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The preparation of highly crystalline covalent organic frameworks (COFs) is crucial for the photocatalytic
hydrogen (H,) evolution reaction (HER). However, it remains challenging because of the complicated
structure of the monomer and the weakened interlayer interaction due to the large voids in the
framework. Herein, a liquid-liquid interfacial (LLI) synthesis method was adopted for the spontaneous
synthesis of Tpo—NBD COFs at room temperature. The highly crystalline To—NBD COFs prepared under
optimized conditions not only showed a uniformly distributed pore size of 0.6 nm and a BET specific
surface area of 677.5 m? g~ ! but also exhibited enhanced the light absorption and promoted the charge
separation. All these contributed to the photocatalytic HER activity of 21 mmol g~* h~ under AM 1.5 G
irradiation, which was 24.4 times higher than that exhibited by the COF prepared by traditional
solvothermal method, and it was remarkable among the pristine Tp COFs. The LLI method is expected to
be extended for preparing COFs with functional groups for further enhancements in photocatalytic

rsc.li/materials-a activities.

Introduction

Photocatalytic hydrogen (H,) evolution reaction (HER) from
H,0"?is generally considered a promising solution®*® in the face
of energy crisis and environmental hazards resulting from the
overuse of fossil fuels.”* However, the efficiency of the long-
established semiconductor HER photocatalysts, such as
TiO,," CdS," g-C3N,4,"* and metal organic frameworks (MOFs),"
remains unsatisfactory as a result of the following reasons: (1)
the insufficient absorption of visible light irradiation, which is
the major part of solar irradiation;' (2) the sluggish mass
transfer of the reactants;” (3) the easy recombination of
photogenerated carriers;'® and (4) the photo-corrosion of some
materials.” Thus, exploring new and efficient photocatalysts
with tunable characteristics for the photocatalytic HER activi-
ties is essential.>

Since their discovery in 2005,*' covalent organic frameworks
(COFs) have evolved as porous, crystalline materials assembled
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with organic molecules via covalent bonds, possessing delo-
calized planar m-7 stacking and ordered porous networks.?*>*
COFs have gained significant attention for their applications in
the photocatalytic HER as they address the above shortcomings.
The w-m conjugation in their network leads to a red-shifted
absorption, thereby resulting in a more effective utilization of
solar irradiation.?*® The intrinsic porosity of COFs facilitates
the mass transfer of the reactants, leading to an improved
catalytic performance. Moreover, COFs are constructed by
integrating organic building blocks, which enables the design
of photocatalysts with donor-acceptor (D-A) properties, facili-
tating efficient charge separation. Besides, the covalent bonds
in the frameworks enhance their stability in the photocatalytic
HER processes.””

Among several linkages, B-ketoenamine-linked COFs (Tp-
COFs) are notable due to their high structural stability, high
density of active sites, strong light-harvesting abilities, and
reduced charge recombination.* In particular, the Tp-NBD
COFs (Tp: (1,3,5-triformylphloroglucinol) and NBD: (N4,N4-
bis(4’-amino-[1,1’-biphenyl]-4-y1)-[1,1"-biphenyl]-4,4’-diamine)
monomers) is attractive as the C; NBD monomer contains an
electron-rich N atom and the biphenyl rings may create large
pores in the constructed COFs. All these characteristics
contribute to enhancing the photocatalytic HER activities.
However, the synthesis of this COF is challenging due to its
reduced growth rate, as a result of the weakened van der Waals
interaction at the interface, which stems from the N atom with
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lone pair electrons reducing the planarity of the NBD monomer
and the biphenyl rings, increasing the ratio of the void in the
unit cell of the COFs. The B-ketoenamine linkage is formed
through structural reconstruction via combined reversible and
irreversible routes® through bond shifting, keeping the atomic
positions unchanged.*® Despite their stable structures,* the
enhanced crystallinity and increased porosity are crucial for
promoting the photocatalytic HER activities of Tp-COFs.
Numerous studies have been conducted on improving crystal-
linity of Tp-COFs while maintaining their stability, as their
frameworks are susceptible to bond breakage, stacking break-
down or flexible pore collapse under harsh synthesis condi-
tions.** Conventional solvothermal methods used to synthesize
Tp-COFs do not allow such optimizations due to the high-
energy input over an extended period, complex procedures,
and possible loss of crystallinity. Therefore, a suitable synthesis
method is required that allows control over reaction parameters
influencing the structural properties of COFs.

