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ABSTRACT

Sustainable hydrogen generation through water splitting is key to realizing a future hydrogen economy. In this study, we achieved
molecular-level control over self-assembled supramolecular complexes of cyanuric acid and 3-amino 1,2,4 triazole (AT) monomers.
This was coupled with molten-salt-assisted thermal polymerization in a eutectic mixture of lithium chloride and potassium
chloride to synthesize a crystalline carbon nitride with a high surface area and specific crystal structure. Conventional eutectic
molten salt synthesis typically yields a mixture of poly (heptazine imide) (PHI) and poly (triazine imide) (PTI) phases. In contrast,
the supramolecular complex-derived approach confines crystal growth through molecular alignment, resulting in the formation
of pure PHI phase. To date, the advantages of supramolecular complex precursors have been largely limited to their enhanced
surface area and unique morphologies. Here, we demonstrate that this strategy can be extended to direct crystal growth toward
a specific phase. This insight enables the synthesis of phase-pure crystalline carbon nitride at low temperatures, even in eutectic
molten salt systems, which was not possible previously. The supramolecular complex in LiCl/KCl eutectic mixture suppresses PTI
formation and promotes Li- and K-stabilized PHI, delivering a maximum hydrogen generation of 2820 umol g-! h~!, approximately
ten times higher than that of bulk carbon nitride.

unique morphologies and high surface areas with excellent
physical, chemical, and electronic properties. Also, supramolec-

1 | Introduction

Conventional thermal polymerization for synthesizing carbon
nitride exhibits limited crystallinity, textural properties, and
poor control over bandgap engineering, which are essential for
effective photocatalytic hydrogen production. Recently, carbon
nitride derived from self-assembled complexes has demonstrated

ular self-assembled precursor-derived carbon nitride (SSCN) is a
versatile and environmentally benign material as hard- or soft-
templates are not used in the synthetic process. The nitrogen-rich
monomer units of carbon nitride precursors can self-assemble
via weak intermolecular noncovalent interactions, such as van
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der Waals forces, hydrogen bonding, electrostatic interactions, 77—
7 stacking, and hydrophobic interactions. This molecular-level
alignment of precursor molecules facilitates the synthesis of
carbon nitride materials with exceptional textural properties. For
instance, a self-assembled supramolecular complex for synthesiz-
ing carbon nitride can be formed from a single monomer unit,
such as melamine, using a hydrothermal method. In this process,
melamine is partially hydrolyzed to form cyanuric acid, which
then self-assembles into a complex crystal intermediate structure
with a uniform morphology [1]. A similar self-assembled com-
plex structure can be synthesized using multiple precursors via
noncovalent interactions [2].

Heteroatom doping in carbon nitride (phosphorous, sulfur,
boron, oxygen, carbon, etc.) is a conventional strategy for modify-
ing the band structure and reducing electron-hole recombination
in photocatalytic materials [3]. A challenge in this area of
study is the synthesis of carbon nitride (CN) with evenly dis-
tributed heteroatoms. This hurdle has been addressed by the
self-assembly of monomer units that incorporate the targeted
heteroatoms. For example, melamine can be self-assembled
with trithiocyanuric acid to synthesize sulfur-doped carbon
nitride, glucose/terephthalic acid/nicotinic acid to synthesize
carbon-doped carbon nitride, oxalic acid/formic acid/urea to
synthesize oxygen-doped carbon nitride, and phytic acid to
synthesize phosphorus-doped carbon nitride [4-8]. In addition,
supramolecular complex structures have been utilized to design
new materials by developing metal single-atom-doped materials,
metal oxide/phosphide heterostructures, and defect-engineered
carbon nitride materials [9-12]. Melamine-based carbon nitride
usually shows high thermal and chemical stability as well
as spontaneous self-assembly with several other monomers.
However, it is worth noting that other types of nitrogen-rich
organic compounds can self-assemble to form intricate structures
in different solutions. Nevertheless, most supramolecular-based
carbon nitrides are unstable at high temperatures (T > 500°C) and
show less crystallinity, limiting their use as photocatalysts.

