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yer Tppo-CTF with electron traps
enables efficient photocatalytic hydrogen
evolution in seawater

Naizhang Xu,†a Yubing Liu, †abc Huayu Xue,a Jianuo Li,b Hao Wu,b Qian Wang, *bd

Feng Cheng,*ce Han Fu *f and Yining Fan *c

Covalent triazine framework (CTF)-based photocatalytic materials are excellent structural platforms due to

their good photocatalytic performance and scalability, but their high recombination probability of

photogenerated carriers remains a difficulty to solve. Therefore, we synthesized a partially nonplanar

Tppo-CTF through a bottom-up strategy that introduces nonplanar triphenylphosphine oxide (Tppo) into

the planar structure of the CTF. Specifically, the unique nonplanar structure of Tppo weakens the

interlayer force and enables the synthesis of the few-layer Tppo-CTF. Meanwhile, the strong electron

withdrawing effect of Tppo fragments in the Tppo-CTF can effectively promote the separation and

inhibit the recombination of photogenerated carriers. In deionized water containing triethanolamine

(TEOA) as the electron donor, the HER rate of the 4-Tppo-CTF reaches 15.685 mmol h−1 g−1, which is

4.6 times higher than that of the bulk CTF. Remarkably, when deionized water is replaced with seawater,

the 4-Tppo-CTF still achieves a high HER rate of 12.799 mmol h−1 g−1. This strategy provides a reference

for the design and construction of high-efficiency CTF-based photocatalytic materials.
Introduction

The integration of renewable resources into energy generation
constitutes a cornerstone of a sustainable future. Among clean
energy carriers, hydrogen (H2) stands out due to its high energy
density and the fact that its utilization produces only water as
a byproduct. In this context, photocatalytic water splitting has
emerged as a promising and sustainable route for H2 produc-
tion and has attracted considerable research interest.1–4

Numerous photocatalytic materials capable of generating
hydrogen from water have been developed to date. Given that
the majority of Earth's water resources are seawater, the direct
utilization of solar energy for hydrogen production from
seawater has become a focal point of recent research.5 However,
most photocatalysts exhibit signicantly diminished perfor-
mance when shiing from deionized water to seawater for the
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of Chemistry 2026
photocatalytic hydrogen evolution reaction (HER). This decline
is primarily attributed to catalyst corrosion and the competitive
consumption of photogenerated electrons by various ions
present in seawater.6 Therefore, the development of robust
photocatalysts capable of achieving high HER efficiency in
seawater is both highly desirable and challenging.

Covalent triazine frameworks (CTFs) are a class of porous
polymers that generally consist of aromatic ring units and
triazine units.7–11 The p-conjugated in-plane structure of CTFs
facilitates the absorption of visible light, and the p-stacked
interlayer structure of CTFs is favorable for the migration of
photogenerated carriers.12–17 Therefore, CTFs have recently
emerged as a new generation of 2D semiconductors for photo-
catalytic hydrogen evolution.18–21 However, the planar conju-
gated structure of CTFs implies strong p–p interlayer force,
leading to tight layer–layer stacking, long diffusion lengths and
fast recombination rate of photogenerated carriers, which
suppresses the reduction of water.13,22–25 Therefore, the photo-
catalytic hydrogen evolution rate of unmodied bulk CTFs is
still unsatisfactory. In fact, reducing the dimensionality of
semiconductors from bulk crystals to few-layer nanosheets
markedly increases the number of accessible active sites,26,27

enhances electron transport, and shortens the bulk diffusion
length of photogenerated carriers, collectively reducing the
recombination probability of photogenerated electron–hole
pairs.28–30