Recently, a new synthetic strategy, named liquid-liquid
interfacial (LLI), was introduced for the rapid synthesis of COFs
under ambient conditions.*® In the LLI synthesis method, the
aldehyde and amine monomers are dispersed separately in
miscible organic solvents, which allows the monomers to rear-
range themselves into planar oligomers prior to COF forma-
tion.”” A low-density solvent (acetic acid (HoAc)) is used as
a buffer interlayer to prevent the intermixing of the two miscible
organic solvents, which effectively controls the rate of diffusion
and interaction of oligomers,* thus maintaining crystallinity,
resulting in a finely tuned morphology, surface area and pore
size. This synthetic method has been widely adopted in the
synthesis of highly porous COFs, such as Tp-BD(OH), COF,*
(TpAzo, TpDPP, TpOMeAzo, TpOMeDPP) COFs,* and FS-COM-
1/2 COFs.*® All these COFs show notable performance in related
applications. Since this method promises high crystallinity, we
employed it to fabricate a series of pristine Tp-COFs. Although
the LLI method has been widely used to synthesize COF films
and membranes, it has not been reported for the synthesis of
COFs for the photocatalytic HER activities to the best of our
knowledge. Since the LLI method works well for the synthesis of
self-standing FS-COM-1/2 COFs containing the non-planar
TAPA monomer,*® it is reasonable to expect that the LLI can
be extended for the synthesis of Tp-NBD COFs composed of the
non-planar NBD monomer.

Herein, we report a scalable and spontaneous interfacial
synthesis of highly crystalline Tp-NBD COFs at ambient
conditions, without requiring post-synthetic modification,
exfoliation, or composite formation. Based on the results of
various characterizations and theoretical calculations, it is
discovered that the crystallinity and porosity of the prepared
samples can be controlled by adjusting the concentration of the
catalyst (acetic acid (HoAc)) at the interface. HoAc restricts
polymerization at the interface between the two immiscible
organic phases, which leads to an ordered framework with high
crystallinity and increased surface area.** Moreover, compared
with the Tp-NBD COFs prepared via the traditional sol-
vothermal method (12 M/Tp-NBD (ST)), the optimal LLI Tp-
NBD COFs prepared using 12 M HoAc shows enhanced
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crystallinity, which brings about increased specific surface area
and uniformly distributed pores, but more importantly, better
absorption of radiation, proper energy band positions and
promoted charge separation efficiency. Consequently, the 12 M/
Tp-NBD (LLI) COF shows an HER activity of 21 mmol g~* h™",
24.4 times higher than that of the 12 M/Tp-NBD (ST) COF.
Moreover, the activity is also high among pristine Tp COFs. This
extends the utility of the LLI method beyond membranes,
providing a scalable route to COF-based photoactive systems
with heteroatoms or functionalized groups, further promoting
the photocatalytic HER activities.

Results and discussion
Synthesis and characterization

The B-ketoenamine Tp-NBD COFs were designed and synthe-
sized using the liquid-liquid interface (LLI) method at room
temperature (Fig. 1la and Scheme S1). The COFs with B-
ketoenamine linkages were successfully synthesized instantly
via the Schiff-base condensation reaction between Tp (1,3,5-
triformylphloroglucinol) and NBD (N4,N4-bis(4’-amino-[1,1'-
biphenyl]-4-yl)-[1,1’-biphenyl]-4,4’-diamine), using different
molar concentrations of acetic acid, based on which the COFs
were named 3 M/Tp-NBD, 6 M/Tp-NBD, 9 M/Tp-NBD, 12 M/
Tp-NBD, 15 M/Tp-NBD and 17 M/Tp-NBD. Moreover, a sol-
vothermal analogue (12 M/Tp-NBD (ST)) with 12 M HoAC was
synthesized via a conventional method (Scheme S2) to rationally
investigate the effect of the synthetic method on morphology,*®
crystallinity and photoactivity of the as-synthesized COFs. One
of the distinctive features of interfacial condensation for
preparing Tp-COFs is that the monomers undergo a fast fusion
to produce oligomers, which then self-assemble slowly at the
interface with regular crystalline networks. The 12 M/Tp-NBD
COF exhibited higher crystallinity, porosity, and photoactivity
among the as-synthesized four samples. The crystallinity of the
related COFs was analyzed using powder X-ray diffraction
(PXRD) and structural simulations using Materials Studio. The
simulated XRD patterns obtained via Pawley refinement and the
AA-stacking model aligned well with the experimental results
(Fig. 1b and c). The as-synthesized COFs exhibited a highly
ordered honeycomb lattice, with the corresponding lattice
parameters being a = b = 25.586 A, ¢ = 3.542 A, and a = § = 90°,
¥ = 120° in the P1 space group. The refined PXRD patterns of
the 12 M/Tp-NBD COF obtained by Pawley Refinement were
consistent with the experimental data (R, = 3.15%, Ryp, =
4.05%). The sharp peak at 26 ~ 4.15° is attributed to the strong
reflection from the (100) facet, while the broad peak around 26
~ 20° corresponds to the (001) facet arising from the interlayer
stacking in the COF network. The high-intensity peak (100)
demonstrates the high crystallinity of the as-synthesized LLI
COFs reported in this study. The FWHM analysis of the (100)
diffraction peak for LLI COFs also indicates that the crystallinity
increases with increasing HoAc concentration at the interface.
12 M/Tp-NBD exhibited the lowest FWHM of 0.29°, suggesting
a more ordered framework and enhanced crystallinity among
nM/Tp-NBD COFs. The PXRD peaks of 3-17 M/Tp-NBD, 12 M/
Tp-NBD (ST) and their comparison with 12 M/Tp-NBD, along

