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ABSTRACT: Regulating both the in-plane structure and interlayer
forces through a molecular design strategy is an effective strategy to
reinforce the spatial charge separation in nonmetallic organic
polymer semiconductors but remains a difficult task. Herein, we
report the substitution of triazine rings with π electron-rich benzene
rings to establish an intramolecular donor−acceptor (D−A)-based
g-C3N4 (CN) polymers featuring interlayer interaction. Exper-
imental investigations and theoretical calculations have demon-
strated that the D−A structure enables fixed-point electron transfer
within the plane from the donor to the acceptor segments.
Additionally, the interlayer driving force arising from the internal
potential difference in benzene-doped CN (BDCN) can facilitate
the transfer of electrons from the B-CN layer (benzene ring-doped
CN layer) to the CN sublayer. Ultrafast spectroscopy has further quantitatively confirmed that the introduction of benzene rings can
greatly improve in-plane and interlayer charge separation/transfer and in turn boost the photocatalytic efficiency. Moreover,
extending the π-conjugated system in BDCN can also enhance the light absorption ability. Thus, the optimized 5BDCN (252.92
μmol) exhibits a 7.3-fold increase in the photocatalytic H2 evolution compared to pristine CN (34.48 μmol). In this study, a
comprehensive understanding of the structure-performance relationship serves as a fundamental guideline for the rational design and
synthesis of CN with an enhanced photocatalytic activity.
KEYWORDS: photocatalysis, hydrogen evolution, visible-light-driven, carbon nitride, donor−acceptor, all-organic structure

1. INTRODUCTION
With the rapid advancement of industrialization and urban-
ization, the ongoing consumption of fossil fuels has resulted in
severe energy shortages and environmental pollution. Hydro-
gen energy, as an alternative energy source for fossil fuels, has
been widely explored by virtue of its high energy density,
cleanliness, and versatile utilization forms. Utilizing efficient
and stable semiconductor photocatalysts to convert solar
energy into chemical energy can meet the demands of the
sustainable development globally.1−4

Two-dimensional (2D) materials have aroused significant
attention due to their unique physicochemical properties and
associated potential for commercial applications. Among
various photocatalytic semiconductors, graphitic carbon nitride
(g-C3N4, CN), featuring superior thermo/chemical stability,
suitable bandgap structure, and adjustable molecular structure,
is a high-profile 2D organic semiconductor material for
applications in environmental remediation, pharmaceutical
synthesis, and energy production.5−7 However, its photo-
catalytic efficiency remains moderate due to the fact that CN
usually displays undirected in-plane electron migration and
weak covalence between layers, which stems from the inherent

attribute of graphitic sp2 hybridized arrangement of triazine
units and the chemically inert stacking of CN multilayers.8,9 It
is primely ideal, but technically challenging, to develop a
simple yet effective approach for promoting the oriented flow
and separation of photogenerated electrons in the plane and
interlayer of CN. As a result, multifarious research has been
conducted to enhance the photocatalytic performance of CN,
such as nanoengineering,10,11 chemical doping,12,13 hetero-
junction configuration,14,15 cocatalyst loading,15,16 and so on.
Despite these efforts, the improvement in the photocatalytic
performance of CN is inadequate to attain parity with those
metallic photocatalysts, not to mention the requirements for
large-scale applications. It is well-known that the photocatalytic
activity of organic polymers is highly sensitive to the
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modifications of the molecular structure. Given its excellent
tunability and compatibility, CN is well-suited for molecular
structure design.
Enlightened by intramolecular donor−acceptor (D−A)

