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Abstract

Photocatalytic overall water splitting (PWS) offers a green, economical, and sustainable
pathway for hydrogen production. However, the efficiency is still hindered by severe charge
recombination in catalysts, high energy barriers for water oxidation, and sluggish reaction
kinetics. Therefore, it is crucial to address these challenges by enhancing charge separation
efficiency, accelerating reaction kinetics, and lowering PWS energy barriers. In this work,
we constructed donor–acceptor covalent triazine-based organic frameworks (CTFs), such
as CTF-BP, CTF-DBT, and CTF-DBTS, using biphenyl (BP), benzothiophene (DBT), and
benzothiophene sulfone (DBTS) as basic units, respectively. DFT calculations revealed
that all three CTFs exhibit comparable bandgaps with strong visible-light absorption.
Notably, strong dipole moments between donor and acceptor units were observed within
these frameworks, effectively promoting in-plane charge separation. DBT and DBTS
derivatives generated stronger dipole moments compared to biphenyl. Furthermore,
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) pathway analyses
demonstrated that CTF-DBTS substantially reduces energy barriers for both half-reactions
relative to CTF-DBT and CTF-BP, exhibiting the most promising potential for PWS. This
work provides a reference for the application of DBTS-incorporated COFs in PWS systems.

Keywords: photocatalytic water splitting; covalent triazine frameworks; benzothiophene
sulfone (DBTS); donor and acceptor; DFT insight

1. Introduction
Photocatalytic overall water splitting (PWS) has emerged as a promising strategy for

sustainable hydrogen production [1–3]. Despite significant progress since its initial discov-
ery in 1972, the practical application of this technology remains limited due to challenges in
efficiency, stability, and scalability under solar irradiation [4]. For instance, SrTiO3:Al-based
systems modified with CoOOH and Rh/Cr2O3 co-catalysts exhibit near-unity quantum
yields under ultraviolet light (350–360 nm), yet their reliance on UV photons restricts their
practical utility under natural sunlight [5]. While visible-light-responsive photocatalysts
address light absorption limitations, they often suffer from critical drawbacks such as rapid
charge recombination, insufficient redox potentials, and high surface reaction barriers,
hindering their industrial adoption [6–9].

Covalent triazine frameworks (CTFs), a subclass of covalent organic frameworks
(COFs), have garnered significant attention as robust organic photocatalysts due to their
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tunable electronic structures, chemical stability, and inherent donor–acceptor configura-
tions [10–13]. The strong dipole moments generated between donor and acceptor units
within CTFs enhance charge separation, while their periodic microporous structures facili-
tate reactant adsorption and redox site isolation [14,15]. However, the predominance of
light nonmetallic elements in CTFs often leads to weak interactions with small molecules
like H2O, H2, and O2, resulting in high activation energy barriers for hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) [16,17]. Recent studies suggest that
incorporating functional groups such as benzothiophene sulfone (DBTS) into COFs can sig-
nificantly improve photocatalytic performance [18–21]. For example, DBTS-modified COFs
demonstrate enhanced PWS activity, particularly when hybridized with oxidative semicon-
ductors [22,23]. Nevertheless, the mechanistic role of DBTS in reducing reaction barriers
and optimizing charge transfer dynamics remains poorly understood, underscoring the
need for systematic theoretical investigations.

In this study, three structurally analogous CTFs—CTF-BP, CTF-DBT, and CTF-DBTS—
were constructed using biphenyl (BP), benzothiophene (DBT), and DBTS as building
blocks. These frameworks share comparable pore sizes and crystallinity, facilitating a
direct comparison to elucidate the superior catalytic performance of DBTS-functionalized
CTFs. Structural integrity and stability were confirmed through XRD, FTIR, and Raman
spectroscopy. Electronic properties, including band structures and density of states, were
analyzed to evaluate redox capabilities, while UV–vis absorption spectra were simulated
to assess light-harvesting efficiency. Surface electrostatic potential mapping and dipole
moment calculations provided insights into charge separation mechanisms, and HER/OER
pathway analyses via Gibbs free energy diagrams identified key reaction barriers. This work
not only clarifies the role of DBTS in boosting photocatalytic activity but also establishes
design principles for developing efficient, visible-light-driven COFs tailored for PWS.