This journal is © The Royal Society of Chemistry 2025
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(a) Liquid-liquid interfacial (LLI) synthesis of Tp—NBD COFs, (b) with AA and AB stacking models. (c) PXRD peaks of experimental and

simulated patterns. (d) N, adsorption—desorption isotherm (77 K) (inset: pore size distribution by NLDFT method), (e) FT-IR spectra, and (f) 13C
solid-state NMR spectrum of 12 M/Tp—NBD COF, inset is the model compound.

with their FWHM values, are reported in the SI (Fig. S1-S7). It is
evident from Fig. S6 that the 12 M/Tp-NBD (ST) COF has a poor
crystallinity, with a much broader PXRD peak, as compared to
the as-synthesized LLI COFs. Moreover, when compared with
the PXRD patterns of 15 M/Tp-NBD COF and 17 M/Tp-NBD
COF, it can be inferred that increasing the HoAc catalyst
concentration to 12 M induces significant changes in the
morphology, surface texture and the HER activities of the COFs,
resulting in spherical structures, whereas further increases in
HoAc concentration causes only subtle changes. Thus, the COF
prepared under 12 M HoAc was subjected to more detailed
characterizations and analysis.

The N, adsorption-desorption isotherms calculated at 77 K
exhibited type-I sorption isotherms and microporous charac-
teristics for as-synthesized COFs, where 12 M/Tp-NBD exhibited
the highest surface area of 677.5 m* g~ ' with a pore volume (P/
P,) of 0.47 em® ¢!, with the pore size distribution between
0.60 nm and 1.24 nm based on the non-local density functional
theory calculations (Fig. 1d). Interestingly, the surface area and
pore volume of 12 M/Tp-NBD COF are greater than those of 3 M,
6 M and 9 M/Tp-NBD COFs, as well as 12 M/Tp-NBD (ST) COF,
which suggests that despite the same chemical composition,
different structural arrangements can control the pore
shrinkage and adjust their specific surface area. Interface
mediation enables precise control over interlayer stacking and
planarity, resulting in a self-regulating network with high
surface area.*® The Brunauer-Emmett-Teller (BET) surface area
of 3-17 M/Tp-NBD, 12 M/Tp-NBD (ST) COFs and their corre-
sponding pore volumes are listed in the SI (Fig. S8-S14 and