In contrast, the molten-salt-assisted method provides a liquid
reaction medium for uniform polymerization and structural
control of polymerized carbon nitride [13]. The carbon nitride
synthesized via this method showed highly crystalline carbon
nitrides with poly (heptazine imide) (PHI) and poly (triazine
imide) (PTI) structures [14]. Several metal halogens (NaCl, KCl,
LiCl, LiBr, KBr, etc) have been explored for the synthesis of
crystalline carbon nitrites, which can be categorized into Na-PHI,
K-PHI, K-Li PHI/PTI, and Li-PTI [15-18]. Furthermore, Na-PHI
and K-PHI tend to form crystalline structures only at a high
temperature of 600°C and 550°C, respectively [19]. This limits
the ability to convert most supramolecular complex structures
to SSCN because of their poor stability at higher temperatures.
Regardless, LiCl or a eutectic mixture of LiCl, such as LiCl/KCl,
with a low melting point has been used to synthesize highly
crystalline carbon nitride at lower calcination temperatures.
Because Li salts tend to direct carbon nitride toward the formation
of triazine structures, a mixture of PTI/PHI structures is usually
synthesized from the carbon nitride precursors in LiCl/KCl
eutectic mixtures [20]. Hence, the synthesis of SSCN with a pure
PHI structure is a major challenge. Nevertheless, recent reports
have shown the possibility of overall water splitting using PTT and
PHI/PTI heterostructures [21, 22]. Unfortunately, most reports

employed full-arc irradiation (4 > 325 nm), hence limiting their
practical application. For most photocatalytic applications, the
carbon nitride with the PHI structure is superior to that with the
PTI structure. However, the synthesis of SSCN-based crystalline
carbon nitride with a pure PHI structure at low calcination
temperature is still challenging [23].

In this study, we developed a novel supramolecular complex
comprising cyanuric acid (CA) and nitrogen-rich 3-amino-1,2,4
triazole (AT) using a simple precipitation method. Herein, the
CA monomer with a six-membered ring forms a noncovalent
interaction with the 5-membered ring of AT to form a uniform
sheet-like morphology. The morphology, stoichiometry, and phys-
ical, chemical, and optical properties of the material were altered
by controlling the CA-to-AT monomer ratio during reorganiza-
tion. While the general crystalline carbon nitride synthesized
via a eutectic mixture of KCI/LiCl offers a mixture of PTI and
PHI crystal structures, SSCN shows a highly crystalline sheet-
like structure with a pure PHI structure owing to the prior
confinement of monomers in a lamellar structure. SSCN with a
PHI structure showed significantly enhanced photocatalytic per-
formance for water splitting compared to bulk graphitic carbon
nitride and the crystalline carbon nitrides with the mixture of
PTIand PHI structure. X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), and near-edge X-ray absorption fine structure spec-
troscopy (NEXAFS) were employed to investigate the structural
properties of the catalyst, whereas UV-vis spectroscopy, photolu-
minescence spectroscopy (PL), time-resolved photoluminescence
spectroscopy (TRPL), and ultraviolet photoelectron spectroscopy
(UPS) were used to elucidate its band structure and optical
properties. Additionally, theoretical calculations were used to
examine the impact of Li and K incorporation on the electronic
band structures of PHI and PTI carbon nitrides to support the
experimental data.

2 | Results and Discussions

A schematic representation of the synthetic process for SSCN
is shown in Figure la. The monomers dissolved in DMSO
(AT and CA) were precipitated using ethanol to synthesize
a supramolecular complex structure. The complex precursors
were subjected to thermal polymerization using a molten-salt-
assisted method (LiCl/KCl). The excess salt was removed by
washing with HCl (2.0 M) and hot water. The morphological
features of the self-assembled supramolecular complexes were
analyzed using FESEM. Figure 1b-d demonstrates the different
morphologies of complex formation at different molar ratios. This
morphological transformation can be attributed to changes in
the hydrogen-bonding environment between CA and AT, which
serve as precursor monomers. CAT21-P, CAT22-P, and CAT23-
P are the abbreviations given to supramolecularly synthesized
carbon nitride precursors with CA to AT ratios of 2:1, 2:2, and
2:3, respectively. CAT21-P exhibited a cluster of small sheet-
like structures (Figure 1b), but with an increase in the AT
content (CAT22-P) led to well-defined large sheet-like structures
(Figure 1c) within the micrometer range. This indicates a strong
intermolecular hydrogen bonding interaction between CA and
the AT monomers, restricted to a 2D plane. Also, a further
increase in AT (CAT23-P) led to the formation of a 3D stacked
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FIGURE 1 | a)Schematic illustration of the synthesis process of SSCN with PHI structure. FESEM images of supramolecular complexes prepared
with different ratios of AT and CA (b) CAT21-P, (c) CAT22-P, and (d) CAT23-P. (¢) FTIR spectra and (f) XRD patterns of AT, CA, CAT21-P, CAT22-P, and

CAT23-P.

layered structure (Figure 1d), which may be due to the increased
intramolecular hydrogen bonding interactions between the AT
monomers. The FTIR spectra of the supramolecular complexes
were compared with those of CA and AT, and the results are
shown in Figure le. The peak at 1058 cm™ of CA, corresponding
to C—OH stretching vibrations, slightly shifted to a higher energy
(1066 cm™) in the supramolecular complex, which is attributed to
strong hydrogen bonding interactions between AT and CA [24].

