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The well-ordered p-conjugated backbone facilitates efficient light absorption, enhancing carrier mobility,

while the tensile molecular structure allows precise tailoring of optoelectronic properties. In addition,

the alternating arrangement of donor (D) and acceptor (A) segments in the well-ordered p-conjugated

framework provides pathways and channels for intermolecular charge transfer (ICT). Therefore, the

precise integration of the D and A moieties into the long-range ordered backbone of the COFs

accelerates carrier mobilities and reduces the possibility of electron–hole recombination. COFs with a

D–A system have made great progress in the related research of photocatalytic applications. It is

anticipated that COFs consisting of polar hydrophilic electron-withdrawing groups (e.g., COOH) can

promote the efficient migration of photogenerated electrons to the Pt cocatalyst for the reduction of

water protons to produce hydrogen. Herein, we demonstrate the tuning of hydrogen evolution activity

by tailoring the functionality of pyrene-based COFs by introducing donor (D) and acceptor (A)

functionalities to facilitate the effective charge separation through the push–pull effect. Further, in order

to systematically study the photocatalytic performances, a series of D–A COFs with different linkages

and electron-donating/withdrawing groups have been synthesized. This difference in photocatalytic

hydrogen generation activity is further supported by different optical and electrochemical studies. This

work highlights the rational tuning of the hydrogen generation activity of COFs by strategic

incorporation of appropriate functionality.

Introduction

The rapid growth of the global economy has led to a massive
increase in demand for fossil fuels, which in turn has been
causing the rise in CO2 levels in the atmosphere, a key factor in
climate change and global warming.1–5 It also causes other
environmental problems, including biodiversity loss and accel-
erated climate change.6–9 To address these issues, there is an
urgent need for immediate and consistent efforts towards
sustainable use of resources leading to a deteriorating depen-
dence on fossil fuels.10 In this scenario, hydrogen (H2) is shown
to be a promising and environmentally friendly substitute
for conventional fossil fuels.11–14 As a clean energy source,
hydrogen offers the advantage of emitting no greenhouse gases

during its use.15,16 It gives more energy than hydrocarbon and
there is no formation of secondary pollutants.17,18 Hydrogen
can be generated from various sources, such as fossil fuels,
water, biomass, agricultural waste, and sewage sludge.19,20

Conventional methods of producing hydrogen from fossil fuels,
like coal and natural gas, are the most prevalent, expensive, and
environmentally damaging, contributing the most CO2 emis-
sions to the atmosphere.21 While, hydrogen production from
agricultural waste and biomass is a controlled process that uses
heat, steam, and oxygen without combustion.22,23 Therefore,
the production of hydrogen from water using solar-driven
particulate photocatalysts is considered to be the most cost-
effective and efficient method to generate hydrogen fuel with
minimal environmental impact.24–26 However, the efficiency of
hydrogen generation from water in particulate photocatalytic
systems is still lagging behind.27

Over the past decade, there has been a consistent rise in
efforts focused on developing advanced photocatalysts that can
convert solar energy into chemical fuels.28,29 The progress of
original photocatalysts with high efficiency and stability under
working conditions remains a challenge.30,31 As a result, several
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countries around the world have begun to transition from a
hydrocarbon-based to a hydrogen-based economy.32 Inspired
by natural photosynthesis33 in the early 1970s, Fujishima and
Honda conducted considerable research on the creation of
several photocatalytic materials for the sustainable synthesis
of hydrogen from water.34 Since then, numerous metal oxide
and sulfide-based semiconductor materials have been investi-
gated as photocatalysts for hydrogen production.35–39 In recent
years, there has been growing interest in semiconductor
polymers constructed from small building blocks. These mate-
rials include porous aromatic frameworks (PAFs),40 hyper-
crosslinked polymers,41 conjugated microporous polymers,42

covalent triazine frameworks (CTFs)43,44 and covalent organic
frameworks (COFs).45,46 Among these, COFs stand out as the
most notable category of porous organic materials for various
photocatalytic applications.47

Covalent organic frameworks are a pioneering class of
porous crystalline polymers that enable precise molecular
assembly into two-dimensional (2D) or three-dimensional
(3D) structures through covalent bonds.48–50 Owing to their low
density,51 large surface area,52 high crystallinity,53 extended p-
conjugation,54 narrow band gap55 and flexible functionality,56