Chemical intercalation and exfoliation have been demon-
strated to be efficient strategies for the large-scale synthesis of
J. Mater. Chem. A
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Fig. 1 XRD patterns of Tppo-CTFs with different compositions
(A), Tppomole ratio (mol%): (a) 0 (CTF), (b) 2, (c) 3, (d) 4, (e) 5, (f) 7, (g) 9,
(a*) simulated AA stacking of the CTF. Schematic diagram of simulated
structures of the CTF (B) and the nonplanar fragment of the 9-Tppo-
CTF (C) (atom color code: C, grey; N, blue; P, pink; O, red; H, white).
The structures are schematic, and the 9-Tppo-CTF exhibits only
limited long-range order.
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two-dimensional materials.31 For example, Liu et al. exfoliated
the bulk CTF into few-layer CTF nanosheets via glycerol inter-
calation. The resulting few-layer CTF nanosheets exhibited
a larger BET surface area and improved ion migration
compared with the bulk CTF.32 Wang et al. realized the exfoli-
ation of layered CTFs into nanosheets through the rapid
exothermic reaction between concentrated sulfuric acid and
water. The prepared CTF nanosheets could be further amide-
functionalized to engineer the band structure and extend
visible-light absorption.33 However, despite the increased BET
surface area and shortened carrier migration length from the
bulk to the surface, which are benecial for photocatalytic
hydrogen evolution, unmodied monolayer or few-layer CTF
nanosheets suffer from quantum connement effects that
enlarge the band gap and consequently limit visible-light
absorption.34–39 Meanwhile, these “up-bottom” exfoliation
strategies oen suffer from poor controllability and structural
damage, and the use of strong acids during exfoliation raises
environmental concerns. In contrast to post-processing
approaches, Liu et al. synthesized single-layer/few-layer CTF
nanosheets in situ via a dynamic CH2Cl2/CF3SO3H interface
polymerization process.40 Nevertheless, solvent-based synthesis
of CTF nanosheets still involves quantum connement effects,
and the structure–activity relationship governing photocatalytic
hydrogen evolution has not been systematically investigated.

Triphenylphosphine oxide (Tppo) is an organic semi-
conductor material with outstanding performance. In its
molecular structure, the three phenyl groups are connected
through P–C single bonds and adopt specic torsional angles
with respect to the P]O double bond.41 This nonplanar
molecular conformation imparts Tppo with a unique electronic
structure and distinctive physicochemical properties. In the
eld of optoelectronic functional materials, the strong electron-
withdrawing inductive effect and the electron-decient char-
acter of the P]O bond enable Tppo to act as an electron-
accepting unit, thereby effectively facilitating electron injec-
tion and transport.42–45 Moreover, the nonplanar molecular
geometry of TPPO imposes signicant steric hindrance, which
suppresses dense intermolecular packing.46

Herein, we propose a novel “bottom-up” strategy based on
non-planar monomers for the synthesis of few-layer CTFs
featuring electron-trapping functionality. During polymeriza-
tion, we introduce intrinsically nonplanar triphenylphosphine
(PPh3) units into the CTF framework, wherein the majority of
the PPh3 moieties are converted into Tppo species, ultimately
affording the Tppo-CTF through a stepwise synthesis. Owing to
the incorporation of a small amount of Tppo groups, the Tppo-
CTF exhibits an increased BET surface area compared with the
pure CTF. Meanwhile, the non-planar geometry and the nega-
tive electrostatic potential arising with Tppo effectively weaken
interlayer interactions, suppressing layer-by-layer stacking
during framework growth and favoring the formation of few-
layer structures. More importantly, combined experimental
characterization and time-dependent density functional theory
(TD-DFT) calculations demonstrate that the strong electron-
withdrawing nature of Tppo induces a shallow surface poten-
tial trap in the CTF, which promotes photogenerated exciton
J. Mater. Chem. A
separation and reduces the probability of electron–hole
encounter and recombination. Therefore, the non-planar 2D
Tppo-CTF exhibits an excellent photocatalytic hydrogen evolu-
tion rate of 15.685 mmol h−1 g−1 (20 mg catalyst) in the pres-
ence of TEOA, which is 4.6-times higher than that of the pure
CTF. Notably, the 4-Tppo-CTF (4 mol% Tppo content) delivers
a maximum hydrogen evolution rate of 12.799 mmol h−1 g−1 in
seawater and demonstrates outstanding long-term stability
under seawater conditions. Importantly, compared with the
pure CTF, the Tppo-CTF shows a lower thermodynamic proba-
bility of photogenerated carrier recombination and a higher
photocurrent response without altering the intrinsic band
structure. This work provides a systematic mechanistic under-
standing of photogenerated carrier regulation without
compromising redox capability, highlighting the potential of
non-planar monomer-enabled bottom-up strategies for
advanced photocatalyst design.
Results and discussion