This journal is © The Royal Society of Chemistry 2025

Table S1). Notably, the surface area of the COF synthesized via
the solvothermal method is low, with poor pore size distribu-
tion, which further confirms the superiority of the LLI method.
The defined chemical structures and components of 12 M/Tp-
NBD COF were investigated using Fourier transform infrared
(FT-IR) spectroscopy, *C cross-polarization/magic angle spin-
ning solid-state nuclear magnetic resonance (CP/MAS-ssNMR)
spectroscopy and X-ray photo spectroscopy (XPS). The success-
ful formation of the B-ketoenamine linkage in 12 M/Tp-NBD
was confirmed by the disappearance of the typical absorption
peaks of -NH, (~3360 cm ') and ~CHO (~1640 cm "), and the
emergence of the intense stretching peak of the -C=C bond
around ~1590 cm™'. In contrast, a strong peak for =C-N
appeared around ~1285 cm ™, confirming the presence of keto-
form (Fig. 1e). The FT-IR spectra of 3-9 M/Tp-NBD and 12 M/
Tp-NBD (ST) are presented in the SI (Fig. S15 and S16). The **C
CP/MAS-ssNMR spectrum of 12 M/Tp-NBD COF revealed reso-
nance signals at ~182 ppm and ~146 ppm, corresponding to —
C=0 (B-keto group) and -C=C-N (enamine) bonds, respec-
tively, revealing the keto-enamine tautomerism. Moreover, the
absence of a ~160 ppm signal for -C=N (enol form) further
confirms the formation of a ketoenamine bond (Fig. 1f). This
ketoenamine linkage is the defining feature of Tp-NBD COFs,
which governs its stability, polarity, and light-harvesting
ability.*

XPS spectra were recorded for 12 M/Tp-NBD COF to eluci-
date the structural compositions further (Fig. 2a, b and S17). In
the C 1s signal, there are three different types of carbon atoms,
ascribed to C=C or C-C (~284.9 eV), C-N (~286.0 eV), and

J. Mater. Chem. A, 2025, 13, 30419-30426 | 30421


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta04499e

Open Access Article. Published on 19 August 2025. Downloaded on 11/26/2025 1:12:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

a cis| b
— c-Corc=C| __
=1 2849 eV 3
&," C-N 3 C-N
@ 286.0 eV @ 400
[ =
g C=0 g
(&) 288.9 eV ()
»/ )

296 294 292 290 288 286 284 282 280 406
Binding Energy (eV)

Fig. 2
images for C, N, O; and (f) TEM image of 12 M/Tp—NBD COF.

C=0 (~288.9 eV). The binding energy at ~400 eV in the N 1s
spectrum is ascribed to the N atoms of the C-N bond, indicating
the successful formation of the B-ketoenamine bonds in 12 M/
Tp-NBD COF.* The results of XPS spectra align well with those
of "*C CP/MAS-ssNMR and FT-IR spectra, further confirming
the successful synthesis of keto-COFs. The high-resolution
transmission electron microscopy (HR-TEM) showed ordered
lattice fringes with spatial layers arranged at 0.35 nm, observed
for the interlayer stacking, which is in close agreement with the
(001) diffraction peak at 26 = 20°, indicating periodic stacking,
commonly stabilized by m-m interactions (Fig. 2c). The
morphologies of 3-17 M/Tp-NBD COFs were evaluated using
scanning electron microscopy (SEM), and uniform elemental
distribution of carbon (C), nitrogen (N), and oxygen (O) was
confirmed from energy dispersive X-ray analysis (EDAX)
mapping (Fig. 2d and e). The morphologies of the four COFs
were affected by the different concentrations of acetic acid,
which changed from sheet-like (3-6 M/Tp-NBD) to nano-
particles (9-17 M/Tp-NBD) with increasing acetic acid concen-
trations as presented in SI (Fig. S20-S22). Transmission electron
microscopy (TEM) images provided the high-resolution internal
structural and crystallographic details of Tp-NBD COFs, further
confirming their morphology (Fig. 2f and S23-S28). Addition-
ally, all nM/Tp-NBD COFs exhibited excellent thermal stability
up to 593 °C (Fig. S29).

Opto-electronic properties

Solid-state ultraviolet-visible diffuse reflectance spectra (UV-vis
DRS) displayed that 3-12/Tp-NBD COFs had strong light-
absorption efficiency with absorption edges higher than
650 nm, covering ultraviolet to visible light regions (Fig. 3a). The
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(a and b) High-resolution XPS scans of C 1s and N 1s spectra. (c) High-resolution TEM image; (d) SEM image; (e) EDAX elemental mapping

