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effective photocatalytic production of hydrogen
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Conjugated microporous polymers (CMPs) have garnered increas-

ing attention as emerging polymeric photocatalysts for solar-driven

hydrogen (H2) and hydrogen peroxide (H2O2) production, owing to

their high surface areas, extended p-conjugation, and tunable

architectures. In pursuit of this goal, we undertook the rational design

and synthesis of two donor–acceptor CMPs, PyPh-DBZS and ANTh-

DBZS, via Suzuki coupling polymerization. These CMPs integrate

electron-rich pyrene (PyPh) or tetrathienoanthracene (ANTh) donor

units with the electron-deficient benzothiophene S,S-dioxide (DBZS)

acceptor moiety, enabling efficient dual photocatalytic generation of

H2 and H2O2. Notably, both polymers exhibit excellent thermal stability

with T10 values exceeding 590 8C and high char yields at 800 8C. PyPh-

DBZS CMP exhibited an exceptional H2 evolution rate (HER) of

133 241 lmol g�1 h�1. At the same time, ANTh-DBZS CMP achieved

superior H2O2 production (24.51 mM g�1), demonstrating structure-

dependent charge separation under visible light irradiation. These

results offer critical design principles for the rational emergence of

new-generation CMPs photocatalysts, paving the way toward efficient

and sustainable H2 and H2O2 production.

1. Introduction

Semiconductor-based photocatalytic processes in aqueous
environments have been considered a promising strategy
toward the generation of high added value adducts and have

been strongly correlated with environmental issues.1–3 A large
variety of reductive/oxidative paths may give rise to various
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New concepts
This work tackles a pressing environmental issue by designing innova-
tive, low-cost, and eco-friendly conjugated microporous polymer (CMP)-
based semiconductor photocatalysts—namely PyPh-DBZS and ANTh-
DBZS CMPs—for harnessing solar energy to produce hydrogen (H2) and
hydrogen peroxide (H2O2). These polymers are particularly suited for this
dual-function photocatalysis due to their good surface areas, extended p-
electron systems, and structural tunability. In our design, we strategically
couple electron-rich donor motifs—pyrene (Py) or tetrathienoanthracene
(ANTh)—with an electron-deficient acceptor unit, benzothiophene S,S-
dioxide (DBZS), to construct donor–acceptor-type CMPs that facilitate
efficient light-induced charge separation. Remarkably, both polymers
show outstanding thermal robustness, with decomposition tempera-
tures (Td10

) surpassing 590 1C and high carbon residue retention at
800 1C. Among the synthesized materials, PyPh-DBZS CMP demonstrated
an impressive hydrogen evolution rate (HER) of 133 241 mmol g�1 h�1,
whereas ANTh-DBZS CMP excelled in hydrogen peroxide production,
reaching 24.51 mM g�1. These performance metrics underscore the
pivotal role of molecular architecture in dictating charge carrier
dynamics and photocatalytic behavior under visible light. Altogether,
our findings highlight a powerful strategy for designing next-generation
CMP photocatalysts with dual-functional output, offering a blueprint for
advancing sustainable and efficient solar-to-chemical energy conversion
systems.
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photocatalytic applications. The photoexcited electrons occupying
the conduction band may participate in reductive half-reactions,
whereas the holes occupying the valence band may act as oxida-
tion agents. Such redox processes include the reductive conver-
sion of greenhouse gases (e.g. CO2) to methane, nitrogen fixation,
oxidative water-driven hydrogen fuel production, pollutant degra-
dation, hydrogen peroxide evolution, and so on.4 The photocata-
lytic performances are strongly influenced by the light absorption
behavior and charge transport efficiency of the photocatalytic
materials. The latter process may be highly facilitated through
the development of heterojunctions.5 Furthermore, it is of high
importance to develop multifunctional catalysts that exhibit
enhanced performance in multiple photoinduced chemical trans-
formations. Besides the well-studied inorganic semiconductors,
carbon-based semiconducting species have been developed through-
out the recent decades, involving either graphitic allotropes,6

porous organic frameworks, and acquiring variable crystallinity.7

Within the latter family, the so-called conjugated microporous
polymers (CMPs) are considered as porous networks with rather
amorphous character, originating through crosslinking reactions
of properly end-functionalized monomer units. Various organic
chemistry schemes have been adopted to construct microporous
networks consisting of conjugated structural units.8–16 In the
seminal work of Cooper and co-workers,17 poly(aryleneethynylene)
networks were constructed employing the Sonogashira–Hagihara
coupling approach between tri-alkyne- and di-halogen-modified
arenes.