A stronger peak around 1730-1770 cm™ corresponding to C=0
stretching vibrations is observed in the supramolecular complex.
This can be attributed to the formation of tautomeric isomers of
CA [25]. Additionally, the peak at 3402 cm™ corresponding to
the N-H, symmetric stretching vibrations in AT blueshifted to
3436 cm™ in supramolecular precursors due to the formation of
hydrogen bonding [26]. According to the XRD analysis (Figure 1f),
all the self-assembled materials demonstrated the disappearance
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FIGURE 2 | XRD patterns of CAT21, CAT22, CAT23, AT-PHI, AT-PHI/PTI, AT-PTI, AT-g-CN, and the crystal structures of g-CN, PTI, and PHI.

of peaks corresponding to AT, indicating the formation of a
supramolecular complex between AT and CA. The XRD patterns
of CAT21-P and CAT22-P revealed new supramolecular com-
plexes mixed with trace amounts of CA, while CAT23-P exhibited
completely new XRD patterns that were different from those of
CA and AT, suggesting the formation of a novel self-assembled
structure.

The prepared supramolecular self-assembled complexes were
used for synthesizing crystalline carbon nitride via thermal
polymerization using a molten-salt-assisted method [27]. An
optimized eutectic mixture of LiCl (20 mmol) and KCl (60 mmol)
at 500°C in a nitrogen atmosphere was used as the medium
to introduce defects while preserving the crystallinity of the
polymerized carbon nitride. The synthesized SSCN from the
precursor complex of CAT21-P, CAT22-P, and CAT23-P was
named as CAT-21, CAT22, and CAT23, respectively. For reference,
various crystalline carbon nitrides were synthesized from AT, as
a precursor, in the different molten salt conditions, such as KCl,
LiCl, and the KCL/LiCl eutectic mixture, which were named as
AT-PHI, AT-PTI, and AT-PHI/PTI, respectively (Table S1).

The crystal structures of the SSCN were characterized by pow-
der XRD analysis. The SSCN prepared through the molten
salt-assisted approach exhibited multiple sharp peaks and a
completely different XRD pattern compared to that of the bulk
g-CN, indicating the formation of highly crystalline carbon
nitride (Figure 2). The peaks corresponding to the (002) and
(100) planes of g-CN at 27.2° and 12.9° completely disappeared,
and distinct sharp peaks at 28.0° (002) and 8.0° (100) emerged
prominently, indicating the formation of PHI structure. A grad-
ual transformation from g-CN (at 450°C) to PHI structure

(at 475°C-525°C) was observed by varying the thermal poly-
merization temperature from 450°C to 525°C as displayed in
Figure Sla. At high temperatures (>525°C), the supramolecular
complex-derived carbon nitride completely disintegrated. It is
worth noting that no peaks corresponding to the PTI structure
were observed in the series of supramolecular complex-derived
carbon nitride. As a reference, we prepared carbon nitride with
different crystalline structures from AT under different alkaline
salt conditions. Thermal polymerization of AT in LiCl at 500°C
generates carbon nitride with a PTI structure (AT-PTI), whereas
AT in KCl at 550°C produces carbon nitride with a PHI structure
(AT-PHI). However, the thermal treatment of AT in a eutectic
mixture of KCl and LiCl at 500°C induced carbon nitride with
a mixed crystal structure of PHI and PTI (AT-PTI/PHI). The
polymerization in LiCl at 500°C favors PTI formation due to Li*
stabilization of triazine units, whereas KCl at 550°C promotes PHI
formation by stabilizing heptazine units (Figure 2). The eutectic
mixture of LiCl and KCI reduces the melting point, enabling the
simultaneous nucleation of both phases, resulting in PHI/PTI
heterostructure (Table S1). The molten salt medium enhances the
solubility of precursors and intermediates, facilitating uniform
nucleation and prompting long-range ordered crystal growth of
PHI and PTI carbon nitrides. Since Li* has the tendency to
depolymerize the heptazine-based monomers to triazine-based
monomers and stabilize them during the cooling, it is important
to increase the KCI to LiCl ratio to get more PHI structure rather
than that of PTI structure and achieve a maximum photocatalytic
hydrogen evolution (Figure S2 and Table S1) [28]. However, if the
LiCl content is too low or if only KCl is used (AT-1, Figure S2),
the carbon nitride tends to form a conventional g-CN structure
at 500°C, rather than a crystalline PTI/PHI structure. Hence,
pure PHI structure at relatively low temperature (~500°C) is not
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possible by conventional methods. This result is different from
that of the carbon nitride synthesized under the same conditions
using CAT21, CAT22, and CAT23, where carbon nitride with
only PHI structure was obtained without PTI impurities. This
suggests that the orientation of the supramolecular complex
precursor plays an important role in directing the formation of
a single-phase PHI crystal structure in carbon nitride.