optical band gap (E,) of 12 M/Tp-NBD COF measured through
Tauc plot transformation from UV-vis DRS was 1.83 eV (Fig. 3a
and S30), consistent with the theoretical findings. However, 12
M/Tp-NBD (ST) COF exhibits poor light-harvesting ability,
indicating that the harsh synthesis conditions affect the crys-
tallinity, surface characteristics, and optical properties of the
COF. The band gap for the 12 M/Tp-NBD (ST) COF is also
1.83 eV, but shows a much lower absorption to the irradiation.
This results from its lower crystallinity and reduced conjugation
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Fig. 3 Optoelectronic properties: (a) UV-vis DRS spectra of 3-12 M/
Tp—NBD and 12 M/Tp-NBD (ST) COFs, (b) Mott-Schottky curve for 12
M/Tp—-NBD COF, (c) transient on/off photocurrent responses under
visible light irradiation (A = 420 nm, 300 W Xe lamp), and (d) Nyquist
plots of EIS measurements of 3-12 M/Tp—NBD and 12 M/Tp—NBD
(ST).
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effect within the framework. Mott-Schottky (MS) measurements
were performed to elucidate the band positions of all Tp-NBD
COFs (Table S2). The positive slopes indicated that all COFs
were typical n-type semiconductors (Fig. S31). The flat-band
potential recorded from MS measurements for 12 M/Tp-NBD
COFs was —1.16 V vs. NHE (Fig. 3b). However, it is interesting to
see that the CB potential for the 12 M/Tp-NBD (ST) is —0.46 V,
and the VB potential is 1.37 V. Compared with the 12 M/Tp-
NBD COF, the CB potential of the 12 M/Tp-NBD (ST) COF is not
beneficial for the photocatalytic HER.

Accordingly, the corresponding band gaps of nM/Tp-NBD
COFs were calculated, and all the CB reduction potentials lie
above the potential of H'/H, (—0.41 V at pH = 7), illustrating
that protons can be reduced to hydrogen under thermody-
namically preferred conditions.” Thus, considering their broad
absorption spectra and suitable energy levels, the prepared nM/
Tp-NBD LLI COFs would have the potential for applications in
photocatalytic hydrogen production (Fig. S32). Under visible
light irradiation, the as-synthesized COF samples were evalu-
ated for their photocurrent responses in a three-electrode cell
using 0.5 M Na,SO, aqueous solution as an electrolyte** to
evaluate the dynamics of photogenerated charge carriers in Tp-
NBD COFs. The as-synthesized Tp-NBD COFs exhibited
consistent and repeatable on-off cycles, demonstrating strong
photoresponse and excellent structural stability when exposed
to light (Fig. 3d). The 12 M/Tp-NBD COF exhibited the highest
photocurrent density, remarkably exceeding 3 M, 6 M, and 9 M/
Tp-NBD COFs. The enhanced photocurrent response indicates
a more effective charge separation and transport of photog-
enerated electron-hole pairs, which can be linked to the
enhanced interfacial conductivity and superior light-harvesting
ability of 12 M/Tp-NBD COF. However, the photocurrent
response of 12 M/Tp-NBD (ST) COF is very poor, which indi-
cates a poor charge separation ability, leading to a very low
photocatalytic HER activity. The photoresponse for all COFs was
in the order of 12 M/Tp-NBD > 9 M/Tp-NBD > 6 M/Tp-NBD > 3
M/Tp-NBD > 12 M/Tp-NBD (ST) (Fig. 3c). These values aligned
with the trend of their HER activities, confirming better photo-
response ability and more available photogenerated carriers in
12 M/Tp-NBD COF. The electronic conductivity and facilitated
charge transfer ability of these COFs were also confirmed by
their EIS measurements, where 12 M/Tp-NBD exhibited the
smallest radius in the Nyquist plot (Fig. 3d). The diameter of the
semicircle observed in the high-resistance area represents the
charge transfer resistance (R.) at the interface. Among all
samples, 12 M/Tp-NBD COF displayed the smallest semicircle,
signifying the lowest R, and the most effective interfacial
charge transfer. The observed trend in photocurrent intensity is
in close agreement with the EIS results, which confirm that the
control over the structure-property relationship significantly
enhances charge mobility, reduces charge recombination, and
improves overall photocatalytic performance.** The time-
resolved photoluminescence (TR-PL) spectroscopy showed
that the average decay lifetime of 12 M/Tp-NBD COF was 0.937
ns, the longest lifetime among the four COFs reported in this
study (Fig. S33 and S34). The longer lifetime might be ascribed
to its m-extended conjugation and the ordered D-A structures
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that effectively promote charge transfer and separation. Thus,
enhanced photo-response ability, more available photogene-
rated carriers, good electronic conductivity, and efficient charge
separation are believed to be the reasons for the excellent
hydrogen evolution performance for this COF, remarkably
exceeding the most reported pristine Tp-COFs.