COFs have garnered significant attention for their potential in
gas adsorption/separation,57 catalysis,58,59 sensing,60 optoelec-
tronics,61 and energy storage.62 These properties make COFs
ideal candidates for heterogeneous photocatalysis due to their
ability to efficiently transport long-lived photo-excited states
and high carrier mobility. Consequently, there is increasing
interest in applying COFs to photocatalysis, including chemical
transformations and green fuel production.63,64 In 2014, Lotsch
and colleagues were the first to report the use of a hydrazone-
based COF for photocatalytic H2 production, with platinum as a
co-catalyst.65 This breakthrough led to a surge in research into
COF-based materials to develop efficient photocatalysts over
the last decade. In recent years, the synthesis of COFs using a
variety of building blocks, different linkages and heteronuclear
molecular functionalities has been extensively explored.66 It
has been shown that the alternating arrangement of donor (D)
and acceptor (A) segments in the well-ordered p-conjugated
framework provides pathways and channels for intermolecular
charge transfer (ICT). COFs with a D–A system facilitate effi-
cient light absorption, enhancing carrier mobility, while the
tenable molecular structure allows precise tailoring of optoe-
lectronic properties.67–70 It is also expected that D–A COF
consists of a polar hydrophilic electron-withdrawing group
(e.g., COOH), which can promote the efficient migration of
photogenerated electrons to Pt cocatalyst for the reduction of
protons of water to produce hydrogen.

In this study, a series of pyrene-based imine-linked COFs
with electron-neutral and electron-donating groups, and
vinylene-linked with electron-withdrawing groups were synthe-
sized and investigated for their potential application in photo-
catalytic H2 evolution. This study revealed that strong electron-
withdrawing groups on the fully conjugated backbone of COF
promote the efficient migration of photogenerated electrons to
the Pt cocatalyst, leading to the reduction of protons to produce

hydrogen (2H+ + 2e� - H2). The difference in photocatalytic
activity of pyrene-based COFs with different functionalities is
further supported by different optical and electrochemical
properties such as light harvesting, fluorescence lifetime,
photocurrent, and impedance studies.

Results and discussion

The pyrene-based imine-linked COFs such as Py-Pa-H with
electron-neutral and Py-Pa-CH3 with electron-donating groups
were synthesized via a Schiff-base condensation of 4,40,400,40 0 0-
(pyrene-1,3,6,8-tetrayl) tetrabenzaldehyde (Py) with p-phenyl-
enediamine (Pa) and 2,5-dimethyl-1,4-phenylenediamine (Pa-
CH3), respectively (Fig. 1a). While, Py-CN COF was prepared by
following the reported procedure71 using 4,40,400,40 0 0-(pyrene-
1,3,6,8-tetrayl) tetrabenzaldehyde (Py) and 1,4-phenylenedi-
acetonitrile (PDAN) precursors via Knoevenagel condensation
reaction. The as-synthesized pyrene-based COFs were charac-
terized by various analytical techniques prior to their use in
photocatalytic hydrogen evolution. The phase purity and peri-
odicity of the crystalline framework of the synthesized materi-
als were confirmed by powder X-ray diffraction (P-XRD)
analysis. The PXRD pattern revealed diffraction peaks at
3.661, 5.281, 7.421, 11.201 and 23.51 of Py-Pa-H COF (Fig. 1b),
and 3.641, 5.131, 7.231, 11.251 and 23.41 of Py-Pa-CH3 COF
(Fig. 1c) assigned to (100), (020), (220), (330) and (001) planes,
respectively. While Py-CN COF exhibited peaks at 3.63, 5.94,
7.35, and 24.70 corresponding to the (110), (210), (220), and
(001) facets, respectively (Fig. 1d). Further, the material studio
was used to simulate the structure of as-synthesized COFs, and
it was observed that the experimental COF structure was
perfectly aligned with the AA-eclipsed layer stacking model
(Fig. 2e–g). The lattice parameters were confirmed through
Pawley refinement in the P1 space group, demonstrating the
matching of experimental PXRD with the simulated pattern.
Detailed unit cell parameters for all three COFs are available in
the ESI† (Tables S1–S3).