It is worth noting that the thermal polymerization of AT, CA, and
a physical mixture of AT and CA using the molten salt-assisted
method (LiCI/KCl eutectic mixture at 500°C) also produced
carbon nitride with a mixed PHI/PTI phase (Figure 2; Figure
S1b). Most importantly, the (002) peak corresponding to the
interlayer distance of synthesized carbon nitrides significantly
changed depending on the crystal structure. The interlayer
distances of PHI, g-CN, and PTI carbon nitrides are typically
3.16 A (26 = 28.2°), 3.23 A (26 = 27.6°), and 3.30 A (26 = 26.9°),
respectively, as displayed in Figure 2. The CAT21, CAT22, and
CAT23 samples also exhibited a peak around 28.0° without a
shoulder peak at 26.9°, indicating a complete transformation to
the PHI structure. Also, the d-spacing calculated from the (100)
peak, representing the in-plane periodicity of the triazine or
heptazine units in the crystalline carbon nitride for the PHI, g-
CN, and PTI structure was calculated to be ~10.99 A (26 = 8.0°),
~6.83 A (260 = 12.9°), and ~7.4 A (26 = 12.0°), respectively [29].
The (100) peak position of the CAT21, CAT22, and CAT23 samples
was observed at 8.0°, which is the same as that of the carbon
nitride with the PHI structure. Also, in supramolecular complex-
derived carbon nitrides, an increase in AT content within the
precursor complex led to broadening of the (100) peak, suggest-
ing reduced crystallinity in the ab plane direction of the PHI
structure.

The carbon nitride structure and functional groups were fur-
ther analyzed by attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy (Figure S3). All samples
exhibited a broad peak around 3000-3200 cm™, which can be
attributed to the stretching vibrations of the terminal —NH,
and —NH— functional groups. The peak around 3300 cm™ was
ascribed to the hydroxyl stretching vibrations of the adsorbed
water molecules. The characteristic peaks of the bending and
stretching modes of N—C=N in the triazine or heptazine units
were observed at 795 cm™' and 1250-1600 cm™!, respectively.
Notably, the crystalline carbon nitride obtained from the salt-
assisted method (PHI, PTI) exhibited a peak at 2170 cm™,
corresponding to the asymmetric stretching modes of the unpoly-
merized terminal cyano group [30].

High-resolution transmission electron microscopy (HRTEM)
images showed a few layers of stacked lamellar crystalline
CN sheets (Figure 3a-d) with clear lattice fringes and grain
boundaries. Lattice fringes with d spacings of ~1.1 nm
were observed in the CAT21, CAT22, and CAT23 samples
(Figure 3a-c), corresponding to the (100) plane of the PHI
structure, which is in good agreement with the XRD analysis.
In contrast, the AT-PTI sample exhibited lattice fringes with a
d-spacing of ~0.75 nm, corresponding to the (100) plane of the
PTI structure (Figure 3d). It was also noted that the specific
surface area of all the SSCN samples was much higher than that
of the bulk carbon nitrides. CAT21, CAT22, and CAT23 showed
BET surface areas (Figure S4a) of 85.7, 108.2, and 50.4 m?/g,

respectively, while AT-PHI, AT-PTI, AT-PHI/PTI, and AT-g-CN
(Figure S4b) had lower surface areas of 7.1, 6.2, 19.4, and 6.2 m?/g,
respectively.

Near-edge X-ray absorption fine structure (NEXAFS) and X-
ray photoelectron spectroscopy (XPS) studies were conducted
to determine the local electronic configurations and chemical
structures of SSCN. The C K-edge spectra (Figure S5a) showed
a low-intensity peak corresponding to the 1s— 7*-_ transition
at 285.1 eV and two high-intensity peaks corresponding to 1s—
T*n—c.n at 287.9 and 288.5 eV. The broad peak at approximately
287 eV and the small shoulder peak at 287.2 eV could be assigned
to the 1s — o* transitions of C—N and C—H, respectively. The
nitrogen K-edge NEXAFS spectra (Figure S5b) displayed three
characteristic resonances of 1s— z* transitions corresponding to
C—N=C, graphitic N—(C); and N—(C); bridging at 399.4, 401.2,
and 402.4 eV, respectively.