Photocatalytic H, evolution activities

Different control experiments on 12 M/Tp-NBD COF were
conducted to evaluate the optimal reaction system for enhanced
photo-activity. Among the three sacrificial agents (ascorbic acid
(AA), sodium ascorbate (SA), and triethanolamine (TEOA))
tested, AA works better than the other sacrificial agents for
photo-activity due to its efficient hole-trapping ability. Firstly,
the reaction system was subjected to photo-HER without AA. As
expected, there was no hydrogen production, further confirm-
ing the important role of ascorbic acid in the reaction system.
This can be explained by the lower oxidation potential of the
hole (h") in the HOMO of the COF. Notably, the reaction system
exhibited hydrogen evolution even without Pt (Fig. S36). The
effect of acetic acid (AA) concentration on the photocatalytic
hydrogen evolution reaction (HER) performance of 12 M/Tp-
NBD COF was systematically investigated, where the HER rate
increased significantly with higher AA concentrations (Fig. S37).
Negligible hydrogen evolution was observed when the system
was kept in the dark (Fig. S38). To evaluate the photocatalytic
HER activity, different amounts of pristine COF were dispersed
in a 100 mL aqueous solution of 0.05 M AA as a sacrificial
reagent and 20 pL of 0.01 M H,PtCls-6H,O as the source of Pt
co-catalyst. Among the different amounts, 3 mg COF exhibited
a stable photocatalytic activity over a longer reaction time
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Fig. 4 (a) Photocatalytic HER activity curve of 12 M/Tp—NBD COF
under irradiation (Xe lamp, 300 W); (blue curve) AM 1.5 G light source;
(black curve) A = 420 nm, (b) rate of the photocatalytic HER using AM
1.5 G light source for 3—-12 M/Tp—NBD and 12 M/Tp—NBD (ST) COFs
(3 mg catalyst in 100 mL water, 2 wt% Pt (0.01 M H,PtClg), 0.05 M
ascorbic acid), (c) absorption spectrum and wavelength-specific AQY,
and (d) photocatalytic cyclic stability test for 12 M/Tp—NBD COF (the
reaction system was evacuated for 20 minutes after each cycle
without the use of any additional AA or Pt).
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(Fig. S39). Fig. 4a shows the rate of HER under full-spectrum
irradiation (AM 1.5 G) and at wavelengths longer than
420 nm. The HER values were determined to be 21.1 and
19.3 mmol g * h™?, respectively. Upon irradiation with an AM
1.5 G light source (xenon lamp 300 W), 12 M/Tp-NBD exhibited
the highest HER activity of 21 mmol g ' h™", as compared to 3
M/Tp-NBD (9.7 mmol g * h™'), 6 M/Tp-NBD (10.6 mmol g
h™"), 9 M/Tp-NBD (16 mmol g~ " h™") and 12 M/Tp-NBD (ST)
(0.86 mmol g~* h™') COFs (Fig. 4b). It should be noted that
although the light-harvesting capabilities of the four LLI COFs
are similar, there are significant differences in their photo-
catalytic HER activities. The photocatalytic HER activity of 12 M/
Tp-NBD COF (21 mmol g ' h™ ") is twice the rate of HER for 3 M/
Tp-NBD COF (9.7 mmol g~' h™"), which might originate from
the more ordered D-A structure of 12 M/Tp-NBD COF. The well-
ordered D-A structure facilitates the efficient separation of
photogenerated electrons and holes, thereby boosting the
photo-activity.*® Under the same reaction conditions, despite
their similar chemical composition, the difference in photo-
activity also arises due to the difference in their surface areas,
which is much higher for 12 M/Tp-NBD (677.5 m* g~ ') than for
3 M/Tp-NBD (63.4 m> g '), 6 M/Tp-NBD (311.5 m* g "), and 9
M/Tp-NBD (391.6 m* g~ ). This indicates that precise control
over surface area can directly influence the performance of the
as-synthesized COFs.”**” Moreover, smaller orderly assembled
nanoparticles, as in the case of 12 M/Tp-NBD COF, instead of
irregular aggregates as in 12 M/Tp-NBD (ST) COF, lead to higher
surface-to-volume ratios and more mismatched atoms on their
surface, which can create a more defined crystalline domain to
improve photocatalytic activity.*® The separation efficiency of
photogenerated electrons and holes evaluated through the
photocurrent and EIS measurements further explains the
differences in photocatalytic activities of these COFs. The
initially formed imine linkage undergoes irreversible tautome-
rization to form f-ketoenamine linkages, enhancing the
framework's chemical stability and electron delocalization. The
stable structure features extended conjugation and active sites,
which facilitate efficient charge separation and proton reduc-
tion.” Therefore, the pf-ketoenamine linkage in these Tp—-NBD
COFs stabilizes the COF structure and enhances its photo-
catalytic activity for HER (Fig. S40). 3-17 M/Tp-NBD COFs were
further subjected to evaluate the apparent quantum yields
(AQYs) under different monochromatic lights. It was found that
12 M/Tp-NBD COF has the highest AQY (3.5%) at 450 nm
(Fig. 4c). The AQYs of 3-17 M/Tp-NBD COFs were also
measured at various wavelengths (Fig. S41 and Table S3), which
followed their trend of visible light absorption. Moreover, 12 M/
Tp-NBD COF exhibited no substantial decrease in its photo-
catalytic hydrogen evolution rate after six cycles with contin-
uous irradiation under visible light, confirming its long-term
photocatalytic stability (Fig. 4d). The HER activities of these
COFs remarkably exceeded the most reported pristine Tp-COFs
(Table S4). After the photocatalytic HER tests, the recycled 12 M/
Tp-NBD COF was subjected to systematic characterizations,
including PXRD, FT-IR, XPS, SEM, TEM, and UV-vis DRS. The
results of these characterizations remain almost unchanged
compared with the ones before the reaction, further confirming
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Fig. 5 (a) HOMO-LUMO surface plots and band gap diagram from
theoretical (blue bar) and experimental (pink bar) calculations and (b
and c) electrostatic potential of Tp—NBD COFs.