As shown in Fig. S1 and S2, the Tppo-CTF was synthesized via
a stepwise polymerization process. Tris(4-formylphenyl)phos-
phine oxide and terephthalamide dihydrochloride were rst
polymerized in DMSO. Subsequently, 1,4-benzenedimethanol
and terephthalamide dihydrochloride were added to the
resulting suspension to initiate the second polymerization step.
The obtained products were denoted as x-Tppo-CTF, where x
represents the molar ratio of Tppo units in the framework
(Table S1). For comparison, the bulk CTF was synthesized by
a solvothermal method according to previously reported
procedures, as shown in Fig. S3.47

The orderliness of samples was observed by XRD. As shown
in Fig. 1A, the pure CTF exhibits characteristic diffraction peaks
at 2q = 7.3° and 26.1°, attributed to the [100] and [001] planes,
respectively,47,48which was in line with the simulated AA stacked
CTF model (Fig. 1B). However, as the proportion of Tppo
gradually increases, the characteristic [001] diffraction peak
intensity of the Tppo-CTF at about 7.3° gradually decreases
relative to the pure CTF, which means that the ordered
This journal is © The Royal Society of Chemistry 2026
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arrangement of benzene and triazine rings in the Tppo-CTF 2D
plane is weakened. Meanwhile, the diffraction peak of the [001]
crystal plane of the Tppo-CTF not only decreases in intensity,
but also gradually shis towards the le, indicating that the
layer–layer stacking order of the Tppo-CTF decreases and the
interlayer spacing increases. The characteristic diffraction
peaks of [100] and [001] in the Tppo-CTF are still attributed to
the structure of the CTF, and these features suggest the layer
structure and stacking model of the Tppo-CTF (Fig. 1C).
According to the Bragg equation (2d sin q = nl), the [001]
interlayer spacing (d001) of the pure CTF was 0.34 nm, while the
[001] interlayer spacing of the 9-Tppo-CTF with a Tppo content
of 9 mol% increases to 0.51 nm. This indicates that the intro-
duction of non-planar Tppo fragments reduces the ordered
arrangement of benzene and triazine rings and the ordered
interlayer stacking of the CTF, resulting in a decrease in the
crystallinity of the material and an increase in the interlayer
spacing.

The morphologies of the samples were characterized by TEM
and AFM. As shown in Fig. 2A, C and D, the bulk CTF exhibits
densely stacked, thick layers, whereas the Tppo-CTF samples
display a layered morphology with irregularly stacked nano-
sheets. AFM analysis (Fig. 2B, D and F) further reveals the
thickness distributions of the CTF, 4-Tppo-CTF and 9-Tppo-
CTF. The thickness of the bulk CTF is estimated to be approx-
imately 13.8 nm, while that of the 4-Tppo-CTF is signicantly
reduced to about 4.2 nm, and that of the 9-Tppo-CTF to 4.1 nm.
Based on XRD analysis, the interlayer spacing of the bulk CTF is
calculated to be∼0.34 nm, which is comparable to that of the 4-
Tppo-CTF, whereas that of the 9-Tppo-CTF is ∼0.51 nm.
Accordingly, the average number of stacked layers in the AA-
stacked bulk CTF is estimated to be ∼40 layers, whereas the
Fig. 2 The TEM (A, C, E) and AFM (B, D, F) images of Tppo-CTFs with
different compositions. Tppomole ratio (mol%): (A, B) 0 (CTF), (C, D) 4,
and (E, F) 9.

This journal is © The Royal Society of Chemistry 2026
4-Tppo-CTF consists of only ∼12 stacked layers on average, and
the 9-Tppo-CTF consists of only ∼8 layers. These results indi-
cate that the introduction of non-planar Tppo fragments effec-
tively weakens interlayer interactions during framework growth,
thereby suppressing layer stacking and promoting the forma-
tion of few-layer CTF nanosheets.