The XPS survey spectra confirmed the presence of C, N, and
O, whereas only trace amounts of Li and K ions were detected
(Figure S6). This indicates the effective removal of alkali metal
ions after washing with hot water and a 2.0 M HCIl. The
deconvoluted XPS Cls spectra (Figure 4a) revealed three major
peaks at approximately 284.7, 286.2, and 288.3 eV, corresponding
to sp? hybridized graphitic carbon atoms (C=C), carbon attached
to terminal amino groups (C—NH,), and sp? hybridized N—C=N
carbon within the ring structure (triazine and tris-s-triazine),
respectively. The AT-PHI structure exhibited a slightly higher
binding energy (288.5 eV), corresponding to the N—C=N carbon
species, than the AT-PTI structure (288.0 eV) due to the more
conjugated connections in the tris-s-triazine unit. The binding
energies of the N—C=N carbon species in the CAT21, CAT22,
and CAT23 samples were 288.3, 288.4, and 288.3 eV, respectively,
which are closer to the PHI structure. The reference AT-PHI/PTI
sample with a PTI-PHI mixed crystal structure (as indicated by
XRD) showed a binding energy of 288.0 eV, which is close to that
of the pure AT-PTI sample. The deconvoluted N 1s XPS spectra
(Figure 4b) exhibit three major peaks that can be assigned to
sp? hybridized N—C=N species, terminal amino groups (C—NH,),
graphitic/bridging nitrogen species (N—C;/ C—NH—C). The AT-
PHI and AT-PTI structures show peaks corresponding to the
N—C=N bond at binding energies of 398.9 and 398.7 eV, respec-
tively. This slight shift in energy can be attributed to the difference
in the conjugated ring structure between tris-s-triazine and tri-
azine. In the PHI structure, a peak corresponding to the C—NH—C
and N—C,; is located at 400.7 eV, whereas the AT-PTI exhibited a
peak at 400.1 eV, corresponding solely to C—NH—C, consistent
with the absence of graphitic nitrogen in the PTI structure
[31, 32]. The AT-PTI/PHI sample exhibited a binding energy sim-
ilar to that of the PTI structure. In contrast, the supramolecular
complex-derived CAT21, CAT22, and CAT23 samples displayed
higher binding energies for C—-NH—C/N—C, than the C—NH—C
of the AT-PTI structure, indicating the formation of the PHI
structure [29]. The relative peak areas of all the samples are
tabulated in Table S2. To confirm the change in the binding
energy associated with the structural differences between the PTI
and PHI carbon nitrides, we analyzed the PTI and PHI carbon
nitrides derived from dicyandiamide (DCDA), as illustrated in
Figure S7. The PHI carbon nitride derived from AT and DCDA
showed similar binding energies. In contrast, the PTI carbon
nitride derived from DCDA exhibited a slight shift toward a
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FIGURE 3 | TEM images of (a) CAT21, (b) CAT22, (c) CAT23, and (d) AT-PHIL

higher binding energy compared to AT-PTI, while still following
the overall trend.

The photocatalytic performance largely depends on the optical
characteristics and band structure of the photocatalyst. Most
reported PHI and PTI structures exhibit a bandgap in the range of
2.00 to 3.00 eV, which is ideal for different photocatalysis applica-
tions [10, 33, 34]. The bandgap of the photocatalyst determines
the light absorption capability and utilization of visible light.
According to UV-vis diffuse reflectance spectroscopy analysis
(UV-vis DRS), CAT21 and CAT22 showed similar absorption
behavior, whereas the CAT23 sample with high AT content
exhibited a significant redshift due to the high nitrogen content
(Figure 5a). The indirect bandgap was determined using a tauc
plot of the Kubelka-Munk value [35], where the CAT21, CAT22,
CAT23, AT-PTI, AT-PHI, and AT-PHI/PTI exhibited bandgap of
2.78,2.79, 2.51, 2.1, 2.76, and 2.7 eV, respectively (Figure 5b; Figure
S8b). AT-PTI (2.1 eV) had a narrower band gap compared to
AT-PHI (2.76 eV) and AT-PTI/PHI (2.7 eV). In carbon nitride
structures, the valence band (VB) is primarily derived from N
2p lone pair electrons of the electron-rich nitrogen atoms, while
the conduction band (CB) is mainly formed by antibonding 7*
orbitals associated with C 2p states of electron-deficient carbon
atoms [36]. Additionally, structural defects like vacancies, doping,
and functionalization can generate intermediate energy states
within the bandgap. Moreover, the presence of alkali metal ions