In the following years, great advances have been accomplished
in the synthesis of analogous conjugated networks, and their
applications have been described in excellent review articles.13,18

By tuning the spatial combination of conjugated monomers in
either 2D or 3D fashion, one may develop a built-in electric field
through the backbone of the network for optimization of charge
transfer phenomena. To this end, CMP-based systems have been
studied as efficient photocatalysts for hydrogen generation,19

pollutant degradation,20 CO2 reduction,21 and H2O2 evolution,22

with the latter photo process being the least studied in compar-
ison. Besides hydrogen gas, an environmentally friendly fuel,
hydrogen peroxide (H2O2) has recently received much interest
due to its potential applicability as a green oxidant in the paper
industry as well as a high-energy density component in rocket
propulsion systems. The most utilized synthetic protocol is the so-
called anthraquinone process, which has high energy demands
and produces harmful by-products. Thus, tremendous efforts
have taken place in order to develop photocatalytic systems with
enhanced H2O2 evolution rates. Formation of the peroxide may be
achieved by either two-electron oxygen reduction or two-hole
water oxidation in an aqueous environment.23 The spatial separa-
tion of redox catalytic sites, combined with the porous character
of CMPs, makes these materials an ideal platform for achieving
efficient performance in multiple photo processes. Regarding the
selection of proper conjugated units, dibenzothiophene dioxide
derivatives have been integrated into donor–acceptor-geometry
CMPs, leading to enhanced photocatalytic performance. A variety
of monomer units have been compounded with the above-
mentioned chromophore, such as phenylene sequences,24

pyrene,25–28 spirobifluorene,29 dibenzochrysene,30 triazine,31,32

triphenylamine,33 biphenothiazine,34 and triindole.35 All the
aforementioned studies were focused on the photocatalytic hydro-
gen evolution reaction. It is noted that, in certain cases, further
enhancement in photocatalytic performance was achieved by
decoration of noble metal cocatalysts, such as Pt. In far less
studied photo processes, analogous dibenzothiophene dioxide-
based CMPs have been studied as potential photocatalysts for
uranium reduction.36 In general, the development of dual-
function CMP systems has not been demonstrated in the related
literature. To our knowledge, there have been a couple of works
studying CMP systems in either simultaneous or separate photo-
catalytic processes. The groups of Ouyang,37 and Gu38 have
independently studied the simultaneous H2O2 evolution accom-
panied by pollutant degradation. It is well known that both
reductive and oxidative reactions in an aerated aqueous environ-
ment produce the so-called reactive oxygen species (ROS) family,
in which hydrogen peroxide belongs, along with other transient
intermediates. Alternatively, dual-function photocatalysis may be
demonstrated in separate photocatalytic reactions, which take
place in different atmospheric conditions. To address the con-
cerns mentioned above, two donor–acceptor CMPs, PyPh-DBZS
and ANTh-DBZS CMPs, were synthesized by Suzuki polymeri-
zation for photocatalytic applications by integrating PyPh or
ANTh with DBZS. PyPh-DBZS CMP exhibited an HER of
133 241 mmol g�1 h�1 under visible light, surpassing ANTh-
DBZS CMP (34 791 mmol mmol g�1 h�1) due to enhanced charge
separation. Moreover, ANTh-DBZS CMP demonstrated superior
H2O2 production (24.51 mM g�1, 3 h) relative to PyPh-DBZS
CMP (4.76 mM g�1), highlighting structure-dependent photo-
catalytic selectivity.