2. Results and Discussion
To systematically elucidate the structure-property relationships, three monolayer CTFs

functionalized with distinct groups—BP, DBT, and DBTS—were constructed, denoted as
CTF-BP, CTF-DBT, and CTF-DBTS, respectively. These frameworks feature alternating
triazine rings and functional groups, forming highly ordered and periodic porous archi-
tectures optimized for photocatalytic activity. As illustrated in Figure 1a–f, the pore sizes
sequentially decrease from 16.34 Å in CTF-BP to 15.89 Å in CTF-DBT and 14.51 Å in
CTF-DBTS. This observation confirms that the integration of functional groups effectively
modulates the pore dimensions, suggesting a compact and uniform incorporation of these
moieties into the CTF backbone. Simulated X-ray diffraction (XRD) patterns (Figure 1g)
reveal characteristic peaks in the 4–13◦ range, consistent with the ordered crystallinity
of CTFs. Specifically, CTF-BP exhibits five distinct diffraction peaks at 4.62◦, 5.89◦, 7.48◦,
11.79◦, and 12.67◦, corresponding to the (010), (001), (011), (002), and (012) crystallographic
planes, respectively. Remarkably, CTF-DBT and CTF-DBTS demonstrate nearly identical
peak positions and intensities, indicating negligible variation in lattice parameters upon
functional group incorporation. Detailed lattice parameter analysis further validates this
observation: CTF-DBT (a = 21.73 Å, b = 21.70 Å, c = 15.00 Å) and CTF-DBTS (a = 21.78 Å,
b = 21.77 Å, c = 15.00 Å) retain lattice dimensions nearly identical to those of CTF-BP
(a = 22.17 Å, b = 22.12 Å, c = 15.00 Å). These results underscore the structural resilience
of the CTF framework, demonstrating its remarkable tolerance to functional group mod-
ifications without compromising long-range order. The preserved long-range order and
minimal lattice distortion highlight the robustness and design flexibility of CTFs. Such
structural consistency ensures that the introduction of functional groups does not disrupt
the periodic microporous network, which is critical for maintaining efficient reactant dif-
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fusion and active site accessibility. Furthermore, the tunable pore size achieved through
functional group engineering provides a strategic avenue to optimize substrate adsorption
and mass transport, addressing a key limitation of conventional nonmetallic CTFs. This
combination of structural stability and pore tunability shows CTFs as versatile platforms
for tailoring photocatalytic performance while preserving framework integrity.

Figure 1. Top and side displays of crystal structures for (a,d) CTF-BP, (b,e) CTF-DBT, and (c,f) CTF-
DBTS. (g) Simulated XRD patterns.

To assess the photocatalytic water-splitting performance of the designed CTFs, the
work functions (Wf) of the (001) crystal planes for CTF-BP, CTF-DBT, and CTF-DBTS were
systematically calculated (Figure 2a–c). The Wf values were determined as 5.9, 5.6, and
6.6 eV for CTF-BP, CTF-DBT, and CTF-DBTS, respectively. A higher work function corre-
sponds to a lower Fermi level, thereby raising the energy barrier for electrons to transition
from the Fermi level to the vacuum level. This energetic barrier can enhance the redox
activity of photogenerated charge carriers and improve photocatalytic efficiency. Notably,
CTF-DBTS, with the highest work function among them, demonstrates superior redox
capability of its photogenerated electrons and holes. To further elucidate the impact of func-
tional group incorporation on charge distribution, dipole moment analyses were conducted
(Figure 2d). Functionalization significantly enhanced the dipole moments of CTF-DBT and
CTF-DBTS compared to CTF-BP. In CTF-DBT, the dipole moment components along the X
and Y axes rose by approximately 6 and 4-fold, respectively, yielding a 10-fold enhancement
of the total dipole moment. Similarly, CTF-DBTS exhibited 3 and 2-fold increases in X and
Y-directional dipole moments, with an overall 5-fold amplification. These elevated dipole
moments generate robust built-in electric fields, providing a driving force for directional
charge migration and effectively suppressing electron-hole recombination. Consequently,
CTF-DBT and CTF-DBTS achieve markedly improved charge separation efficiency relative
to CTF-BP. The synergistic interplay between enhanced work function and amplified dipole
moments in CTF-DBTS establishes an ideal electronic environment for PWS. The stronger
built-in electric field not only facilitates rapid separation of photogenerated carriers but
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also aligns their migration pathways with redox reaction sites, thereby lowering activa-
tion barriers for both HER and OER. This dual optimization of electronic structure and
charge dynamics underscores the critical role of functional group engineering in advancing
CTF-based photocatalysts.

Figure 2. Electrostatic potential profiles of (a) CTF-BP, (b) CTF-DBT, and (c) CTF-DBTS. (d) Dipole
moments of CTF-BP, CTF-DBT, and CTF-DBTS along different axes.