In the Fourier transform infrared (FT-IR) spectra of Py-PA-H/
CH3 COFs, the appearance of a new band around 1620 cm�1

corresponding to CQN stretching and disappearance of free
CQO (1698 cm�1) stretching band of 4,40,400,40 0 0-(pyrene-
1,3,6,8-tetra) tetra benzaldehyde and NH2 stretching frequency
of p-phenylenediamine (3372 cm�1), and 2,5-dimethyl-1,4-
phenylenediamine (3399 cm�1) suggest the formation of Py-
PA-H/CH3 COFs (Fig. 2a and b). Whereas, in the FT-IR spectra
of Py-CN COF, the –CQO– stretching frequency of starting
aldehyde monomers at 1698 cm�1 disappeared and a new band
at 1665 cm�1 attributed to –CQC– stretching appeared indicat-
ing complete conversion of the building blocks. Additionally,
the shift of the nitrile (–CRN) vibration band from 2249 cm�1

in the PDAN monomer to 2210 cm�1 in the Py-CN COF
indicates the successful formation of the cyanovinylene
(CQC–CN) linkage (Fig. 2c).

The solid-state 13C cross-polarization/magic angle spinning
(CP/MAS) nuclear magnetic resonance (NMR) spectroscopy
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analyses of the synthesized COFs confirmed the complete
conversion of the monomers, as no residual carbonyl reso-
nance was located at B190 ppm (Fig. 2d–f). Py-Pa-H/CH3 COFs
showed the imine (–CQN) carbon resonance around 160 ppm,
while the Py-Pa-CH3 COF showed an additional carbon peak at
13 ppm for the –CH3 group. The successful formation of the
desired Py-CN COF was further confirmed by the appearance of
a carbon resonance signal corresponding to the cyanide group
(–CN) at 105 ppm, along with a resonance at 140 ppm attrib-
uted to the –CQC– linkage.

The permanent porosity of Py-Pa-H, Py-Pa-CH3, and Py-CN
COF was determined through nitrogen adsorption–desorption
analysis at 77 K. Before the measurements, the as-prepared
samples were activated at 120 1C under vacuum for 12 hours.

The resulting adsorption curves exhibited a type-II isotherm.
The Brunauer–Emmett–Teller (BET) surface areas of the COFs
were calculated to be 2273 m2 g�1, 1883 m2 g�1 and 620 m2 g�1

for Py-Pa-H, Py-Pa-CH3 and Py-CN COFs, respectively (Fig. 2g–i).
The pore size distribution (PSD) analysis reveals that Py-Pa-H,
Py-Pa-CH3 and Py-CN COFs possess pore sizes of approximately
2.4 nm, 2.1 and 2.0 nm, respectively (Fig. S2a–S2c, ESI†). The
morphology of the COFs was examined by field-emission scan-
ning electron microscopy and high-resolution transmission
electron microscopy. Py-Pa-H, Py-Pa-CH3 and Py-CN COFs
showed rod-like morphology (Fig. S3a–S3f, ESI†). Thermogravi-
metric analyses (TGA) were performed to assess the thermal
stability of the COFs. The TGA plots of Py-Pa-H, Py-Pa-CH3, and
Py-CN COFs showed good thermal stability (Fig. S4a–S4c, ESI†).

Fig. 1 Synthesis of pyrene-based donor–acceptor COFs. (a) Scheme of the synthesis of Py-Pa-H, Py-Pa-CH3 and Py-CN COFs. Comparison of
simulated and experimental PXRD patterns for (b) Py-Pa-H, (c) Py-Pa-CH3, and (d) Py-CN COFs. The ideal AA eclipsed (AA) stacking mode for (e) Py-Pa-H,
(f) Py-Pa-CH3, and (g) Py-CN COFs.
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The optical properties of the COFs were assessed using
ultraviolet-visible spectroscopy diffuse reflectance spectroscopy
(DRS). The as-synthesized Py-Pa-H, Py-Pa-CH3 and Py-CN COFs
exhibited a broad absorption range within the visible light
spectrum (Fig. 3a). Notably, Py-CN COF displayed a noticeable
red shift in the absorption in comparison to Py-Pa-H and Py-Pa-
CH3 COFs, indicating a higher degree of conjugation in Py-CN

COF. The absorption band edges for Py-Pa-CH3, Py-Pa-H, and
Py-CN COFs are 530, 560, and 590 nm, respectively. Tauc plot
analysis determined the optical band gaps to be 2.13 eV for
Py-CN, 2.27 eV for Py-Pa-H, and 2.37 eV for Py-Pa-CH3 COFs,
(Fig. 3b), which are suitable for photocatalytic water splitting.
Additionally, valence band (VB) energy determined from VB-
XPS analysis is 1.12 eV for Py-Pa-H, 1.58 eV for Py-Pa-CH3, and