2. Experimental section
2.1. Materials

4-Bromophenylboronic acid, 2-(tributylstannyl)thiophene [2-TBS-
Th], isopropanol (IPA) N-bromosuccinimide (NBS), acetic acid
(AcOH), benzoquinone (BQ), chlorobenzene, nitromethane,
iron(III) chloride [FeCl3], bis(triphenylphosphine)palladium(II)
dichloride[Pd(PPh3)2Cl2], sulfuric acid (H2SO4), 1,2,4,5-tetra-
bromobenzene [BZ-4Br], bromine solution (Br2), dibenzo-
[b,d]thiophene sulfone (DBZS, 97%), benzene-1,4-diboronic
acid (BZ-2BO), 95%), nitrobenzene (99%), pyrene (Py, 98%),
potassium carbonate (K2CO3, 99.8%), triphenylphosphine (PPh3),
tetrakis(triphenylphosphine)palladium [Pd(PPh3)4, 98%], anhy-
drous magnesium sulfate (MgSO4, 99.5%) were sourced from
Sigma-Aldrich and Alfa Aesar. Details of the synthesis of 1,3,6,8-
tetrakis(4-bromophenyl)pyrene (PyPh-4Br) and 3,7-dibromodi-
benzo[b,d]thiophene 5,5-dioxide [DBZS-2Br] can be found in the
ESI† [Schemes S1 and S2, Fig. S1–S2].39

2.2. Synthesis of 2,5,9,12-tetrabromoanthra[1,2-b:4,3-b0:5,6-
b00:8,7-b0 0 0]tetrathiophene [ANTh-4Br]

A mixture of Pd(PPh3)2Cl2 (192 mg, 1.08 mmol), PPh3 (570 mg,
2.172 mmol), BZ-4Br (6 g, 15.18 mmol), and 2-TBS-Th (24.6 mL,

Communication Materials Horizons

Pu
bl

is
he

d 
on

 2
2 

M
ay

 2
02

5.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l S
un

 Y
at

 S
en

 U
ni

ve
rs

ity
 o

n 
6/

15
/2

02
6 

7:
51

:3
7 

PM
. 

View Article Online

https://doi.org/10.1039/d5mh00735f


This journal is © The Royal Society of Chemistry 2025 Mater. Horiz., 2025, 12, 5917–5928 |  5919

77.4 mmol) in 20 mL of DMF was stirred and heated at 130 1C
for 16 h. After 16 h, the mixture was subjected to filtration, and
the resulting solid was washed thoroughly with hexane. Recrys-
tallization of the crude product from ethyl acetate yielded
transparent white needles of 1,2,4,5-tetra(thiophen-2-yl)-
benzene (BZTh, 6.1). FTIR (cm�1, Fig. S3, ESI†): 3099, 1533,
1480, 1234, 847, 690. 1H NMR (d, chloroform-d, Fig. S4, ESI†):
6.88 (2H, s), 6.86 (4H, dd), 6.57 (8H, m). 13C NMR (d, chloro-
form-d, Fig. S5, ESI†): 141.62, 133.41, 133.24, 127.44, 127.01,
126.33. NBS (10.75 g, 62.23 mmol) and BZTh (4 g, 9.83 mmol) in
THF (200 mL) at room temperature, and the reaction mixture
was stirred for 16 h. The resulting white solid [1,2,4,5-tetrakis(5-
bromothiophen-2-yl)benzene (BZTh-4Br)] was washed sequen-
tially with acetone and water, and dried in an oven [5.9 g, yield:
71%]. FTIR (cm�1, Fig. S6, ESI†): 3099, 1533, 1480, 1234, 847,
690. 1H NMR (d, chloroform-d, Fig. S7, ESI†): 7.67 (2H), 7.32
(4H), 6.95 (8H, m).

13C NMR (d, chloroform-d, Fig. S8, ESI†): 141.55, 133.43,
133.26, 127.36, 127.04, 126.29. A solution of FeCl3 (2.43 g,
14.97 mmol) in nitromethane (41 mL) was added to BZTh-4Br
(1.75 g, 2.43 mmol) in chlorobenzene (82 mL) with stirring for
60 min at room temperature. The resulting yellow precipitate was
washed with DCM, 10% HCl aqueous solution for 15 min, and
recrystallized from hot MeOH (400 mL) to afford ANTh-4Br (1.73 g).
FTIR (cm�1, Fig. S9, ESI†): 3095, 1549, 1480, 977, 789. Due to the
poor solubility of ANTh-4Br in common organic solvents, the
acquisition of 1H and 13C NMR spectra was not feasible.