within the carbon nitride framework can significantly influence
the bandgap, a phenomenon we have investigated through theo-
retical calculation in the following sections. All the carbon nitride
samples were thoroughly washed with 2.0 M HCI and hot water
to remove alkali metal ions; however, trace amounts of Li and K
were still detected by XPS analysis (<1%). The narrow bandgap of
AT-PTTis due to the high nitrogen content and intercalated Li and
K ions. The band alignment of the photocatalyst was determined
using UPS analysis (Figure 5c; Figure S9) [37]. The Fermi level of
the catalyst was extracted from the work function (¢) determined
from the UPS spectra (Table S3). The valence band minimum
(VBM) positions were determined by extrapolating the valence
band edge, as shown in Figure 5d. The position of the conduction
band minimum (Ecpy) was determined using the equation Ecg
= E,~Eyy, and the corresponding band diagram is illustrated in
Figure 5e. CAT21 exhibited more negative Ecpy (—0.30 €V) than
CAT22 (—0.26 eV) and CAT23 (~0.23 V). While the E¢p, of AT-
PTI (—0.19 eV) was closer to the redox potential of hydrogen,
AT-PHI showed a more negative Ecgy (—0.78 €V) compared to
all other samples, indicating a stronger reduction potential of its
photoelectrons.

Modifying the structure and crystallinity of carbon nitride can
influence not only its electronic characteristics but also its
electron-hole recombination rate and charge transfer efficiency.
When a photocatalyst is excited with photons with energies
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FIGURE 4 | XPSa)C lsandb)N 1s spectra of CAT21, CAT22, CAT23, AT-PHI, AT-PTI, and AT-PHI/PTL.

higher than its bandgap (hv >E,), electron-hole pairs are gen-
erated and separated. However, these photogenerated electrons
tend to quickly recombine with holes, leading to the emission
of light (fluorescence) through radiative electron-hole recombi-
nation. The recombination characteristics of the photoinduced
charge carriers were evaluated using photoluminescence (PL)
spectroscopy. The PL intensity is directly proportional to the emit-
ted photons upon electron-hole recombination, and the lower
intensity of the fluorescence spectra indicates a retarded electron—
hole recombination process in the photocatalyst. Here, AT-g-CN
showed the highest PL intensity, followed by AT-PTI, AT-PHI,
AT-PHI/PTI, CAT21, CAT22, and CAT23 (Figure 6a). On the other
hand, the AT-PTI exhibited PL peaks at approximately 430 and
480 nm, similar to those observed for AT-PHI/PTI. In contrast,

the AT-PHI structure displayed strong emissions near 500 nm,
resembling the emissions seen in CAT31, CAT22, and CAT23. This
observation further suggests that SSCN predominantly exhibits
a PHI structure rather than a PTI structure. The steady-state
PL spectra provide insights into the radiative recombination
of photogenerated electron-hole pairs in carbon nitride with
different crystal structures. However, to understand the non-
radiative relaxation, possibilities of trapped states, and separation
of charge carriers before recombination, we performed time-
resolved photoluminescence (TRPL) spectroscopy. The radiative
lifetimes of the different samples are tabulated in Table 1. The
TRPL decay of the PHI carbon nitrides was much longer than
that of the PTI containing carbon nitrides (Figure 6b). The PHI
samples, AT-PHI, CAT21, CAT22, and CAT23, exhibited average
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FIGURE 5 | (a) UV-vis DRS spectra, (b) Tauc plot, (c) UPS spectra, and d) UPS valence band region of CAT21, CAT22, and CAT23 samples.
(e) Ilustration of bandgap alignment (V vs. NHE) of CAT21, CAT22, CAT23, AT-PHI, AT-PTI, and AT-PHI/PTI samples.

lifetimes (1avg) of 7.03, 2.32, 2.52, and 1.88 ns, respectively. In
contrast, the AT-PHI/PTI and AT-PTI samples showed much
shorter 7,,, values of 1.28 and 0.86 nm, respectively.

Generally, most defects in carbon nitrides are paramagnetic
in nature and can be detected using electron paramagnetic
resonance (EPR) spectroscopy. The concentration of defect

centers/unpaired electrons in different carbon nitride samples
was analyzed using EPR spectra. As shown in Figure 6c, the
Lorentzian line (g = 2.005) of the AT-PTI sample showed the
highest defect concentration, followed by AT-PTI/PHI, CAT23,
CAT22, CAT23, and AT-PHI. Compared to the PHI structure, the
PTI structure exhibited a significantly higher number of unpaired
electrons, due to the increased defect concentration, terminal
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FIGURE 6 | (a) Steady-state PL spectra, (b) time-resolved transient PL spectra, (c) EPR spectra, (d) photocatalytic hydrogen generation

measurements, and (e) Solar-to-Hydrogen percentage of different photocatalysts. (f) The long-term photocatalytic stability test of CAT21 for 25 h.