Fig. 2 Characterization of pyrene-based donor–acceptor COFs. FT-IR spectra of (a) Py-Pa-H, (b) Py-Pa-CH3, and (c) Py-CN COFs with their
corresponding precursors. Solid-state 13C CP-MAS NMR spectra of (d) Py-Pa-H, (e) Py-Pa-CH3, and (f) Py-CN COFs. N2 adsorption (solid symbols)
and desorption (open symbols) isotherms of (g) Py-Pa-H, (h) Py-Pa-CH3, and (i) Py-CN COFs conducted at 77 K.

Fig. 3 Photophysical properties of pyrene-based donor–acceptor COFs. (a) UV-vis DRS spectra of Py-Pa-H, Py-Pa-CH3 and Py-CN COFs. (b) The
corresponding Tauc plots of Py-Pa-H, Py-Pa-CH3 and Py-CN COFs. (c) Photocatalytic H2 evolution by Py-Pa-H, Py-Pa-CH3 and Py-Pa-CN COFs over
3 wt% Pt-deposited with ascorbic acid (0.1 M) in water under visible light (l Z 420 nm).
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0.84 eV for Py-CN COF (Fig. S5a, ESI†). Using the Tauc plot and
VB-XPS data, the conduction band edge positions were calcu-
lated and are presented in Fig. S5b (ESI†).

Photocatalytic activity

Following the confirmation of the structures of the COFs and
their photophysical properties, photocatalytic performance was
examined for hydrogen evolution from water. The typical
experiments were conducted in a Pyrex glass reactor, using an
aqueous solution containing in situ-generated Pt nanoparticles
as a cocatalyst and ascorbic acid as a sacrificial electron donor
(SED) under visible-light (lZ 420 nm) irradiation. Control tests
showed that no hydrogen was produced without the presence of
light or the photocatalyst. Only minimal hydrogen evolution
(14 mmol g�1 h�1) was observed without Pt cocatalyst employing
Py-CN COF. For the photocatalytic hydrogen evolution tests,
3.5 mg of the COF as catalyst was added to 30 mL of water
containing 0.1 M ascorbic acid and 3 wt% of Pt, and the system
was irradiated with visible light at 25 1C. All COFs were tested
under the same conditions to ensure an accurate comparison of
their efficiencies. The results showed that Py-CN COF exhibited
the highest hydrogen evolution rate (HER) of 13.0 mmol g�1 h�1,
compared to Py-Pa-H (10.7 mmol g�1 h�1), and Py-Pa-CH3

(5.7 mmol g�1 h�1) (Fig. 3c). The higher HER of Py-CN was
ascribed to the stronger absorption of visible light, narrow
band gap, and the presence of strong cyanovinylene linkage
in the COF backbone. Since the electron-withdrawing –CN
group plays a crucial role in the photocatalytic activity towards
hydrogen evolution. Further, we were interested in introducing
a polar hydrophilic electron-withdrawing carboxylic acid
(–COOH) group into the COF framework, which can promote

efficient migration of photogenerated electrons to the Pt coca-
talyst for the reduction of water protons to produce hydrogen.
Therefore, we synthesized a pyrene-based carboxylic acid func-
tionalized D–A COF (Py-COOH) by post-synthetic modification
of Py-CN COF using aqueous NaOH (10 M) and ethanol (1/1, v/v)
mixture at 90 1C for 3 days (Fig. 4a). The Py-COOH COF was
fully characterized prior to the photocatalytic experiments. In
FT-IR spectra of Py-COOH COF, the disappearance of the nitrile
(CRN) stretching frequency (2249 cm�1) and the appearance
of new bands at 1670 cm�1 and 1400 cm�1, corresponding to
the CQO stretching frequency of –COOH group, suggest the
conversion of –CN into –COOH group (Fig. 4b). The solid-state
13C CP/MAS NMR spectrum of Py-COOH COF showed the
appearance of carbon resonance at 174.7 ppm, corresponding
to the –COOH group (Fig. 4c). Notably, the absence of the
carbon resonance corresponding to the cyanide group at
105.6 ppm further confirms the complete conversion of –CN
to –COOH group.