copolymers, this approach has been extensively utilized in
polymer-based solar cells. It effectively addresses the limitation
of polymer charge-carrier diffusion length and enhances charge
separation through intramolecular charge transfer mecha-
nisms.17,18 As a result, we propose the incorporation of
donor or acceptor units into the CN molecular structure to
form a D−A structure, which can potentially optimize the
electronic properties and inherent properties of CN for
elevating directional charge flow within the plane. Numerous
studies authenticate the feasibility of this modification method.
For example, Liu et al. showed that introducing benzo[b]-
thiophene-2-carboxylic acid (BTH) as the donor unit into the
g-C3N4 framework via supramolecular self-assembly to form a
D−A structure could enhance the separation efficiency of
photoexcited charge, resulting in the lower hydrogen molecule
absorption energy and improved photocatalytic activity.19 Che
et al. prepared polymeric carbon nitride-based donor-π-
acceptor (D-π-A) organic conjugated polymers by copolymer-
izing urea with 5-bromo-2-thiophenecarboxaldehyde, in which
the photogenerated electrons in PCN-5B2T D-π-A OCPs were
more easily transferred from the donor tertiary amine group to
the benzene π-bridge and then to the acceptor imine group.20
Additionally, Zhang and co-workers found that the design of
an internal triazine-heptazine D−A heterostructure signifi-
cantly boosted interface charge migration and achieved
superior apparent quantum yields (AQYs) through a simple
post-polymerization of g-C3N4 in NaCl/KCl eutectic salts.

21

However, these studies do not clearly elucidate how charge
separation/transfer behavior between CN layers and interlayer
interactions is affected when acceptor or donor monomers are
grafted into CN molecules. Therefore, it is particularly
important to investigate the relationship between interlayer
interactions and charge transport behavior at the molecular
level.
Herein, we successfully built a D−A all-organic structure by

seamlessly inosculating a benzene ring as the donor unit into
the CN skeleton, forming sp2-hybridized C−N bonds through
a simple thermal polycondensation method. This approach
allowed us to explore the potential energy difference between
the benzene ring-modified CN layer (B-CN) and the adjacent
CN sublayer. The D−A structure with interlayer interaction
can promote spatial charge separation and enhance the light
absorption intensity through theoretical and experimental
verification. Consequently, 5BDCN has excellent control over
the comprehensive charge flow and exhibits superior photo-
catalytic H2 evolution activity under visible-light exposure.

2. MATERIALS AND METHODS

2.1. Materials
Melamine, 1,3,5-triaminobenzene (TAB), and chloroplatinic acid
(H2PtCl6·6H2O) were provided by Aladdin Reagent Company,
China. Ethanol (C2H5OH, 95.0%) and triethanolamine (TEOA)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized water was used throughout this study. The reagents are
all of analytical grade without further purification.
2.2. Synthesis Method of Catalysts
Benzene-doped g-C3N4 (BDCN) was prepared through thermal
polycondensation. In this process, melamine serves as the precursor,
and 1,3,5-triaminobenzene is used as the monomer unit for doping

benzene moieties, replacing triazine aromatic rings in the planar
network of g-C3N4 (Scheme 1). The resulting dark yellow polymer

sample is designated as XBDCN, where “X” indicates the amount of
1,3,5-triaminobenzene added, in mg. The detailed procedure is as
follows: First, different amounts of 1,3,5-triaminobenzene (5 and 10
mg) and 10 g of melamine were placed in an agate mortar and ground
together for 30 min to achieve a uniform mixture. Then, the mixture
was transferred to an alumina crucible with a cover and heated in a
muffle furnace under an air atmosphere at a heating rate of 3 °C
min−1 from room temperature to 550 °C, where it was maintained for
5 h. In this study, we optimized 5BDCN as the photocatalyst. The
chemical reaction in the process is illustrated in Scheme 1.
2.3. Activity Measurement
The photocatalytic hydrogen production activity of the reconstructed
materials was tested using the hydrogen evolution process under
irradiation from a 300 W xenon lamp (λ ≥ 420 nm, Prefectlight, PLS-
SXE300C). First, 50 mg of the photocatalyst powder was added to
100 mL of an aqueous solution containing 20 vol % TEOA as the hole
scavengers. Then, a certain amount of H2PtCl6·6H2O (Pt, 3 wt %)
was added to the mixture as a cocatalyst and loaded onto the surface
of the photocatalysts via light irradiation. The reaction solution was
then repeatedly aspirated to completely eliminate air. The reaction
temperature was kept at 10 °C by using an external circulating cooling
water system. The gases generated by the photocatalytic reaction were
analyzed using an online gas chromatograph equipped with a thermal
conductivity detector (TCD).
The apparent quantum efficiency (AQE) was measured under the

same conditions used for the photocatalytic hydrogen evolution
experiments. A Xe lamp served as the light source equipped with
different band-pass filters (λ = 400, 420, 450, 500, and 600 nm). The
AQE was calculated by using the following equation