TABLE 1 | Radiative lifetimes from fitted decay spectra of CAT2I,
CAT22, CAT23, AT-PHI, AT-PTI, and AT-PHI/PTL

Sample 7, (ns) 7, (ns) 7; (ns) Tavg (D)
AT-PHI 1.89 8.32 121.60 7.03
CAT21 1.03 5.56 49.28 2.32
CAT22 0.93 6.02 71.22 2.52
CAT23 0.76 3.83 65.27 1.88
AT-PHI/PTI 0.65 3.56 32.58 1.28
AT-PTI 0.48 2.38 17.34 0.86

groups, and incomplete condensation sites. These defects can act
as photogenerated electron-hole recombination centers, which
can drastically reduce the photocatalytic efficiency of the material
[28]. The defect concentration in CAT21< CAT22< CAT23<
AT-PHI/PTI< AT-PTI, which directly reflects its photocatalytic
activity. The photocatalytic performance of SSCN materials was
determined using a top-illuminated reactor under a solar simula-
tor equipped with a 1.5 G air-mass filter (0.1 Wem=2). Here, the Pt
cocatalyst was in situ photodeposited, and triethanolamine (TEA)
was used as a hole scavenger. Under these conditions, while the
photogenerated holes are consumed by TEA, the photoinduced
electrons migrate to the Pt cocatalyst sites to reduce the protons
in water, leading to the generation of hydrogen gas. The evolved
hydrogen was periodically quantified using an online GC. The
carbon nitride samples exhibited less hydrogen generation in the
initial 30 min, which could be attributed to the photodeposition
process of Pt on the photocatalyst. All SSCN materials showed
excellent photocatalytic activity compared to bulk g-CN. The
CAT21 carbon nitride sample exhibited the highest hydrogen

generation rate of 2819 umol h™'g™!, which was ten times higher

than that of bulk g-CN (281 umol h~'g™!). In comparison,
CAT?22 and CAT23 exhibited photocatalytic hydrogen generation
rates of 2168 and 646 umol h™ g™ of hydrogen, respectively
(Figure 6d). The bandgaps CAT21 and CAT22 are very close, yet
the photocatalytic performance of CAT21 was relatively better,
which can be attributed to its low surface defects (EPR) and
relatively higher reduction potential at the CB edge (—0.30 eV)
compared to CAT22 (—0.26 eV), which is evident from the UPS
spectra. While CAT23 demonstrated a low charge recombination
rate and long-range visible light absorption property, the lower
conduction band edge (—0.23 eV) might hinder efficient hydrogen
production on the surface-active sites. We also tested CAT21
samples prepared at different temperatures to understand their
dependence on the photocatalytic performance (Figure S10). It is
worth noting that the sample prepared at 525°C performed very
close to that of the 500°C sample, but the amount of product
obtained after thermal polymerization was three times lower than
that of the latter. Also, increasing the calcination temperature to
550°C did not yield any products. This may be due to the thin
sheet-like morphology of the supramolecular complex, which is
relatively unstable at higher temperatures. Moreover, the AT-PHI
structure provided the best hydrogen production of 1624 umol
h™! g~! among the AT-derived carbon nitride samples, followed
by AT-PHI/PTI (904 pmol h™' g™), AT-g-CN (281 umol h™! g™1),
and AT-PTI (48 pumol h™! g7!). The solar-to-hydrogen (STH)
conversion efficiency of the catalyst under AM 1.5 irradiation
is calculated using Equation S1 and shown in Figure 6e (Table
S1). The STH conversion efficiency of CAT21 is 0.37%, which
is comparable to the other reports in this field (Table S4). The
stability of the photocatalyst was evaluated for five consecutive
cycles for a total reaction time of 25 h (Figure 6f) without
replenishing the hole-scavenger. The supramolecularly derived

Advanced Energy Materials, 2026

90f12

85U8017 SUOWWOD aAIIEs1D 8|qeotjdde ay) Aq peusenob a1e seoile VO ‘8sN JO S8|nJ o} AkeiqiT8uljuO 3|1 UO (SUOTHPUOO-PUB-SWIBIA0D A3 | 1M Aeiq U [UO//:SdNL) SUORIPUOD pue swie 1 8y} 88S *[9202/y0/ST] uo Ariqiauluo /oM eueligni jo AisieAlun Aq 8060, WLSe/Z00T OT/I0p/L0o" A3 | 1M Ae1q | Ul |UOpeoUeADe//Sdiy Wwolj pepeoiumod ‘0 ‘0r89rTIT



g h i

—

6F

4f

w o

> ——

I Y ——
r K M r
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(g-i) PTL respectively.

carbon nitride with a PHI structure (CAT21) exhibits stable
hydrogen generation without significant performance decay. The
slight reduction in activity can be attributed to the gradual
consumption of LA during the photocatalysis reaction, with the
H, evolution decreasing from 11783 umol-g! in the first cycle
to 10737 umol-g™! in the fifth cycle. After the stability test,
the photocatalyst was recovered and characterized using XRD,
FTIR, and HR-TEM. As shown in Figure Sl11, no significant
changes were observed in the XRD patterns and FTIR spectra
before and after the photocatalytic reaction, indicating excellent
structural and chemical stability of the developed CAT21 carbon
nitride sample. HR-TEM analysis further confirmed that the
photocatalyst retained its crystal structure even after 25 h of
continuous operation (Figure S12a,c). In addition, EDX elemental
mapping showed uniform Pt photodeposition on the catalyst
surface when both LA and TEA were used as hole scavengers.
(Figure S12b,d).