The electrostatic potential profiles are essential to evaluate the work function and Fermi
level of CTFs. As shown in Figure 3a, the infrared spectra of CTF-BP, CTF-DBT, and CTF-
DBTS were theoretically simulated in the range of 500–4000 cm−1. The peaks at 1384 and
1538 cm−1 for CTF-BP, 1367 and 1549 cm−1 for CTF-DBT, and 1382 and 1550 cm−1 for CTF-
DBTS are assigned to the characteristic triazine ring vibrations. The signals at 1603 cm−1

for CTF-BP, 1595 cm−1 for CTF-DBT, and 1606 cm−1 for CTF-DBTS originate from the C=C
stretching modes of the biphenyl units. Additionally, CTF-DBT features a characteristic
peak at 1475 cm−1, while CTF-DBTS shows a peak at 1476 cm−1, both corresponding
to the C-S stretching vibrations of the DBT and DBTS functional groups. Notably, a
prominent peak at 1338 cm−1 in CTF-DBTS is assigned to the S=O stretching vibration of
the sulfone group in DBTS, unequivocally confirming the successful incorporation of the
DBTS moiety into the framework. Raman spectral simulations (Figure 3b) further validated
the structural integrity of the functional groups. The biphenyl rings in CTF-BP display five
characteristic absorption peaks at 1280, 1379, 1442, 1558, and 1645 cm−1, corresponding to
stretching modes of the biphenyl backbone. A C-H stretching vibration peak of CTF-BP
is observed at 989 cm−1. Analogous features are observed in CTF-DBT and CTF-DBTS,
albeit with slight redshifts attributable to electronic interactions induced by the functional
group modifications.
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Figure 3. Simulated (a) infrared (IR) spectra and (b) Raman spectra of CTF-BP, CTF-DBT, and
CTF-DBTS.

To investigate the optical properties of the three CTF materials, electronic excitation
spectra were theoretically modeled in the UV–vis range (200–800 nm), emphasizing the
lowest-energy excited states. Vertical lines in Figure 4 denote the energy levels of excited
states, color-coded to distinguish the three CTF variants. The results reveal that functional
group modifications significantly enhance the excitation wavelengths of CTF-DBT and
CTF-DBTS compared to CTF-BP in the 200–300 nm range, indicating improved utilization
of light energy. For CTF-BP, the first excited state (S1) primarily originates from electron
transitions between the HOMO and LUMO orbitals, corresponding to an excitation wave-
length of 391 nm (energy: 3.17 eV). Introduction of the DBT functional group increases
the S1 excitation wavelength to 384 nm (energy: 3.23 eV), while the DBTS modification
also increases the S1 wavelength to 387 nm (energy: 3.20 eV). The minimal variations
in excitation wavelengths and energies across the three CTFs suggest comparable light
absorption ranges, highlighting that functional group engineering primarily fine-tunes
electronic transitions rather than drastically altering the optical absorption profile.
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Figure 4. Simulated UV–vis absorption spectra of CTF-BP, CTF-DBT, and CTF-DBTS.

To discern the atomic contributions to the valence band maximum (VBM) and conduc-
tion band minimum (CBM) in the three CTF materials, molecular orbital diagrams of the
VBM and CBM were simulated (Figure 5a–f). For CTF-BP, the VBM originates predomi-
nantly from the N atoms in the triazine rings and C atoms in the BP units, whereas the CBM
is principally characterized by the C and N atoms in the triazine rings. This indicates that
BP serves as an electron donor and the triazine rings serve as electron acceptors in CTF-BP.
Upon DBT functionalization, CTF-DBT exhibits a modified VBM involving N atoms in the
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triazine rings and C/S atoms in the DBT unit, with negligible changes to the CBM. This
suggests that DBT replaces BP as the electron donor, while the triazine rings retain their
acceptor role. In contrast, DBTS modification shifts the VBM of CTF-DBTS to include N
atoms in the triazine rings and O atoms in the DBTS moiety, with minimal alterations to the
CBM. These results demonstrate that DBTS functions as the electron donor in CTF-DBTS,
complementing the triazine acceptor framework. The consistent acceptor role of triazine
rings across all CTFs highlights their critical function in stabilizing charge transfer, while
the modifiable donor characteristics of functional groups (BP, DBT, DBTS) enable precise
modulation of electronic interactions for enhanced photocatalytic activity.