In the PXRD pattern of Py-COOH COF, the low-angle peak at
2y = 3.691 (110 facets) indicates the crystalline structure of the
material (Fig. 4d). Additional peaks were observed at 2y values
of 5.11, 7.41, 11.31, 14.61, and 24.31, corresponding to the (210),
(220), (240), (520), and (001) planes, respectively. The peak at
24.31 is associated with p–p stacking between the layers of
Py-COOH COF. It is noteworthy that the experimental PXRD
spectrum closely matches the simulated PXRD pattern. The
most likely 2D model of the Py-COOH COF was also optimized
using an eclipsed stacking model in the P1 space group (Fig. 4e
and Table S4, ESI†), which closely matches the experimental
PXRD pattern. However, a lower surface area of the Py-COOH
COF (599 m2 g�1) compared to Py-CN COF could be attributed

Fig. 4 Synthesis and characterization of pyrene-based donor–acceptor COF. (a) Scheme of the synthesis of carboxylic acid functionalized COF (Py-
COOH). (b) FT-IR spectra of Py-COOH COF in comparison with Py-CN COF. (c) Solid-state 13C CP-MAS NMR spectrum of Py-COOH COF.
(d) Comparison of simulated and experimental PXRD patterns for Py-COOH COF. (e) The ideal AA eclipsed (AA) stacking mode for Py-COOH COF.
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to the presence of bigger-sized carboxylic groups72 (Fig. S6a,
ESI†).

Furthermore, XPS analyses were performed to examine the
chemical composition of the COFs. The XPS survey scans
confirmed the presence of constituent elements (C, O) in Py-
COOH and (C, N) in Py-CN and Py-Pa-H/CH3 COFs (Fig. S7a,
ESI†). The C 1s spectra of Py-COOH showed three C binding
energies at 284.4 eV, 284.9 eV, and 285.9 eV, corresponding to
CQC, C–C–OH, and CQO bonds, respectively (Fig. S7b, ESI†).
The O 1s spectra show two binding energy peaks at 531.6 eV
and 532.7 eV, corresponding to –CQO and QC–OH groups
(Fig. S7c, ESI†). The Py-COOH COF exhibited a well-defined
fiber-like morphology (Fig. S8a and S8b, ESI†) and EDX ele-
mental mapping showed the presence of constitute elements
(C, and O) uniformly distributed on the frameworks (Fig. S8c,
ESI†). To evaluate the chemical stability of Py-COOH COF,
10 mg of the material was immersed in various solvents,
including acetone, methanol, THF, 1 M HCl, and 1 M NaOH,
for three days. After filtration and drying, PXRD analysis
showed no shift in peak positions, confirming that the crystal-
linity was preserved, as demonstrated in (Fig. S9, ESI†). It is
interesting to note that the Py-COOH COF with a narrower band
gap of 2.04 eV shows a redder shift in absorption compared to

the Py-CN COF with a band gap of 2.13 eV (Fig. S10, ESI†).
Additionally, valence band (VB) energy determined from XPS is
0.68 eV for Py-Pa-H and 0.84 eV for Py-CN COF (Fig. S10c, ESI†).
Using the Tauc plot and VB-XPS data, the conduction band
energy was calculated and is presented in (Fig. S10d, ESI†).

Considering these promising properties, Py-COOH COF was
used for the photocatalytic H2 generation experiment, which
showed a hydrogen evolution rate of 18.8 mmol g�1 h�1, which
is 1.45 times higher than that of Py-CN COF (Fig. 5a and
Table S5, ESI†). It was observed that the Pt loading had a
significant effect on the catalyst’s performance and the opti-
mum HER was achieved with 3 wt% Pt loading, while higher
loading (8 wt%) led to agglomeration on the COF surface,
thereby reducing hydrogen production (Fig. 5b).73 Notably,
hydrogen evolution activity performed under basic conditions
using Triethanolamine (TEOA) as SED revealed no activity by
imine-based COFs (Py-Pa-H and Py-Pa-CH3).74 However, the
vinylene-based COF (Py-CN and Py-COOH) showed an H2 gen-
eration rate of 798 mmol g�1 h�1 and 1287 mmol g�1 h�1 which
is significantly lower in comparison to the HER observed in
acidic conditions with ascorbic acid as SED. Further, a compar-
ison of the hydrogen evolution performance with literature-
reported COFs unveiled the superior performance of Py-COOH