The FT-IR spectra provided structural information on the
frameworks of the CTF and Tppo-CTF. As shown in Fig. S4, the
absorption bands at 1510 cm−1 and 1350 cm−1 are assigned to
the stretching vibrations of –C]N– and –C–N] groups in the
triazine unit,49,50 providing denitive evidence for the successful
polymerization of the triazine framework. In addition, the
broad absorption bands in the range of 3610–3030 cm−1 are
attributed to incompletely reacted amidine groups originating
from a small amount of terephthalamide dihydrochloride (TAD)
in the Tppo-CTF fragment.51,52 The EDS element distribution
diagram of the Tppo-CTF, as shown in Fig. S5, indicates that
C, N, and P elements coexist and are uniformly distributed
within the Tppo-CTF material. The 13C CP-MAS solid-state NMR
spectra of the 4-Tppo-CTF and CTF (Fig. S6) show characteristic
resonances for the sp2-hybridized carbon atoms in the triazine
located at d = 170 ppm. The two peaks at 138 and 128 ppm are
characteristic of the benzene units.53–56 The 31P static solid-state
NMR spectra of the 4-Tppo-CTF (Fig. S7) show a sharp peak at
d = 27.5 ppm, which is assignable to P]O in the Tppo.57–59 In
addition, a shoulder peak at lower chemical shi (d= 10.3 ppm)
is attributed to the P–OH.60,61 These results imply that the
phosphorus centers in the PPh3 units of the TFP monomer are
oxidized to P]O during the synthesis of the Tppo-CTF, likely
due to the use of DMSO as the solvent and exposure to air. This
observation conrms that the PPh3 fragments predominantly
exist in the form of Tppo within the Tppo-CTF framework.
Moreover, the introduction of Tppo fragments did not alter the
chemical environments of the carbon atoms in the triazine and
benzene units.

Meanwhile, the introduction of non-planar Tppo in the
framework structure of the CTF leads to noticeable changes in
the pore structure. The N2 sorption isotherms of the CTF and
Tppo-CTF exhibit similar type-II adsorption behaviors, indi-
cating that both materials retained a microporous framework
(Fig. S8). Notably, the Tppo-CTF displays a typical H3-type
hysteresis loop, suggesting the presence of additional meso-
porous characteristics. This behavior is attributed to the non-
planar conguration of Tppo, which disrupts the AA stacking
of CTF layers and results in more disordered layer stacking, as
further supported by the pore size distribution curves (Fig. S9).
As summarized in Table 1, with a gradual increase in Tppo
content, the BET surface area, pore volume and average pore
size of the Tppo-CTF increase slightly, consistent with weak-
ened interlayer interactions and a reduced average number of
stacked layers. However, when the Tppo content reaches
9 mol%, both the BET surface area and pore volume decrease
markedly. This decline is attributed to the excessive incorpo-
ration of non-planar Tppo units, which severely disrupts the
structural ordering and interlayer stacking of the framework,
thereby reducing the crystallinity, specic surface area, and
pore volume of the Tppo-CTF.
J. Mater. Chem. A
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Table 1 The physicochemical properties of Tppo-CTFs with different contents of Tppo

Tppo content
(mol%)

SBET
(m2 g−1)

Pore volume
(cm2 g−1)

Pore size
(nm)

HER in deionized
water (mmol h−1 g−1)

Specic activity
(mmol h−1 m−2)

Band structure

EVB
(V vs. NHE)

ECB
(V vs. NHE) Eg (eV)