 

Figure 5. Valence band maximum (VBM) orbitals for (a) CTF-BP, (b) CTF-DBT, and (c) CTF-DBTS;
conduction band minimum (CBM) orbitals for (d) CTF-BP, (e) CTF-DBT, and (f) CTF-DBTS.

The calculated band gaps of CTF-BP, CTF-DBT, and CTF-DBTS are 2.43, 2.21, and
2.44 eV, respectively, as shown in Figure 6a–c. All three CTF materials exhibit band gaps
within the ideal range of 1.8–3.0 eV for photocatalysts, with CTF-DBT showing a slight
reduction in band gap compared to the others. Further density of states (DOS) analysis
reveals distinct orbital contributions to the valence band maximum (VBM) and conduction
band minimum (CBM) (Figure 6d–f). In CTF-BP, the VBM is predominantly composed of
N 2p orbitals, while the CBM is dominated by C 2p orbitals. In CTF-DBT, the VBM shifts to
S 3p orbitals, whereas the CBM remains consistent with CTF-BP. In CTF-DBTS, the VBM is
primarily contributed by O 2p orbitals, with the CBM retaining its composition consistent
with CTF-DBT. These findings align with the molecular orbital analysis, affirming that
functional group modifications selectively tune the electronic structure of CTFs while
preserving their fundamental photocatalytic characteristics.

To identify the active sites in the three CTF materials, surface electrostatic potential
distributions were analyzed (Figure 7a–f). Red regions denote areas of lower electrostatic
potential (electron-rich zones), while blue regions correspond to higher electrostatic po-
tential (electron-deficient zones). In CTF-BP, the N sites exhibit the lowest electrostatic
potential, whereas C and H sites display higher potentials, revealing localized electron
accumulation at the triazine N atoms. Under light irradiation, photoinduced electrons
migrate from red (electron-rich) to blue (electron-deficient) regions, leaving holes local-
ized primarily at the N sites. These N sites thus function as oxidation-active centers. For
CTF-DBT, the introduction of S atoms minimally alters the overall electrostatic potential
distribution compared to CTF-BP, maintaining N as the primary oxidation-active site. Con-
versely, CTF-DBTS exhibits a significantly reduced electrostatic potential at O sites within
the sulfone groups, far exceeding the potential reduction observed at N sites. This distinct
shift highlights O atoms as the dominant oxidation-active centers in CTF-DBTS, with a
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markedly enhanced oxidative capacity compared to CTF-BP. The expanded effective area
of low-potential O sites in CTF-DBTS suggests stronger interactions with water molecules
during photocatalytic splitting, thereby improving both oxidative driving force and overall
decomposition efficiency. These findings align with the observed superior performance of
CTF-DBTS in PWS.

Figure 6. Band structures of (a) CTF-BP, (b) CTF-DBT, and (c) CTF-DBTS; density of states (DOS)
plots for (d) CTF-BP, (e) CTF-DBT, and (f) CTF-DBTS.

Figure 7. (a–c) Top views of crystal structures and (d–f) surface electrostatic potential distributions
for (a,d) CTF-BP, (b,e) CTF-DBT, and (c,f) CTF-DBTS.

Analysis of molecular configurations, charge distributions, and electron transfer dy-
namics elucidates distinct interactions between the CTFs and water molecules. As depicted
in Figure 8a–c, the adsorption distances for CTF-BP, CTF-DBT, and CTF-DBTS are 2.35, 3.52,
and 3.32 Å, respectively. These variations arise from differences in interfacial interactions
between the CTFs and water. The calculated adsorption energies are −0.11, −0.02, and
−0.11 eV for CTF-BP, CTF-DBT, and CTF-DBTS, respectively, indicating comparable ad-
sorption strengths across the three materials. Charge transfer analysis (Figure 8d,e) reveals
contrasting electron redistribution behaviors. For CTF-BP, 0.04 e is transferred from water
molecules to the framework. In contrast, functionalization with DBT and DBTS induces a
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reversal of this trend: CTF-DBT transfers 0.078 e to water, while CTF-DBTS transfers 0.049 e
(Figure 8f). This reversal highlights that DBT and DBTS-modified CTFs directly activate
water molecules by facilitating electron injection into adsorbed H2O, thereby lowering the
energy barrier for water dissociation. The enhanced electron transfer capacity of CTF-DBT
and CTF-DBTS promotes redox reactions at the interface, enabling more efficient splitting
of water into H2 and O2 compared to CTF-BP. These findings underscore the critical role of
functional group-induced electronic modulation in optimizing PWS kinetics.