= × ×AQE (%)
2 number of formed H molecules

number of incident photons
100%2

2.4. Catalyst Characterizations
For detailed catalyst characterizations, please refer to the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Characterization of Photocatalysts
The crystalline structure characteristics of the as-synthesized
materials were investigated by using X-ray diffraction (XRD).
As depicted in Figure 1a, the plain CN shows two main
characteristic diffraction peaks at 13.1° and 27.5°, which
correspond to the (100) plane, stemming from the in-plane
packing structure of conjugated tri-s-triazine, and the (002)
plane associated with the interlayer stacking of the conjugated
aromatic segments, respectively.22 Compared to CN, the (002)
diffraction peak of 10BDCN shifts toward a lower angle,
suggesting that the substitution of triazine rings in CN with
benzene rings could increase the stacking distance (Figure
1b).23 This phenomenon may be attributed to the incorpo-

Scheme 1. Illustration of the Chemical Reaction for the
Preparation of BDCN
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ration of benzene rings, which enhance interlayer interactions
and modifies the stacking mode between layers, thereby
leading to changes in the interlayer spacing. The unchanged
(002) characteristic peak of 5BDCN might be due to the small
amount of TBA added, making it nearly undetectable. The
chemical composition and microstructure of CN, 5BDCN, and
10BDCN samples were further analyzed using Fourier
transform infrared (FTIR) spectra (Figure 1c). Notably, all
samples exhibit similar characteristic peaks, manifesting that
the core chemical configuration of g-C3N4 remains unchanged
after the introduction of benzene rings. The typical sharp peak
at around 811 cm−1 is attributed to the out-of-plane bending
characteristic of tri-s-triazine units. A series of absorption peaks
between 1200 and 1700 cm−1 correspond to the stretching

modes of aromatic carbon−nitrogen heterocycles, while the
broad absorption peak in the range of 3000 to 3600 cm−1 is
related to the stretching vibrations of N−H and O−H,
stemming from uncondensed amine groups and physically
absorbed water. In addition, the stretching vibration peak at
approximately 1318 cm−1 in 10BDCN moves slightly to the
higher frequency region, which is attributed to the introduction
of 1,3,5-triaminobenzene monomers to reduce the number of
N atoms with high electronegativity in CN, thereby reinforcing
the strength of adjacent C−N covalent bonds in the heptazine
skeleton.24 The above results preliminarily confirm the
presence of benzene rings in the CN molecular structure.
To further observe the microstructural differences and

nanosheet thickness of the resultant products in detail,

Figure 1. (a) XRD patterns, (b) the enlarged XRD patterns, and (c) FTIR spectra of CN, 5BDCN, and 10BDCN. TEM images of (d) CN, (e)
5BDCN, and (f) 10BDCN.

Figure 2. XPS spectra of pure CN and 5BDCN: (a) C 1s and (b) N 1s. (c) Solid-state 13C NMR spectra of CN and 5BDCN. The inset of (c)
shows the magnified spectra of the blue region. (d) UV−Vis spectra of CN, 5BDCN, and 10BDCN. (e) The plots of (ahv)1/2 versus (hv), and (f)
XPS valence band spectra of CN and 5BDCN.
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transmission electron microscopy (TEM) and atomic force
microscopy (AFM) analyses were conducted. The morphology
of bulk CN obtained through traditional thermal polymer-
ization is consistent with the previous reports.25,26 The TEM
image of bulk CN (Figure 1d) clearly shows a 2D irregular
nanosheet stacking structure with a size of several micrometers.
By addition of 5 mg of 1,3,5-triaminobenzene to melamine for
calcination, the appearance of 5BDCN changes. As observed
from Figure 1e, the edges of the 5BDCN nanosheets gradually
become clear, and the stacking of nanosheets is reduced,
showing a smooth and flat surface. When the amount of 1,3,5-
triaminobenzene added to melamine is increased to 10 mg,
10BDCN exhibits a 2D lamellar structure with folded edges
(Figure 1f). The AFM images of the as-prepared samples
(Figure S1) provide detailed insights into the morphological
changes. By comparison, it can be observed that the
appropriate addition of 1,3,5-triaminobenzene effectively
suppresses the stacking of nanosheets during the thermal
polymerization of melamine.
To investigate the effect of benzene ring insertion on the