0 761 0.87 4.60 3.422 4.50 0.51 2.12 2.63
2 778 0.95 4.90 9.599 12.34 0.51 2.18 2.69
4 865 1.21 5.62 15.685 18.13 0.52 2.17 2.69
9 747 1.02 5.45 5.674 7.60 0.53 2.16 2.69
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The cocatalyst Pt was in situ deposited on the Tppo-CTF (Pt,
3.0 wt%) by the photoreduction (Section S1). Fig. S10 shows the
morphology of the Pt/Tppo-CTF composite materials. It can be
seen that the Pt particles are spherical and uniformly dispersed
on the surface of the Tppo-CTF with a particle size of about 2–
3 nm. Meanwhile, the Pt/Tppo-CTF still maintains a thin-layer
stack structure. The photocatalytic hydrogen evolution activi-
ties for the as-prepared samples were evaluated in aqueous
solution under visible-light irradiation (l > 420 nm) using tri-
ethanolamine as a sacricial agent and the photo-deposited Pt
as a cocatalyst (Section S1). As shown in Fig. 3A and Table 1, the
pure CTF shows low photocatalytic activity in deionized water,
which is caused by the fast recombination of photogenerated
electrons and holes in the bulk CTF. In comparison, the
hydrogen evolution rates of Tppo-CTFs increase remarkably
with the increase of the molar ratio of Tppo in the Tppo-CTF,
while the photocatalytic hydrogen evolution rate of the Tppo-
CTF was closely related to the content of Tppo. The 4-Tppo-
CTF with a Tppo content of 4 mol% exhibits the highest
hydrogen evolution rate (15.685 mmol h−1 g−1), which is 4.6
times higher than that of the pure CTF (3.422 mmol h−1 g−1).
Furthermore, the apparent quantum efficiency (AQY) of the 4-
Fig. 3 Photocatalytic hydrogen evolution rates of Tppo-CTFs with
different compositions (A). Comparison of hydrogen evolution rates of
the 4-Tppo-CTF using different water sources (B). Hydrogen evolution
rates of the 4-Tppo-CTF in deionized water, real seawater and simu-
lated salt solutions(C). Reusability of the 4-Tppo-CTF over repeated
photocatalytic cycles (D).

J. Mater. Chem. A
Tppo-CTF is 9.38% measured at l = 420 nm. However, further
increasing the molar ratio of Tppo results in a marked decrease
in the photocatalytic activity of the Tppo-CTF. Furthermore, the
4-Tppo-CTF material delivered a photocatalytic hydrogen
evolution rate of 24.380 mmol h−1 g−1 in simulated seawater
(3.5 wt% NaCl) and 12.799 mmol h−1 g−1 in real seawater
(Fig. 3B). The slightly higher activity in simulated seawater is
attributed to its elevated ionic conductivity, which facilitates
improved charge separation and transfer. Compared with the
performance in deionized water, the activity in real seawater
exhibited only an 18% reduction, which is likely due to the
presence of additional ions and organic impurities that may
compete for active sites or induce catalyst surface fouling,
thereby hindering the photocatalytic efficiency.62 To further
elucidate the impact of specic ionic species, Fig. 3C compares
the photocatalytic hydrogen evolution activity of the 4-Tppo-
CTF in the presence of representative salts typically found in
real seawater (at concentrations matching those in actual
seawater; Table S2). NaCl slightly enhances the H2 evolution
rate, likely due to improved ionic conductivity and facilitated
charge transport.63 In contrast, KCl exhibits a pronounced
inhibitory effect, possibly attributable to K+ ions interfering
with interfacial charge dynamics. The presence of multivalent
cations such as Ca2+ andMg2+ also suppresses the activity, likely
due to surface passivation or catalyst aggregation induced by
ionic crosslinking.64