Figure 8. Interaction configurations between H2O and (a) CTF-BP, (b) CTF-DBT, (c) CTF-DBTS;
charge transfer diagrams for (d) CTF-BP, (e) CTF-DBT, and (f) CTF-DBTS.

The Gibbs free energy diagrams for HER and OER of CTF-BP, CTF-DBT, and CTF-
DBTS were calculated to assess their potential in PWS (Figure 9). For HER (Figure 9a),
the rate-determining step (RDS) for all three CTFs is hydrogen adsorption (* + H+ + e
→ *H), with energy barriers of 0.59 eV (CTF-BP), 0.64 eV (CTF-DBT), and 0.54 eV (CTF-
DBTS), indicating suboptimal hydrogen adsorption capabilities. In contrast, the OER
pathways display distinct RDS behaviors (Figure 9b). CTF-BP and CTF-DBTS share the
same RDS in the water dehydrogenation step (* + H2O + h+ → *OH + H+), while CTF-DBT
exhibits a shifted RDS to the desorption of the *OOH intermediate (*OOH + h+ → * + O2

+ H+), attributed to its strong adsorption of oxygen species. The calculated OER energy
barriers are 2.75 eV (CTF-BP), 3.60 eV (CTF-DBT), and 2.54 eV (CTF-DBTS). Despite its
higher OER barrier, CTF-DBTS demonstrates the best PWS performance due to its superior
charge separation and optimized HER kinetics, while CTF-DBT’s strong adsorption of
intermediates leads to inferior activity. These results highlight the critical role of functional
group modifications in tuning reaction pathways and balancing HER and OER kinetics for
efficient PWS.

 

Figure 9. Free energy diagrams for (a) HER and (b) OER of CTF-BP, CTF-DBT, and CTF-DBTS.
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3. Computational Details
First-principles simulations were conducted to investigate electronic and thermo-

dynamic properties within the framework of density functional theory (DFT). All calcu-
lations were carried out using the CP2K computational package (2024.2 release) with a
hybrid Gaussian and plane-wave (GPW) scheme [24]. The Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional was adopted to ensure consistency across geometric op-
timization and spectral analyses. Core electrons were treated via GTH pseudopotentials,
while valence electrons were represented using the TZV2P-MOLOPT-GTH basis set. To
ensure numerical precision, a 450 Ry energy cutoff was applied for plane-wave expansions,
supplemented with stringent convergence thresholds (SCF: 1 × 10−6 Ha; atomic forces:
3 × 10−4 Ha/Bohr). Periodic boundary interactions were minimized by incorporating
a 16 Å vacuum buffer between adjacent slabs. Non-covalent interactions, particularly
van der Waals forces, were accounted for through the DFT-D3 dispersion correction with
Grimme’s damping parameter [25]. Thermodynamic parameters were derived using the
relation: ∆G = ∆Eelec + ∆ZPE − T∆S, where ∆Eelec represents electronic energy differences,
∆ZPE denotes zero-point energy corrections, and ∆S corresponds to entropy changes.
Vibrational frequency analyses for ZPE and entropy contributions were computed via
the Shermo toolkit (v2.6) [26], with gas-phase entropy values calibrated using standard
thermodynamic tables. For excited-state characterization, Multiwfn (v3.8-dev) [27], was
utilized to analyze frontier molecular orbitals and calculate UV–vis spectra.

4. Conclusions
In summary, this study systematically examined the structural, electronic, and photo-

catalytic properties of three donor–acceptor CTF-BP, CTF-DBT, and CTF-DBTS, respectively.
The incorporation of DBTS significantly enhanced the PWS performance of CTF-DBTS
compared to its counterparts. Structural simulation confirmed the preservation of ordered
microporous frameworks across all CTFs, with minimal lattice distortion despite functional
group modifications. The strong intrinsic dipole moments induced by the donor–acceptor
architecture, particularly in CTF-DBTS, facilitated charge separation. Electronic structure
analyses revealed that DBTS functionalization increased the work function and generated
robust built-in electric fields, thereby enhancing redox capability. Moreover, CTF-DBTS
exhibited a lower OER energy barrier of 2.54 eV and an optimized HER barrier of 0.54 eV,
achieving synergistic HER/OER activity. In contrast, CTF-DBT suffered from unfavorable
*O intermediate adsorption, while CTF-BP demonstrated moderate performance due to
weaker dipole interactions. These findings underscore the critical role of sulfone groups in
DBTS for tuning electronic properties, enhancing charge separation, and reducing PWS
reaction barriers. This theoretical study provides a reference for developing visible-light-
responsive CTFs with rational functional group design for PWS.
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