3 | Computational Insights

To better understand the photocatalytic performance of
SSCN with different structures (PHI and PTI, as displayed
in Figure 7a,b), we conducted theoretical calculations for the
hydrogen production behavior. Since the XPS results show non-
negligible amounts of metal ions (K and Li), we also studied the
doped versions of PHI and PTI with K, Li, and the counter-ion
Cl, as shown in Figure S13.

First, the Gibbs free energy for the adsorption of active hydrogen
H* was calculated to estimate the photocatalytic performance
for producing hydrogen, which should ideally be around zero
for efficient performance. As shown in Figure 7c, the Gibbs free
energy of PHI carbon nitride was 0.38 eV, which was significantly
lower than that of PTI carbon nitride (1.17 eV). This result
suggests that the PHI structure can produce hydrogen more
efficiently than PTI carbon nitride, which is in good agreement
with the photocatalytic HER experimental results, as shown in
Figure 6d. Furthermore, intercalated Li and K change this value
considerably and non-monotonously, showing that an optimum
(not too high and not too low) concentration of metal ions is
beneficial (Table S5).

We also analyzed the band gaps, CBM, and VBM using a
hybrid HSE06 functional (Table S5) [38]. The carbon nitride
with the PHI structure exhibited a bandgap of 3.26 eV, which
is close to the experimentally evaluated bandgap using UV-vis
spectroscopy, while PTI carbon nitride showed a much higher
bandgap (4.69 eV). These values differ from the experimental
values because (i) real samples are more complex and not
simple structures, often consisting of mixtures or containing
point defects, and (ii) even hybrid DFT calculations introduce
some error when describing electronic properties. Additionally,
the presence of metal ions can further decrease the bandgap
(Table S5). Finally, the HOMO, LUMO, and band structures of
pristine PHI and PTI are shown in Figure 7d-i, which explains
their fundamentally different activities and electronic structures.
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In PHI, the LUMO orbital extends over the nitrogen and hydrogen
atoms in the structure, which is crucial for photocatalytic HER
activity. However, the LOM orbitals of PTI do not overlap with
the nitrogen and hydrogen atoms, indicating the inertness of
hydrogen, leading to a low photocatalytic HER performance.
From the above calculations, it is evident that PHI carbon nitride
is more suitable for hydrogen production than PTI carbon nitride.
This has been experimentally confirmed as the PHI structures,
such as AT-PHI, CAT21, CAT22, and CAT23, outperforming quite
significantly than the pristine PTT structure, such as AT-PTI, in
the photocatalysis of water.

4 | Conclusion

In summary, the low crystallinity and limited stability of
supramolecular precursor complexes at high calcination tem-
peratures limit their application in the synthesis of crystalline
carbon nitride for photocatalytic applications. In this report,
we demonstrate the synthesis of crystalline carbon nitride with
an undesirable mixed crystal structure (PHI/PTI) by mixing
aminotriazole and cyanamide, followed by treatment with an
eutectic mixture of KCI and LiCl. We also demonstrated, for the
first time, the possibility of converting a supramolecular-derived
complex structure to a specific carbon nitride structure (e.g.,
PHI) using a eutectic mixture of KCI/LiCl, owing to the specific
molecular orientation in a self-assembled structure. The carbon
nitride structure was well characterized using XRD, FTIR, and
XPS analysis to determine the exact crystal structure formation.
The optical band structure of SSCN was further analyzed using
UPS and UV-vis spectroscopy. The nature of electron-hole
recombination was evaluated using steady-state PL spectra and
time-resolved transient PL spectra. From the current study, it is
evident that the PTI and PHI/PTI structures are not as active
in hydrogen generation as the PHI structure. CAT21, CAT22,
and CAT23 exhibited a pure PHI structure with significantly
high photocatalytic activities. This might be due to the optimal
CB edge position and the extended carrier lifetime in the PHI
structure, which enhances its photocatalytic hydrogen generation
efficiency. In conclusion, this study proposes the utilization of
supramolecular complex molecules to derive specific carbon
nitride structures, which will help further tune the performance
of carbon nitride for various applications.
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