In addition, the photocatalytic hydrogen evolution activity of
the 4-Tppo-CTF material aer multiple cycles decreases only
slightly from the third cycle in simulated seawater, deionized
water and real seawater (Fig. 3D). The recycled sample was re-
ltered, completely recovered, and examined for morpholog-
ical changes. Notably, even aer repeated cycling in real
seawater, the catalyst retains its structural integrity with no
observable degradation, and the Pt nanoparticles exhibit no
measurable variation in particle size (Fig. S10). The stability of
the Tppo-CTF in seawater can be attributed to its intrinsic
structural features. The introduction of nonplanar Tppo-
derived units weakens interlayer stacking and creates local-
ized electron-trapping sites, which improve charge separation
without changing the band-edge positions. Because this charge-
regulation mechanism is built into the framework itself, it
remains effective even under high ionic strength conditions
such as seawater. As summarized in Table 1, the specic surface
area and pore volume of the 4-Tppo-CTF are 1.1 times and 1.4
times higher than those of the pure CTF, respectively. However,
This journal is © The Royal Society of Chemistry 2026
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when the photocatalytic hydrogen evolution rate is normalized
to the specic surface area, the resulting specic activity of the
4-Tppo-CTF was about 4.0 times greater than that of the CTF.
This discrepancy indicated that the modest increases in surface
area and pore volume alone cannot account for the pronounced
enhancement in photocatalytic hydrogen evolution observed for
the 4-Tppo-CTF. Therefore, to elucidate the structure–activity
relationship governing the improved performance, it is neces-
sary to consider how the incorporation of Tppo inuences the
framework structure as well as the optical and electronic
properties of the CTF materials.

To gain deeper insight into the origin of the enhanced
photocatalytic activity of the Tppo-CTF, the electronic band
structures of the Tppo-CTF and pure CTF were examined using
UV-vis absorption spectroscopy (Fig. S12A) and Mott–Schottky
analysis (Fig. S13). As shown in Table 1, the conduction band
(CB) and valence band (VB) positions of the CTF remain
essentially unchanged upon incorporation of Tppo, indicating
that the introduction of Tppo has a negligible inuence on the
band-edge energetics of the CTF within the investigated
compositional range. These results suggest that band-structure
modication is not the dominant factor responsible for the
substantially enhanced photocatalytic hydrogen evolution
activity of the Tppo-CTF either, and that other structural or
physicochemical effects must play a more signicant role.

Transient photocurrent (I–t) responses were measured for
Tppo-CTF electrodes with different compositions to gain deeper
insight into the separation and transport behavior of photog-
enerated charge carriers. As shown in Fig. 4A, the photocurrent
intensity follows the order 4-Tppo-CTF > 2-Tppo-CTF > 9-Tppo-
CTF > pure CTF, which is consistent with the photocatalytic
hydrogen evolution activities summarized in Fig. 3 and Table 1.
This correspondence indicates that the 4-Tppo-CTF exhibits the
most efficient charge separation among the samples.1

Electrochemical impedance spectroscopy (EIS) measure-
ments (Fig. 4B) further reveal that the semicircle radius
increases progressively with increasing Tppo content, indi-
cating a gradual increase in interfacial charge-transfer
Fig. 4 I–t (A), EIS (B), PL (C) and TRPL (D) of Tppo-CTFs with different
compositions. Tppomole ratio (mol%): (a) 0 (CTF), (b) 2, (c) 4, and (d) 9.

This journal is © The Royal Society of Chemistry 2026
resistance.5 This behavior can be attributed to the incorpora-
tion of non-planar Tppo units, which disrupt the ordered
stacking of benzene and triazine moieties in the CTF frame-
work, partially break the in-plane p-conjugation, and weaken
interlayer electronic coupling.

Steady-state photoluminescence (PL) spectra (Fig. 4C) show
that the Tppo-CTF exhibits markedly lower emission intensities
than the pure CTF, with the degree of quenching increasing
with the Tppo content. This trend suggests that the introduc-
tion of Tppo effectively suppresses the recombination of
photogenerated charge carriers. To further quantify this effect,
time-resolved photoluminescence decay measurements were
performed (Fig. 4D), and the tting parameters are summarized
in Table S3. The Tppo-CTF displays a slower decay prole with
an average carrier lifetime of 2.38 ns, which is approximately 2.1
times longer than that of the pure CTF (1.12 ns). These results
demonstrate that incorporation of non-planar Tppo units
signicantly reduces electron–hole recombination and
prolongs the lifetime of photogenerated charge carriers, thereby
contributing to the enhanced photocatalytic performance of the
Tppo-CTF.