chemical compositions and elemental states of the samples, X-
ray photoelectron spectroscopy (XPS) and solid-state 13C
NMR spectra were obtained. As shown in Figure S2, the survey
spectra of CN and 5BDCN reveal the existence of C, N, and O
elements. The presence of O is likely due to the adsorption of
H2O and CO2 molecules on the sample surface. In Figure 2a,
the C 1s XPS spectra of CN and 5BDCN can be deconvoluted
into two peaks, corresponding to aromatic carbon atoms at
284.8 eV (C/C�C) and sp2-hybridized carbon atoms at 286.7
eV (N−C�N/C−N�C). It is worth noting that the peak
intensity at 283.3 eV for 5BDCN is significantly higher than
that for CN, indicating the successful introduction of benzene
rings into the molecular structure of CN.27 Moreover, the
high-resolution N 1s spectrum of 5BDCN can be divided into
the terminal amino nitrogen (C−NH) at 403.1 eV, the tertiary
nitrogen (N−(C)3) at 398.9 eV, and the sp2-hybridized
aromatic nitrogen atom at 397.2 eV (N−C�N/C−N�C)
(Figure 2b). Similarly, the N−(C)3 peak for 5BDCN is
stronger than that for pure CN, indicating that the terminal

amino group on the CN skeleton has been replaced by
aromatic benzene carbon.28 These changes in the intensities of
the C 1s and N 1s peaks are attributed to the redistribution of
electrons resulting from the incorporation of benzene rings
with a rich π-electron structure into the CN framework. In
addition, solid-state 13C NMR spectra further provided
additional confirmation that the triazine ring in CN has been
substituted by the benzene ring. Compared with CN, 5BDCN
shows a new characteristic peak at 86.7 ppm, which may come
from the aromatic carbon (Figure 2c).29 The analytical results
presented above corroborate that benzene rings are introduced
into the CN molecule during the pyrolysis process.
The UV−Vis spectra of the CN series reflect their electronic

structures and optical properties. As displayed in Figure 2d,
both CN and XBDCN present typical semiconductor
absorption across a wide wavelength range from UV to visible
light. The modification of CN with benzene rings has no effect
on the position of the absorption edge, which remains around
470 nm for all materials. Additionally, the absorption intensity
of 5BDCN significantly increases in the wavelength range of
500−800 nm, which is probably due to the enhanced D−A
interactions and ordered π−π stacking in 5BDCN.30 Thus,
incorporating benzene rings into the CN molecular structure
can effectively improve its electronic structure and photo-
response capability. Based on the transformational Taus plots,
the calculated band gaps (Eg) of CN and 5BDCN are
estimated to be 2.72 and 2.80 eV, respectively (Figure 2e). The
introduction of benzene rings generates midgap states (Em)
located at 2.43 eV above the valence band (VB) position,
thereby adjusting the energy band configuration of CN. The
midgap states can receive electrons from the VB of 5BDCN,
which is beneficial to absorb photons with energy lower than
the bandgap.31 XPS-VB results indicate that the VB energies of
CN and 5BDCN are 1.42 and 1.45 eV, respectively (Figure
2f). In light of the above experimental analysis, the energy
band structures of CN and 5BDCN are schematically
illustrated in Figure S3. The conduction band (CB) upshift
in 5BDCN makes the thermodynamic driving force stronger,