2.3. Preparation of PyPh-DBZS and ANTh-DBZS CMP

A mixture of BZ-2BO (3 mmol), Pd(PPh3)4 (30 mg), PyPh-4Br
(1 mmol), DBZS-2Br (1 mmol), and 2 M K2CO3 (10 mL) in DMF
(35 mL) was added to a 100 mL Schlenk tube and the reaction
was heated at 110 1C for 3 days under reflux. The crude solid
was purified by Soxhlet extraction with DMF, THF, and MeOH,
yielding PyPh-DBZS CMP [a green solid (yield: 78%]. For Pre-
paration of ANTh-DBZS CMP: a mixture of BZ-2BO (3 mmol),
Pd(PPh3)4 (30 mg), ANTh-4Br (1 mmol), DBZS-2Br (1 mmol),
and 2 M K2CO3 (10 mL) in DMF (35 mL) to afford ANTh-DBZS
CMP [a yellow solid (yield: 76%].

3. Results and discussion
3.1. Construction and structural elucidation of PyPh-DBZS
and ANTh-DBZS CMPs photocatalysts

ANTh molecules, a polycyclic aromatic hydrocarbon enriched
with sulfur atoms, possesses a highly rigid and planar p-conju-
gated backbone that facilitates pronounced p–p stacking and
promotes effective hole transport.40,41 These structural attri-
butes have established ANTh as a key scaffold in the develop-
ment of high-performance organic field-effect transistors
(OFETs).40,41 While functionalized ANTh derivatives have been
extensively investigated in the field of organic electronics, their
potential utility in photocatalytic applications, particularly in
driving H2 and H2O2 production, remains significantly under-
explored, despite their favorable photophysical and electronic

characteristics. The detailed chemical structures of the as-
synthesized DBZS-2Br, and ANTh-4Br were fully characterized
and confirmed by Fourier transform infrared (FTIR) spectro-
scopy and nuclear magnetic resonance (NMR) spectroscopy, as
shown in Fig. S1–S9 (ESI†).39–41

In this study, a series of conjugated microporous polymers
(CMPs) incorporating pyrene (PyPh), tetrathienoanthracene
(ANTh), and benzothiophene S,S-dioxide (DBZS) building
blocks were rationally designed and synthesized for efficient
photocatalytic H2 and H2O2 production. As illustrated in
Fig. 1(a) and (b), the PyPh-DBZS and ANTh-DBZS CMPs were
constructed via a Pd-catalyzed Suzuki cross-coupling polymer-
ization. Specifically, the CMP networks were formed by cou-
pling PyPh-4Br or ANTh-4Br with DBZS-4Br and BZ-2BO as the
linker. The resulting polymerization afforded green-colored
solids, corresponding to PyPh-DBZS and ANTh-DBZS CMPs,
respectively. Both PyPh-DBZS and ANTh-DBZS CMPs exhibited
negligible solubility and ultrastability in various organic sol-
vents [H2O, DMF, NMP, DMSO, and THF], consistent with their
extended conjugated and highly crosslinked polymeric struc-
tures. The FTIR spectra [Fig. 2(a)] of PyPh-DBZS and ANTh-
DBZS CMPs displayed peaks in 3029 and 3085 cm�1 for
aromatic C–H, and both materials exhibited the absorption
bands at 1621 and 1158 cm�1, which were assigned to CQC
and SO2 units, respectively.42–44 Solid-state 13C CP/MAS NMR
spectra [Fig. 2(b)] further corroborated the successful formation
of extended p-conjugated frameworks in PyPh-DBZS and ANTh-
DBZS CMPs. Distinct resonance signals assigned to aromatic
CQC carbons appeared within the range of 139.94–129.14 ppm
for PyPh-DBZS CMP, while ANTh-DBZS CMP exhibited charac-
teristic signals spanning 140.22–124.98 ppm, confirming the
incorporation of highly conjugated aromatic moieties. Thermo-
gravimetric analysis (TGA) revealed that both PyPh-DBZS and
ANTh-DBZS CMPs exhibited excellent thermal stability, retain-
ing their structural integrity up to 590 1C.