Based on the above results, it can be concluded that
although the incorporation of non-planar Tppo units disrupts
the in-plane p-conjugated framework, weakens interlayer p–p
interactions, and increases the interfacial charge-transfer
resistance of the Tppo-CTF, it simultaneously reduces the
average stacking number of the layers. This reduction in layer
number shortens the migration distance of photogenerated
excitons from the bulk to the surface, suppresses electron–hole
recombination, and prolongs the lifetime of photogenerated
charge carriers, thereby enhancing photocatalytic hydrogen
evolution performance. However, when the Tppo content
becomes excessively high (9 mol%), the detrimental effects
associated with increased interfacial resistance dominate the
charge transport and separation processes. Therefore, the
photocatalytic hydrogen evolution rate of the 9-Tppo-CTF is
signicantly reduced.

To investigate the role of Tppo fragments as strong electron-
withdrawing groups in modulating the electronic structure and
charge distribution of the Tppo-CTF, we performed electrostatic
potential (ESP) calculations (Section S2) for idealized models of
the CTF and Tppo-CTF using time-dependent density func-
tional theory (TD-DFT), as shown in Fig. 5 and S14. In both the
ground state and the rst excited state, the Tppo-CTF exhibits
an obvious negative electrostatic potential localized around the
oxygen atom of the Tppo group (highlighted in red), reecting
Fig. 5 The map of the Tppo-CTF model (A) (all of the edge groups are
closed by H), ESP maps of the Tppo-CTF in the ground state (B) and
excited state (C). The map of the difference density between the first
excited state and the ground state of the Tppo-CTF model (D) (atom
colour code: C, grey; N, blue; P, orange; O, red; H, white).
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the high electronegativity of oxygen. In contrast, the pure CTF
displays a more uniform and periodic ESP distribution across
the framework. Since the layer-by-layer stacking of two-
dimensional organic materials is largely governed by ordered
p-electron distributions and balanced interlayer electrostatic
interactions,65,66 the introduction of localized negative potential
regions in the Tppo-CTF disrupts this balance. Specically, the
ESP maps of both the ground and excited states reveal that the
negative potential associated with the Tppo moiety is poorly
matched with the ordered p-conjugated layers of the CTF and
thus leads to increased electrostatic repulsion between Tppo-
containing regions and adjacent planar layers (Fig. S14).

To further probe photoinduced charge transfer behavior, the
ESP difference between the rst excited state and the ground
state was calculated, with the results presented in Fig. 5. As
shown in Fig. 5D, red regions correspond to electron accumu-
lation, while blue regions indicate electron depletion. Upon
photoexcitation, electrons migrate predominantly from the
benzene units toward the Tppo regions in the Tppo-CTF
framework. This charge redistribution demonstrates that
Tppo fragments act as effective electron traps, capturing
photogenerated electrons and thereby promoting exciton
dissociation. Consequently, charge recombination is sup-
pressed, which contributes to the prolonged carrier lifetime and
enhanced photocatalytic performance observed for the Tppo-
CTF.

Furthermore, the impact of the Tppo fragments on the decay
dynamics of excited charge carriers in Tppo-CTF was investi-
gated using femtosecond transient absorption spectroscopy (fs-
TAS). As shown in Fig. 6A and B, both the CTF and 4-Tppo-CTF
show a positive band at 400–550 nm,67 corresponding to excited-
state absorption (ESA) arising from photogenerated charge
pairs in the CTF moiety.68 Compared to the pure CTF, the 4-
Tppo-CTF displays much stronger and longer-lived excited-state
absorption (ESA) signals. To better understand the dynamics of
charge separation and migration, the kinetic traces at 470 nm
for the CTF and 4-Tppo-CTF were recorded (Fig. 6C and D) and
Fig. 6 Transient absorption spectra of the CTF (A) and 4-Tppo-CTF (B)
following excitation at 300 nm. The decay kinetics monitored at
470 nm for the CTF (C) and 4-Tppo-CTF (D).