the structural stability of the COF synthesized via the liquid-
liquid interfacial method (Fig. S42-S52).

DFT calculations were conducted to obtain further electronic
structure information of Tp-NBD COFs, including the redox
potential of the conduction band minimum (CBM) and valence
band maximum (VBM). The CBM orbital electrons are mainly
localized in the Tp cores in Tp-NBD COFs, while those of the
VBM orbital are distributed along the NBD regions (Fig. 5a).*
This suggests the Tp core is electron-deficient and could act as
an efficient electron-acceptor moiety. In Tp-NBD COFs, the
ketone unit in the Tp moiety acts as an electron-deficient center,
while the aromatic diamine linkages in NBD serve as electron
donors, imparting molecular polarity and facilitating charge
stabilization and transfer to active sites for HER performance
(Fig. 5b and c).** The uniformity of charge distribution in CBM
and VBM of Tp-NBD COFs indicates higher photoconductivity.
The above situation also exists in the theoretical calculations,
where a band gap of 1.78 eV was calculated (Fig. 5¢), further
suggesting that Tp-NBD COFs is suitable for photocatalytic
HER under visible light irradiation.®® The experimental and
theoretical findings of this study suggest that all nM/Tp-NBD
COFs are suitable for absorbing visible light for photocatalytic
hydrogen production.® Notably, control over the synthesis
method enhances the surface area, degree of conjugation and
electron delocalization. Therefore, a higher surface area leads to
a higher conjugation degree and better photocatalytic activity,>
which provides a new perspective for the development of
photocatalysts.

Conclusions

In summary, we designed and synthesized a series of m-conju-
gated Tp-NBD COFs via the liquid-liquid interfacial (LLI)
method. The microscopic morphologies of the samples can be
tuned by adding different concentrations of acetic acid at the
interface. Compared with the Tp-NBD COFs prepared by the
solvothermal method and other Tp-NBD COFs prepared by the
LLI method, the optimized 12 M Tp-NBD COF shows

This journal is © The Royal Society of Chemistry 2025
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significantly enhanced crystallinity, which brings about
a higher specific surface area. Moreover, the light absorption
capacity was extended, and the separation of photogenerated
charge carriers was promoted. Consequently, a remarkably
enhanced and stable photocatalytic HER activity of up to
21 mmol g~' h™" was achieved under irradiation. This study
demonstrates that pronounced surface properties are crucial for
the extraction, accumulation, and transfer of photoinduced
electrons. Therefore, our work presents a promising strategy for
tuning the surface properties of COF, and it is expected that the
LLI synthetic method can be extended to the synthesis of COF
photocatalysts with more complicated structures for further
enhanced activities.
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