The corresponding char yields were 74 wt% and 78 wt% for
PyPh-DBZS and ANTh-DBZS CMPs, respectively [Fig. 2(c)]. The
elemental compositions and chemical states of the PyPh-DBZS
and ANTh-DBZS CMPs were systematically analyzed by X-ray
photoelectron spectroscopy (XPS). As shown in the survey
spectra [Fig. S10, ESI†], distinct signals corresponding to S 2p
(B164 eV), C 1s (B284 eV), and O 1s (B531 eV) were observed
for both materials, confirming their successful construction.
The quantitative XPS analysis further revealed that the atomic
compositions of C, O, and S in PyPh-DBZS CMP were 86.2, 2.6,
and 11.1%, respectively, whereas ANTh-DBZS CMP exhibited
corresponding values of 68.8, 14.9, and 16.2%, respectively, as
summarized in Table S1 (ESI†). High-resolution C 1s spectra for
PyPh-DBZS and ANTh-DBZS CMPs [Fig. S11 and Table S2, ESI†]
revealed deconvoluted peaks at 283.7 eV and 284.5 eV, which are
associated with C–C/CQC bonds and C–S linkages, respectively.

Additionally, the S 2p binding energy region [Fig. S11, ESI†]
exhibited characteristic doublet peaks at 164.4 eV (S 2p3/2) and
164.9 eV (S 2p1/2), indicative of the sulfur species originating
from the DBZS moieties. Nitrogen adsorption–desorption mea-
surements at 77 K derived the Brunauer–Emmett–Teller (BET)
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surface areas of PyPh-DBZS and ANTh-DBZS CMPs as 146 and
45 m2 g�1, respectively [Fig. 2(d)], and the total pore volumes
(P/P0 = 0.99) as 0.185 and 0.232 cm3 g�1, respectively. The BET
isotherms for PyPh-DBZS and ANTh-DBZS CMPs correspond to
Type II and Type III, respectively. The pore size diameters were
determined using non-local density functional theory (NLDFT),
and the values were 1.63 and 1.93 nm for PyPh-DBZS and ANTh-
DBZS CMPs, respectively [Inset of Fig. 2(d)], indicating that
these CMPs are microporous materials. The morphological
features and elemental distributions of the PyPh-DBZS and
ANTh-DBZS CMPs were assessed by scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDS)
mapping [Fig. 3]. The SEM images revealed that both CMPs
exhibited irregularly shaped, aggregated particle morphologies,
characteristic of conjugated polymeric networks [Fig. 3(a–f)].
Furthermore, SEM-EDS elemental mapping confirmed the homo-
geneous distribution of key elements, including carbon (C, red),
Oxygen (O, green) and sulfur (S, yellow), throughout the polymer
matrices of both PyPh-DBZS and ANTh-DBZS CMPs [Fig. 3(g–l)],
validating the successful incorporation of the designed building
blocks into the framework structures.