Figure 3. (a) Time courses of photocatalytic H2 evolution of the as-prepared samples and (b) photocatalytic H2 evolution rates of CN, 5BDCN,
and 10BDCN under visible-light irradiation. (c) Wavelength-dependent AQE of H2 evolution over 5BDCN. (d) Stability study of photocatalytic
H2 evolution by 5BDCN. (e) PXRD patterns and (f) TEM image of 5BDCN after five catalytic cycles.
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generating more electrons and holes, thereby enhancing the
photocatalytic H2 evolution performance.
3.2. Photocatalytic Hydrogen Evolution Performance
The photocatalytic H2 evolution experiments for the modified
CN with a Pt cocatalyst were conducted under light irradiation
(AM 1.5) in water with TEOA as the sacrificial reagent. Gas
chromatography with a thermal conductivity detector was used
to monitor the H2 production yield per hour during a 5 h
period. The pristine CN has a relatively low photocatalytic H2
evolution activity of 34.48 μmol due to the rapid
recombination of electrons and holes. When 5 mg of 1,3,5-
triaminobenzene was added, the photocatalytic activity for H2
evolution reached up to 252.92 μmol, representing an
approximately 7.3-fold improvement compared to that of the
pristine CN. The H2 evolution amount for 10BDCN was
182.34 μmol (Figure 3a). Excessive addition of 1,3,5-
triaminobenzene generated more defects, leading to charge
recombination. In addition, the H2 liberation rates of CN,
5BDCN, and 10BDCN were 346.46, 2529.18, and 1823.42
μmol h−1 g−1, respectively (Figure 3b). These experimental
results clearly indicate that the photocatalytic H2 evolution is
influenced by the doping content of the benzene rings. The
D−A structure formed by introducing an appropriate amount
of benzene rings into the CN molecular framework promotes
the ordered transport of charge carriers within the B-CN plane.
Furthermore, the driving force between the B-CN and the
adjacent CN layers can further facilitate the spatial separation
and transport of charge carriers, improving electron utilization
efficiency. As shown in Figure S4, the photocatalytic hydrogen

evolution performance is significantly reduced or even nearly
absent when the system lacks the photocatalyst, TEOA, light
irradiation, or the cocatalyst. These results demonstrate the
necessity of all these components for the efficient operation of
the 5BDCN catalytic system. Doping with benzene rings also
narrows the bandgap of CN and extends the visible-light
response range. The optical absorption spectrum of 5BDCN
shows a trend similar to the variation in apparent quantum
efficiency (AQE), illustrating that the photoexcitation of
5BDCN facilitates H2 formation (Figure 3c). The photo-
catalytic H2 evolution activity of 5BDCN was stable over
consecutive cycle tests (25 h), with appropriate supplementa-
tion of TEOA as needed (Figure 3d). After five cycles, the
PXRD pattern and TEM images of the collected 5BDCN
revealed that the characteristic peaks were well preserved,
confirming its satisfactory stability (Figure 3e,f).
3.3. Photoelectrochemical (PEC) Properties and Charge
Transfer Dynamics
Based on the photocatalytic H2 evolution results, it can
intuitively demonstrate that the synergistic effect of the in-
plane D−A structure and internal interaction force can
considerably improve the photocatalytic performance and
stability, which is ascribed to the effective spatial charge
separation. To further validate this hypothesis, the PEC
measurements were implemented to explore the charge
separation characters. The transient photocurrent responses
are listed in Figure 4a. In stark contrast, the pure CN sample
has the weakest photoresponse (ca. 0.10 μA cm−2), while the
saturated photocurrent density of 5BDCN (ca. 0.54 μA cm−2)

Figure 4. (a) Transient photocurrent response, (b) Nyquist plots derived from EIS measurements, (c) polarization curves, (d) PL spectra, (e)
time-resolved fluorescence decay spectra, (f) EPR spectra, (g) nitrogen adsorption/desorption isotherms, (h) water contact angle measurements,
and (i) water contact angle photos of CN, 5BDCN, and 10BDCN.
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is nearly three times higher than that of 10BDCN (ca. 0.18 μA
cm−2) upon switching the irradiation on (or off), thus implying
that the introduction of an appropriate amount of 1,3,5-
triaminobenzene can significantly promote the charge separa-
tion. The electrochemical impedance spectra (EIS) of CN,
5BDCN, and 10BDCN are depicted in Figure 4b. The charge
transfer resistance (Rct) is proportional to the arc of the
semicircle, representing the difficulty of charge exchange
between the photocatalyst and reactants in the electrolyte.32

Obviously, the BDCN composites show smaller Rct values
compared to CN under the same experimental conditions,
suggesting that the interfacial electron-transfer resistance in
BDCN is much smaller than CN, so the D−A structure and
interlayer interaction force greatly improve the in-plane and
interlayer charge separation and transfer. In the range of −0.5
to −1.6 V (vs Ag/AgCl), the order of cathode current density
is 5BDCN > 10BDCN > CN, which aligns well with the
photocatalytic activity of the as-prepared samples (Figure 4c).
As shown in Figure 4d, all samples exhibit a main peak at
approximately 470 nm. The quenched steady-state photo-
luminescence (PL) intensity of 5BDCN represents superior
separation and transfer of photoexcited charge carriers.33