J. Mater. Chem. A
further tted with a tri-exponential function. For the pure CTF,
the three decay time constants are s1 = 0.3 ps, s2 = 24.6 ps, and
s3 = 582.9 ps. The shortest component, s1, is assigned to the
rapid cooling of hot electrons to the bottom of the conduction
band. s2 is associated with exciton annihilation, and s3 corre-
sponds to the shallow trapping state of the excited electrons.
Compared with the CTF, the s1 of the 4-Tppo-CTF is prolonged
by 1.5 ps, suggesting that Tppo doping likely alters the energy
landscape and reduces energy loss pathways, thereby slowing
the rapid cooling of hot electrons. The exciton annihilation
lifetime (s2) of the 4-Tppo-CTF is signicantly extended to 45.5
ps, compared with 24.6 ps for the pure CTF, indicating that
Tppo doping enhances exciton stability by suppressing non-
radiative recombination. This enhancement is attributed to
the charge transfer induced by the strong electron-withdrawing
effect of the Tppo moiety, together with the reduction in
material thickness facilitated by its nonplanar geometry, both
of which effectively lower the probability of exciton annihila-
tion. The shallow trapping state lifetime (s3) of the 4-Tppo-CTF
is signicantly prolonged to 799.2 ps, compared with 582.9 ps
for the pure CTF. This indicates that Tppo doping introduces
effective shallow electronic traps that retain photogenerated
electrons over longer timescales, thereby facilitating charge
separation.69,70 Collectively, these results demonstrate that the
incorporation of Tppo into the 4-Tppo-CTF effectively facilitates
charge transfer, suppresses exciton recombination, and
enhances charge separation.

Based on the combined experimental results and theoretical
calculations, a photocatalytic hydrogen evolution mechanism
for the Tppo-CTF is proposed, as illustrated in Fig. 7. Owing to
the non-planar geometry and the strong electron-withdrawing
nature of the Tppo moiety, the introduction of an appropriate
amount of Tppo fragments enhances the structural features and
visible-light-driven photocatalytic hydrogen evolution perfor-
mance of the Tppo-CTF, without altering its intrinsic band
structure. Specically, the incorporation of Tppo plays three
synergistic roles. First, it weakens the interlayer p–p interac-
tions within the CTF framework, thereby reducing the average
Fig. 7 Proposed photocatalytic hydrogen evolutionmechanism of the
Tppo-CTF under visible-light irradiation.

This journal is © The Royal Society of Chemistry 2026
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number of stacked layers and increasing the specic surface
area, pore volume and average pore size. Second, the reduced
layer stacking shortens the migration distance of photogene-
rated excitons from the bulk to the surface, which lowers the
probability of charge recombination. Third, the Tppo groups in
the non-planar Tppo-CTF framework act as effective electron
traps that capture photogenerated electrons, promoting the
separation of photogenerated excitons and charge transfer.
Therefore, in the Tppo-CTF, the promotion of charge carrier
separation, suppression of electron–hole recombination,
stabilization of photogenerated excitons, prolongation of
carrier lifetime, and enhancement of charge transfer are ach-
ieved. The cooperative contribution of these effects leads to
a pronounced enhancement in the visible-light-driven photo-
catalytic hydrogen evolution activity of the Tppo-CTF.
Conclusions

In this work, we have demonstrated a bottom-up strategy for
constructing non-planar covalent triazine frameworks through
the incorporation of Tppo units. The introduction of non-planar
Tppo effectively expands the interlayer spacing, reduces layer
stacking, and increases accessible porosity, leading to
a substantial enhancement in photocatalytic performance. An
optimal composition, 4-Tppo-CTF, exhibits a hydrogen evolu-
tion activity that is 4.6 times higher than that of the pure CTF
and achieves high hydrogen evolution rates in both seawater
and deionized water. Mechanistic investigations reveal that the
enhanced activity arises from synergistic structural and elec-
tronic effects: reduced stacking shortens exciton migration
distances, while Tppo moieties act as electron-trapping sites
that promote charge separation and suppress charge recombi-
nation. These insights demonstrate how molecular design
featuring non-planar geometry and electron-withdrawing
groups can be leveraged to modulate charge dynamics in
organic semiconductors. Given the structural tunability of
covalent frameworks and the scalability of the synthetic
approach, this work provides a promising design principle for
the development of high-performance organic photocatalysts
for solar-driven hydrogen production.
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