3.2. Photocatalytic hydrogen (H2) and hydrogen peroxide
(H2O2) production of PyPh-DBZS CMP and ANTh-DBZS CMP

In this study, we report the synthesis and photocatalytic H2

evolution performance of two CMPs, PyPh-DBZS CMP and

ANTh-DBZS CMP, constructed via a donor–acceptor design
strategy. The CMPs feature pyrene (PyPh) and ANTh moieties
as electron-donating units and DBZS as an electron-accepting
unit. This molecular architecture was designed to promote
effective charge carrier separation and transport, thus improv-
ing photocatalytic performance under visible-light illumina-
tion. To gain insight into the photophysical properties of the
synthesized CMPs, UV-vis absorption spectroscopy was per-
formed in N-methylpyrrolidone (NMP). As shown in Fig. 4(a),
the ANTh-DBZS CMP exhibited a markedly red-shifted absorp-
tion onset compared to the PyPh-DBZS CMP, extending its
absorption further into the visible region. This red shift is
attributed to the extended p-conjugation of the anthracene core
and the electron-rich fused thiophene units, which enhanced
intramolecular charge delocalization.45 The light wavelength
onset of PyPh-DBZS CMP and ANTh-DBZS CMP were observed
at 488 nm and 636 nm, respectively, confirming their capability
to harvest visible light—a prerequisite for efficient solar-to-
hydrogen conversion. The optical band gaps (Eg), estimated
from Tauc plots [Fig. 4(b)], were determined to be 2.54 eV for
PyPh-DBZS CMP and 1.94 eV for ANTh-DBZS CMP, placing both
materials within the desirable range for visible-light-driven
photocatalytic water splitting.46–52 The results point to the
feasibility of the donor–acceptor architecture in tuning light
absorption and bandgap energetics for enhanced photocatalytic
H2 evolution. Beyond light-harvesting capability, the electronic

Fig. 1 Proposed synthetic strategy for (a) PyPh-DBZS and (b) ANTh-DBZS CMPs-based photocatalysts.
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structure of the CMPs plays a pivotal role in governing their
photocatalytic performance. To evaluate the frontier orbital energy
levels, cyclic voltammetry (CV) measurements were conducted.
As shown in Fig. S12 (ESI†) and summarized in Table 1, the highest
occupied molecular orbital (HOMO) energy levels of PyPh-DBZS
CMP and ANTh-DBZS CMP were calculated to be �5.23 eV and
�5.05 eV, respectively, reflecting their electron-donating charac-
teristics. The corresponding lowest unoccupied molecular orbital
(LUMO) energy levels, approximated from the optical band gaps
and HOMO positions, were calculated to be �2.68 eV for PyPh-
DBZS CMP and �3.11 eV for ANTh-DBZS CMP [Fig. 4c]. Notably,
both CMPs exhibit LUMO energy levels that are thermodynamically
favorable for proton reduction, confirming their suitability for
photocatalytic H2 evolution.53,54 Guided by the photophysical and
electronic properties of the CMPs, we next evaluated their photo-
catalytic H2 evolution.

Photocatalytic experiments were executed at 25 1C in a
40 mL sealed photoreactor. To improve the dispersion of the
DBZS-based CMPs in aqueous media, NMP was employed as a
co-solvent. Ascorbic acid (AA) served as a sacrificial electron
donor to effectively scavenge photogenerated holes, while an

in situ photo-deposited platinum (Pt) co-catalyst, introduced via
H2PtCl6, was used to facilitate charge separation and accelerate
hydrogen evolution. The influence of Pt co-catalyst loading on
photocatalytic efficiency was explored by varying the amount
of H2PtCl6 from 2 to 6 wt% under l 4 420 nm for 4 h in the
presence of 0.1 M AA as a sacrificial agent. The HER was
monitored throughout the irradiation period to assess the
catalytic performance, as shown in Fig. 5(a) and (b). The HER
was strongly dependent on the concentration of the sacrificial
electron donor, with the highest activity observed at an AA
concentration of 0.1 M. Notably, a Pt loading of 2 wt% afforded
the optimal HER, beyond which a decrease in activity was
observed, likely due to excessive Pt coverage hindering light
absorption and active site accessibility. We further investigated
the influence of photocatalyst loading by varying the mass of
PyPh-DBZS CMP from 1.0 to 5.0 mg [Fig. 5(c)]. Interestingly, an
inverse correlation between photocatalyst loading and HER was
observed, with the highest activity achieved at a loading of
1.0 mg. This trend is attributed to the attenuation of light
penetration and reduced photocatalyst utilization at higher
concentrations, consistent with previous activity [Fig. 5(d)].55