Besides, time-resolved photoluminescence (TR-PL) spectra
were used to quantitatively analyze the charge-carrier lifetimes
of the resultant products via a biexponential fitting equation

= × + ×( ) ( )I t A A( ) exp expt t
1 2

1 2
. The average lifespan

was calculated by = +
+

A A

A Aave
(

( )
1 1 2 2)

1 2
. As shown in Table S2, the

average charge lifetime of 5BDCN is 38.41 ns, which is nearly
7% longer than that of CN with 35.75 ns fluorescent lifetime.
This reveals that the modification method of CN is effective in
triggering charge separation and transfer (Figure 4e). The
electron paramagnetic resonance (ESR) spectra are shown in
Figure 4f, and all samples present a Lorentz line at g = 2.0035,
which is attributed to the presence of unpaired π electrons on
sp2 carbon atoms within the aromatic rings. Compared to CN,
the ESR intensity of 5BDCN and 10BDCN increases

significantly, indicating that the defect concentration within
the molecule is positively correlated with the amount of 1, 3, 5-
triaminobenzene added, and a higher concentration of
unpaired electrons is produced. These highly reactive unpaired
electrons can combine with protons to generate hydrogen,
thereby effectively enhancing the photocatalytic perform-
ance.33,34 It is also found that the g value of BDCN shifts
slightly, indicating that the π-conjugated system within the
BDCN molecule is expanded, thereby effectively improving the
charge migration efficiency. In addition, the specific surface
area and hydrophilicity of the material also affect the
photocatalytic performance. The test results show that all
samples have a type-IV reversible isotherm, indicative of their
mesoporous structures. The BET surface areas of CN,
5BDCN, and 10BDCN are calculated to be 9.63, 13.0, and
18.63 m2 g−1, respectively (Figure 4g), in which the larger
surface area offers abundant active sites for photocatalytic
reaction, and the porous structure can expedite the kinetics of
mass (i.e., reactant and product). 5BDCN also shows a good
hydrophilic property, allowing it to adsorb a large number of
water molecules for HER in an aqueous environment (Figure
4h,i).
To further explore the influence of benzene ring

incorporation on charge transfer and separation in 5BDCN,
femtosecond transient absorption (fs-TA) measurements were
conducted by using a 450 nm pump pulse. Figure 5 displays
the 2D pseudocolor maps of CN and 5BDCN (Figure 5a, d)
and their corresponding fs-TA spectra at various delay times
(−1 to 1000 ps, as shown in Figure 5b,e). Upon light
excitation, pristine CN presents only a broad, negative
absorption band in the range of 590 to 690 nm, corresponding
to overlapping ground state bleaching (GSB) and stimulated
emission (SE) signals.35,36 Different from CN, 5BDCN also
has a positive TAS signal at 610−730 nm, in addition to the
negative TAS signal. These positive signals are primarily due to
the excited-state absorption (ESA) of photoinduced elec-
trons,37 corroborating that the D−A structure can allow the
electron fixed-point transfer within the plane and generate a

Figure 5. 2D pseudocolor maps of (a, b) fs-TA spectra and (c, d) transient fs-TA spectra at various probe delays for CN and 5BDCN. Kinetics
probed at 700 nm for (e) CN and (f) 5BDCN. The inset summarizes the corresponding parameters.
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potential energy difference between the B-CN layer and the
CN sublayer, thereby accelerating the charge transfer. The
decay kinetics of the samples at 700 nm were fitted using a
three-exponential model (Figure 5e,f). The short lifetime
(several picoseconds) of τ1 is mainly attributed to electron
diffusion. The other two slower quenching processes belong to
the electron recombination in the conduction band minimum
(CBM) with holes in the valence band maximum (VBM) and
the trapped state, respectively. Since the hole-trapping state is
higher than the VBM, the second electron decay pathway (τ2 =
67.3 ± 4.3 ps) is accredited to electron recombination with the
trapped holes. The slowest electron decay pathway, with a
prolonged lifetime (τ3 = 1144.6 ± 199.2 ps), is attributed to
the recombination of charge carriers. The 5BDCN shows a
prolonged decay lifetime τ3 than that of the pristine CN (τ3 =
275.1 ± 49.4 ps), indicating that the charge recombination is
effectively suppressed, providing more electrons to participate
in the photocatalytic HER. The test results further validate the
positive role of the introduction of a benzene ring.
Density functional theory (DFT) calculations were con-