Fig. 5 (a) Photocatalytic H2 evolution of Py-COOH and Py-CN COFs. (b) H2 evolution at different platinum concentrations. (c) Photostability for H2

generation of Py-COOH COF tested over 25 h with evacuation every 5 h. The water contact angle of (d) Py-COOH (e) Py-CN and (f) Py-Pa-CH3 COFs.
(g) Photocurrent response of Py-Pa-H, Py-Pa-CH3, Py-CN and Py-COOH COFs (g) EIS Nyquist plots of Py-Pa-H, Py-Pa-CH3 and Py-COOH COFs
(i) Photoluminescence (PL) spectra of Py-Pa-H, Py-Pa-CH3, Py-CN and Py-COOH COFs with the excitation wavelength of 400 nm.
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COF (Table S6, ESI†). To evaluate the robustness of the Py-
COOH COF, a recycling test was performed, demonstrating the
excellent photocatalytic stability of the Py-COOH COF, as there
was only a slight decline in hydrogen generation activity after
five cycles (Fig. 5c).

The superior photocatalytic activity of the Py-COOH COF is
attributed to the presence of the polar hydrophilic electron-
withdrawing COOH group, which promoted the efficient migra-
tion of photogenerated electrons to Pt cocatalyst for the
reduction of protons of water to generate hydrogen. A contact
angle test was conducted to assess the hydrophilicity of the
COFs and validate the results. Py-COOH COF showed high
hydrophilicity with immediate water permeation compared to
the other COFs (Fig. 5d–f and Fig. S11, ESI†). In addition,
electrochemical impedance spectroscopy (EIS), transient photo-
current response (TPR), and photoluminescence (PL) were
performed to gain a more detailed understanding of the
separation and migration of photogenerated electron–hole
pairs in these COF materials. Further, the Py-COOH COF
exhibited a greater photocurrent response compared to the
Py-CN and Py-Pa-H/CH3 COFs, indicating a more efficient
separation of photoinduced electron–hole pairs (Fig. 5g).
Besides, Py-COOH COF showed a comparatively smaller semi-
circle radius, suggesting that the electron-withdrawing func-
tional groups reduce the resistance to interfacial charge
transfer (Fig. 5h). Whereas, the PL spectra revealed that Py-
COOH COF has the lowest PL intensity, indicating its superior
ability to suppress electron–hole recombination (Fig. 5i).
Furthermore, photoluminescence decay measurements demon-
strated that Py-COOH has a significantly longer radiative life-
time (2.1 ns) compared to Py-Pa-H (1.78 ns), Py-CN (1.99 ns) and
Py-Pa-CH3 (1.7 ns), suggesting a higher probability of photo-
generated charges participating in the photocatalytic process
(Fig. S12, ESI†).

To further evaluate the stability of the recycled catalyst,
several characterization techniques such as PXRD (Fig. S13a,
ESI†), FT-IR (Fig. S13b, ESI†), and FE-SEM (Fig. S13d, ESI†) were
assessed, which closely matched those of the fresh material,
confirming that the structure of the Py-COOH COF remained
largely unchanged. However, after the photocatalytic process,
Py-COOH COF became covered with discrete Pt nanoparticles
(2–3 nm in size) moulded in situ, as confirmed by HR-TEM
analysis (Fig. S14, ESI†).

Photocatalysis mechanism of hydrogen generation

The results indicate that Py-COOH COF outperforms Py-Pa-H,
Py-Pa-CH3, and Py-CN COFs in photocatalytic hydrogen evolu-
tion. This higher efficiency is due to the structure–function
relationship of the Py-COOH COF, which possesses the electron
donor (pyrene) and acceptor (COOH) units. This results in an
optimal band gap, strong light absorption in the UV-visible
range, abundant water docking sites, and efficient separation
of the photo-excited electrons and holes. Upon exposure to
visible light, the COF absorbs energy and electrons are excited
from the valence band (VB) to the conduction band (CB),
leaving holes behind. The excited electrons then move to the

platinum (Pt) surface, which acts as a cocatalyst to reduce water
to hydrogen. A sacrificial agent is used to trap the holes and
suppress the recombination of the electrons and holes, making
the reduction of water more effective. In this work, Py-COOH
COF has more active sites for water reduction due to the
presence of the hydrophilic carboxyl group (–COOH). The
–COOH group also stabilizes the Pt cocatalyst,59 facilitating
faster and smoother electron transfer to the cocatalyst’s sur-
face. At the same time, the sacrificial agent (ascorbic acid)
captures the generated holes, completing the photocatalytic
reaction. The increased hydrophilicity of Py-COOH also
improves its interaction with water, helping the cocatalyst to
more efficiently reduce water to hydrogen, speeding up the
entire process compared to the other Py-Pa-H/CH3, Py-CN COFs
(Fig. 6).