Fig. 2 (a) FTIR) spectra, (b) solid-state 13CP/MAS NMR spectra, (c) TGA profiles, and (d) nitrogen adsorption–desorption isotherms of PyPh-DBZS and
ANTh-DBZS CMPs [inset: associated pore size distribution plots].
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Under optimized conditions, PyPh-DBZS CMP exhibited an
outstanding HER of 133 241 mmol g�1 h�1, highlighting the
effectiveness of the donor–acceptor design combining the
strong electron-donating pyrene unit with the electron-
deficient DBZS moiety. In contrast, ANTh-DBZS CMP demon-
strated a lower HER of 34 791 mmol g�1 h�1, underscoring the
critical role of the molecular structure in governing photocata-
lytic the reproducibility of our results, the HER of PyPh-DBZS
CMP was evaluated across three independently synthesized

batches, with error bars confirming the consistency of the
performance [Fig. 5(e)]. Notably, the HER of the PyPh-DBZS
and ANTh-DBZS CMPs photocatalysts was also compared with
those of other reported polymeric photocatalysts, including
g-C3N4, CMPs, covalent organic polymers (COPs), and covalent
organic frameworks (COFs) [Table S3, ESI†]. The activities of
the PyPh-DBZS and ANTh-DBZS CMPs photocatalysts (5 mg) in
the absence of the Pt cocatalyst were 25 103 mmol g�1 h�1 for
PyPh-DBZS CMP and 8101 mmol g�1 h�1 for ANTh-DBZS CMP,

Fig. 3 (a)–(f) SEM and (g)–(l) SEM-EDS mapping images for (a)–(c) and (g)–(i) PyPh-DBZS and (d)–(f) and (j)–(l) ANTh-DBZS CMPs photocatalysts.
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which are both about three times lower than their activities in
the presence of Pt [Fig. S13, ESI†]. To further evaluate the
photocatalytic efficiency of the PyPh-DBZS and ANTh-DBZS
CMPs, the apparent quantum yield (AQY) for H2 evolution
was determined using monochromatic light at 420 nm and
460 nm, controlled by bandpass filters [Fig. 5(f)]. The AQY
reflects the fraction of incident photons effectively converted
into hydrogen molecules. Notably, PyPh-DBZS CMP exhibited a
remarkable AQY of 21.6% at 420 nm, underscoring its excellent
photon-to-hydrogen conversion efficiency and further confirm-
ing its potential as a potent photocatalyst activated under
visible-light irradiation. Besides, it is necessary to provide some
experiments to prove that the photocatalytic activities of H2 and
H2O2 evolution over the present catalysts originate from the
photocatalytic process rather than other pathways such as the
self-decomposition of catalysts. The two CMP materials were
analyzed by FTIR before and after the photocatalytic experi-
ments. From the obtained spectra, we confirmed that the
materials are stable during the reaction, as the FTIR spectra
showed no notable differences before and after the reaction, as
illustrated in Fig. S14 (ESI†). The photocatalytic activities of
ANTh-DBZS and PyPh-DBZS CMPs were further assessed
toward photocatalytic generation of hydrogen H2O2 in the
presence of ethanol as a sacrificial agent, which served as an
effective hole scavenger. The concentration of H2O2 was quan-
titatively determined via the Ce4+ colorimetric method. The
corresponding evolution of the absorption intensity and cali-
bration curve is presented in Fig. S15(a) and (b) (ESI†), respec-
tively. As shown in Fig. 6(a), the ANTh-DBZS CMP achieved a
significantly higher H2O2 evolution rate of 24.51 mM g�1 over
3 h, outperforming the PyPh-DBZS CMP, which exhibited a
production rate of 4.76 mM g�1 under identical conditions.