ducted to analyze the influence of benzene ring doping on the
electronic structure of CN. In light of the local density of states
(DOS, Figure 6a,b), the CB and VB of CN and 5BDCN are
mainly composed of N 2p orbitals and C 2p orbitals.
Comparative analysis of the density of states reveals that
benzene doping introduces new impurity levels near the Fermi
energy of 5BDCN, indicating a significant enhancement in its
electron transport capability.38 Due to the well-known
limitation of the generalized gradient approximation (GGA)
functional (low exchange correlation between electrons), the
calculated bandgap is markedly smaller than the experimental
value. The bandgap of 5BDCN is narrower than that of CN,
ameliorating its visible-light absorption ability.39 The calcu-
lation result aligns well with the DRS analysis, signifying that
the electrons in 5BDCN are more readily excited. Comparative
analysis of the work function (Figure 6c,d) reveals that the
vacuum energy levels on both sides of the CN structure are

highly consistent, indicating that the built-in electric field at the
interface can be neglected. However, after benzene doping, the
vacuum energy level on the B-CN side increases significantly
and the local work function becomes larger. This creates a
potential gradient between the CN and B-CN layers,
facilitating electron migration toward the B-CN side and
resulting in a certain degree of interlayer charge separation.
Furthermore, the differential charge density maps reveal that
there is almost no electron transfer between the layers of CN
without benzene ring doping, with the charge primarily
localized within each individual layer (as shown in Figure
6e). In contrast, the interlayer charge transfer in 5BDCN is
significantly enhanced, which can be mainly attributed to the
effective strengthening of the interlayer interactions, thereby
facilitating charge transport between the layers.
3.4. Mechanism Discussion

Based on the above analysis, a photocatalytic HER mechanism
in the 5BDCN photocatalytic system is proposed. Compared
to pure CN, 5BDCN has the following advantages: (i)
Intramolecular D−A all-organic structure. The replacement of
some triazine rings with a π-electron-rich benzene ring makes
the B-CN plane to bend. Electrons concentrated around the
triazine rings are primarily derived from the benzene ring,
facilitating quick and directional electron transfer. (ii)
Interlayer interaction force. The intermolecular interlayer
interaction force acts as a driving force, pushing electrons
from the B-CN layer to the CN sublayer. This is due to the
significant potential energy difference between the B-CN layer
and the CN sublayer within 5BDCN, which aids in the spatial
charge separation and transfer. (iii) π-conjugated system. The
high degree of π-conjugation in 5BDCN can improve the
visible-light absorption. Under light irradiation, the electrons in
the VB are excited to the CB, leaving the holes in the VB. The
D−A structure and interlayer interaction force can restrain the
recombination of electrons and holes. Electrons in the CB are
readily captured and stored by Pt cocatalysts, which have a low
overpotential for H2 reduction for improving the photo-

Figure 6. Local density of states for (a) CN and (b) 5BDCN. Layered electrostatic potential energy for pristine (c) CN and (d) 5BDCN. Charge
density difference for (e) CN and (f) 5BDCN (cyan and yellow areas represent electron accumulation and depletion, respectively).
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catalytic activity of 5BDCN, where the electrons combine with
protons to release H2. In addition, the holes are oxidized by
TEOA, further enhancing the photocatalytic performance. This
proposed mechanism highlights the synergistic effects of the
D−A structure, interlayer interaction force, and π-conjugated
system in improving the photocatalytic efficiency of 5BDCN.

4. CONCLUSIONS
In summary, we have successfully built a D−A all-organic
structure to facilitate vectorial electron transfer and optimize
the photocatalytic H2 evolution activity by the introduction of
benzene ring units into the basal plane of g-C3N4 through a
simple thermal polycondensation method. Owing to the
efficient intramolecular charge transfer within the D−A system
and internal interaction force, 5BDCN presents an enhanced
electron−hole separation ability, resulting in a remarkable
photocatalytic performance. Moreover, incorporating benzene
rings into CN improves the light absorption intensity.
Therefore, this approach provides an internal driving force
for interlayer and in-plane charge transfer, efficiently directing
photoinduced electrons to the active reaction sites.
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