Conclusions

In conclusion, we have prepared crystalline two-dimensional
donor–acceptor covalent organic framework (Py-COOH) deco-
rated with a polar hydrophilic electron-withdrawing –COOH
group. The conjugated vinylene-linked Py-COOH COF exhibits
suitable band gap and conduction band position, which
enhance the visible light absorption, prolong the excited
state lifetime, and provide active sites for easy photo-
deposition of platinum nanoparticles acting as cocatalysts.
Therefore, the strong electron-accepting moiety (COOH) con-
tributes to the superior photocatalytic performance of Py-
COOH COF with a HER of 18.8 mmol g�1 h�1 compared to
Py-CN COF (13.0 mmol g�1 h�1) and the isostructural Py-Pa-H
(10.7 mmol g�1 h�1) and Py-Pa-CH3 COFs (5.7 mmol g�1 h�1),
which lack a donor–acceptor system—highlighting the impor-
tance of band engineering in photocatalysis. In addition, the
Py-COOH COF remains highly stable even after multiple photo-
catalytic cycles—a promising approach to advance solar-driven

Fig. 6 The proposed mechanism for photocatalytic hydrogen production
with a comparison of Py-Pa-H, Py-Pa-CH3, Py-CN and Py-COOH COF.
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hydrogen production using durable, reusable COF-based
photocatalysts.

Data availability

Data will be available on request.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

C. M. N. acknowledges SERB (CRG/2022/006762) and CSIR (01/
3131/23/EMR-II) for financial support. AN thanks CSIR (file No.
09/1005(0044)/2020-EMR-I) for funding. The authors acknow-
ledge the Institute NMR Facility, IISc Bangalore, for solid-state
cross-polarization/magic angle spinning (CP/MAS) nuclear
magnetic resonance (NMR) spectroscopy. P. P. acknowledges
the financial support from the S. N. Bose National Centre for
Basic Sciences, the Technical Research Centre (TRC), and the
Department of Science and Technology (SRG/2022/000217).

References

1 R. Cassia, M. Nocioni, N. C. Aragunde and L. Lamattina,
Climate Change and the Impact of Greenhouse Gasses: CO2

and NO, Friends and Foes of Plant Oxidative Stress, Front.
Plant Sci., 2018, 9, 473.

2 N. S. Lewis and D. G. Nocera, Powering the planet: chemical
challenges in solar energy utilization, Proc. Natl. Acad. Sci.
U. S. A., 2006, 103, 15729–15735.

3 S. Dhingra, M. Sharma, V. Krishnan and C. M. Nagaraja,
Design of noble metal-free CoTiO3/Zn0.5Cd0.5S heterostruc-
ture photocatalyst for selective synthesis of furfuraldehyde
combined with H2 production, J. Colloid Interface Sci., 2022,
608, 1040–1050.

4 D. Shindell and C. J. Smith, Climate and air-quality benefits
of a realistic phase-out of fossil fuels, Nature, 2019, 573,
408–411.

5 K. Prakash, B. Mishra, D. D. Dıaz, C. M. Nagaraja and
P. Pachfule, Strategic design of covalent organic frameworks
(COFs) for photocatalytic hydrogen generation, J. Mater.
Chem. A, 2023, 11, 14489–14538.

6 A. E. H. Berjawi, S. L. Walker, C. Patsios and S. H. R.
Hosseini, An evaluation framework for future integrated
energy systems: A whole energy systems approach, Renew-
able Sustainable Energy Rev., 2021, 145, 111163.

7 K. H. Ng, S. Y. Lai, C. K. Cheng, Y. W. Cheng and
C. C. Chong, Photocatalytic water splitting for solving
energy crisis: Myth, Fact or Busted?, Chem. Eng. J., 2021,
417, 128847.

8 T. Simon, N. Bouchonville, M. J. Berr, A. Vaneski, A. Adrović,
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