These results highlight that the molecular integration of ANTh
and DBZS units within the polymeric framework is more
advantageous for promoting photocatalytic H2O2 generation
than the coupling of Py and DBZS moieties. To elucidate the
influence of distinct scavenging agents on photocatalytic H2O2

production by ANTh-DBZS CMP, a series of control experiments
were conducted under identical reaction conditions. In addi-
tion to the scavenger-free system, specific quenchers were
employed to capture reactive oxygen species (ROS) generated
during the photocatalytic process. IPA and BQ were introduced
as selective scavengers for hydroxyl radicals (�OH) and super-
oxide radicals (O2

��), respectively. In Fig. 6(b), it is shown that
H2O2 evolution rates of scavenger-free and ethanol (hole sca-
venger)-containing samples are similar. This means that the
concerted two-hole-mediated oxidation of water is ruled out as
a potential pathway (see SI explanatory text). Furthermore, it is
noted that the potential of the aforementioned half-reaction
(�6.26 eV) is not in a thermodynamically favored position when
compared with the valence band of both photocatalysts
[Fig. 4(c)]. Similarly, the potential of water oxidation to hydroxy
radicals (one-electron process) stands in more negative value
(�7.23 eV) than the HOMO of any of the photocatalysts. This
makes the oxidative formation of hydroxy radical a non-feasible
thermodynamic process. By using isopropanol as a typical hydroxy
radical scavenger, only a slight inhibition of H2O2 evolution was
observed. This means that H2O2 evolution is not favored through
water oxidation pathways. Regarding the reductive pathways
through the conduction band, a partial suppression of peroxide
formation was observed in the presence of benzoquinone (a super-
oxide radical scavenger). This implies that H2O2 formation may
take place through a stepwise oxygen reduction to some extent. We
strongly suggest that the dominant pathway for H2O2 formation is

Fig. 4 (a) UV-vis absorption spectra, (b) corresponding Tauc plots for optical band gap estimation, and (c) schematic energy level diagrams of PyPh-
DBZS and ANTh-DBZS CMPs photocatalysts.

Table 1 Photophysical properties and HER of the PyPh-DBZS and ANTh-DBZS CMPs photocatalysts

CMPs HOMO/LUMO (eV) Bandgap (eV) Wavelength onset (nm) HER (mmol g�1 h�1)

AQY (%)

420 nm 460 nm

PyPh-DBZS CMP �5.23/�2.69 2.54 488 133 214 21.6 9.70
ANTh-DBZS CMP �5.05/�3.11 1.94 636 34 791 5.6 4.8
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the concerted oxygen reduction, followed by the stepwise reductive
process as a secondary path.

4. Conclusions

In summary, we have successfully developed D–A photoactive
porous organic photocatalysts, namely PyPh-DBZS CMP and

ANTh-DBZS CMP, through a facile and robust Suzuki coupling
polymerization strategy. These materials integrate electron-
donating units (PyPh and ANTh) with an electron-accepting
DBZS moiety, affording CMPs with desirable structural and
functional attributes. Both CMPs exhibit outstanding thermal
stability (Td10

up to 590 1C), moderate Brunauer–Emmett–Teller
(BET) surface areas, and a microporous architecture conducive
to enhanced charge transport and separation. Photocatalytic

Fig. 6 (a) Time-dependent H2O2 photogeneration under visible light irradiation for ANTh-DBZS and PyPh-DBZ CMPs and (b) experiments of H2O2

generation under different scavengers for ANTh-DBZS CMP.

Fig. 5 (a) and (b) Effect of different weight % of Pt on HER of PyPh-DBZS and ANTh-DBZS CMPs, respectively [AA concentration of 0.1 M]; (c) effect of
different weight loading of PyPh-DBZS CMP, (d) time dependent HER of PyPh-DBZS and ANTh-DBZS CMPs [1 mg and 2% wt Pt], (e) time dependent HER
of three batches with error bar for PyPh-DBZS CMP, (f) AQYs of the PyPh-DBZS and ANTh-DBZS CMPs at various wavelengths of light.
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evaluations reveal that PyPh-DBZS CMP achieves an impressive
HER of 133 241 mmol g�1 h�1 under visible-light irradiation,
highlighting its superior photocatalytic performance. Notably,
ANTh-DBZS CMP exhibits structure-dependent photophysical
behavior, promoting efficient charge separation and delivering
enhanced photocatalytic selectivity for H2O2 production,
achieving a yield of 24.51 mM g�1. These findings provide
valuable insights into the rational design of next-generation
D–A CMP photocatalysts for sustainable hydrogen production
and H2O2 generation under visible-light-driven conditions.
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