ) produced by the NH,-PDMS@SA-TCPP catalyst in the pure n-decane phase. (c) “C NMR spectrum of the NH,-PDMS@SA-TCPP catalyst after
the photocatalytic reaction in the n-decane phase. (d) Time-resolved three-dimensional (3D) PL spectra of aqueous-phase H,O, detected by HRP under visible-light
irradiation, where the NH,-PDMS@SA-TCPP catalyst is dispersed in the organic phase (static system). Inset: Schematic illustration of the reaction setup. (e) Optical
microscopy image of the NH,-PDMS@SA-TCPP catalyst dispersed in a biphasic (water/n-decane) system.

PDMS@SA-TCPP catalyst surface, it rapidly migrates from the
organic phase into the surrounding water microdomains due to its
high solubility, effectively detaching from the catalytic sites. The
rapid removal of H,0O, minimizes secondary decomposition
reactions and helps maintain the structural integrity of the NH,-
PDMS@SA-TCPP catalyst during continuous operation (Fig. S23 in
the ESM).

At the same time, n-decane provides an oxygen-rich
environment. This abundant oxygen supply greatly accelerates the
reduction reaction rate and enhances the overall H,0, generation
efficiency. Therefore, the n-decane phase serves as a favorable
medium for rapid photocatalytic oxygen reduction, while the
dispersed aqueous phase acts as an efficient reservoir for H,O,
storage and stabilization. The synergistic cooperation between these
two phases simultaneously enhances both H,0, formation and
concentration (Fig. 8).

4 Conclusions

In summary, this study develops a water/n-decane biphasic
photocatalytic H,O, production system, employing an amino-
functionalized  polydimethylsiloxane-modified ~ supramolecular
porphyrin (NH,-PDMS@SA-TCPP) as the photocatalyst. The
incorporation of NH,-PDMS forms amide linkages (-CO-NH-)
with SA-TCPP, rendering the NH,-PDMS@SA-TCPP catalyst
hydrophobic and promoting its preferential dispersion in the
organic phase. Under visible-light irradiation, H,O, is
demonstrated to mainly generate in the organic n-decane phase
and subsequently transfer and concentrate in the aqueous phase,
which effectively mitigates H,O, decomposition and enhances
H,0, accumulation. The developed system achieves a generation
rate of 10.5 mM-h™, and an apparent quantum efficiency as high as
16.02% at 420 nm. This work demonstrates that tuning the surface
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hydrophobicity of porphyrin-based catalysts regulates H,0,
distribution and stability, providing a practical strategy for
designing efficient, recyclable, and scalable biphasic photocatalytic
systems for sustainable H,O, production in the future.

Electronic Supplementary Material: Supplementary material
(SEM and TEM images; XRD patterns; XPS spectra; GPC curves;
TG-DTA curves; UV-Vis absorption spectra; 'H and "C NMR
spectra; FTIR spectra; PL and time-resolved PL decay spectra; and
rheological measurements) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908474.
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