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Clean hydrogen production using renewable solar energy is an important aspect in the development of
a sustainable society. The premise of developing highly efficient photocatalysts for hydrogen production
relies on achieving smooth charge carrier kinetics with efficient visible light absorption. Constructing
isotype heterojunctions with structural or compositional similarity can enhance charge carrier separation
at the interface, leading to improved utilization of light energy. However, this approach is often
constrained by the availability as well as intrinsic properties of monomers. Herein, carbon facilitated
in situ fabrication of an isotype heterojunction based on a poly(heptazine imide) (PHI) structure with
high crystallinity and extended m-conjugation was proposed by calcinating carbon-modified melon in
the “semi-liquid” NaCl/KCl salt. The heterojunction effect induced by the visible light responsive Na—PHI
and K—PHI, as well as the strong charge coupling between heptazine and carbon ring in the covalent
interface forms multi-directional built-in electric field and effectively promotes the separation of charge
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This study pioneers the idea and provides a useful reference for the design of PHI isotype heterojunc-
rsc.li/eescatalysis tions for the effective utilization of solar energy.

Broader context

Heterojunctions with build-in electric fields have shown great advantages in photocatalytic reactions by influencing the behavior of charge carriers. However,
simultaneously promoting smooth charge transfer kinetics and extending visible light absorption for high light converting efficiencies remain a challenge. In
this work, by incorporating carbon rings into the melon framework and applying ionothermal treatment using the “semi-liquid” NaCl/KCl salt, a carbon-
modified isotype heterojunction based on poly(heptazine imide) (PHI) structure was constructed (C@Na-PHI/K-PHI). The high crystallinity induced efficient
charge carrier transfer in PHI, while the heterojunction effect driven by Na-PHI and K-PHI as well as the strong charge coupling between heptazine and carbon
ring in the covalent interface, promoted effective utilization of charge carriers. Together with the visible light absorption extension by simultaneous carbon ring
decoration, C@Na-PHI/K-PHI shows superior photocatalytic hydrogen evolution activities under visible light irradiation. This study pioneers the idea and
provides useful reference for the design and construction of highly efficient photocatalysts for clean hydrogen production.

1. Introduction

Developing highly efficient visible light active photocatalysts is
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heterojunctions constructed by monomers with similar compo-
nents but different electronic structures, especially the ones
synthesized in situ are endowed with great superiority due to
the better-matched atomic structure of monomers and the
optimized charge transfer by the intimate contact at the
interface.®> However, exploring isotype heterojunctions with
wide and efficient visible light response for clean hydrogen
production is still challenging due to the limited availability as
well as intrinsic properties of monomers.

Polymeric carbon nitride with the merits of adjustable
coordination environment and band structure, good physico-
chemical stability as well as high-cost effectiveness is a promis-
ing candidate as an ideal photocatalyst for various
applications.”® In the past decades, isotype heterojunctions
of carbon nitride have been constructed generally by non-metal
defects modifications of monomers.®” However, carbon nitride
obtained by direct polymerization of nitrogen-rich precursors
generally has an incomplete condensed structure with plenty of
undesirable detrimental defects, which leads to serious recom-
bination of charge carriers and thus inferior photocatalytic
activities. In recent years, ion-assisted reconstruction of carbon
nitride (generally in molten alkali salts) with high crystallinity,
high overall in-plane order and thus improved carrier
transfer behaviors has aroused wide attention, including the
poly(triazine imide) (PTI) and poly(heptazine imide) (PHI).>°
Comparatively, the strong visible absorption arising from the
extended m-conjugated structure as well as the smooth charge
carrier transfer makes poly(heptazine imide) (PHI) a promising
candidate for solar energy conversion. Constructing the isotype
heterojunctions of PHI is thus fascinating and may surpass the
recently reported heterojunctions of PTI/PHI obtained by LiCl-
involved eutectic salt calcination, considering the limited visible-
light-response of PTI (intrinsic large bandgap of 2.92-3.2 eV)."' '

As reported, alkali ions (such as K" and Na*) can embed into
the skeletons of heptazine rings in the PHI structure consider-
ing the lone-pair electrons in the N-containing structures.'”
Interestingly, it is noticed that PHI evolved by different alkali
ions (such as Na" and K") has distinctive phase characteristics,
which is attributed to the different hydration properties of
alkali ions,'®'® and reflected in the distinctive layer stacking
distance and the peak ratio of (100) and (002). However, as far
as we know, there were no reports on the successful construc-
tion of different alkali ions-regulated isotype PHI heterojunc-
tions. Considering the strong solvation effect of LiCl for the
introduction of PTL,?® and the structural defects introduction or
framework destruction of PHI brought by the excessive reactiv-
ity of LiCl-involved molten salt,>" it is indispensable for the
exploration of non-molten/LiCl-free salt for the construction of
high crystalline PHI isotype heterojunctions.'®**** As reported,
the calcination of precursors in typical binary NaCl/KClI salt
with high melting point (m. p. = 652 °C) only results in the
formation of ‘Mel-PHI’ with a low-ordered structure since the
insufficient mass diffusion greatly restricts the complete crys-
talline growth.”®

Considering the similar m-conjugated structures, graphite
carbon rings can be incorporated in the in-plane framework of
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carbon nitride to modify the structure features (such as in-
plane periodicity, stacking order, etc.) of carbon nitride,>*>®
and thus is assumed to influence the structure reconstruction
of carbon nitride during salt-assisted calcination. Moreover, the
incorporation of carbon rings has been reported to introduce
the internal field and increase the diffusion length of
charge carriers in carbon nitride by 10 times**** to optimally
regulate the electronic structure and promote effective charge
transfer,”®® and thus is beneficial for higher photocatalytic
efficiencies. In this work, by incorporating carbon rings in the
framework of carbon nitride, the novel in situ growth of Na-
PHI/K-PHI isotype heterojunction with high crystallinity of PHI
monomers, intimate contact as well as carbon-related high-
speed charge carrier transport channels is constructed for the
first time, which is a significant innovation of the visible light
responsive isotype heterojunctions. The carbon-decorated Na-
PHI/K-PHI shows excellent charge carrier transfer kinetics as
well as extended visible light absorption (up to 800 nm), which
leads to superior photocatalytic hydrogen evolution activities
under visible light irradiation.

2. Results and discussion

2.1. Carbon incorporation assisted structure evolution by
theoretical simulation

As indicated in Fig. 1a, direct polymerization of melamine was
applied for the synthesis of incompletely polymerized carbon
nitride (melon). By comparison, through thermal copolymer-
ization of glucose and melamine, carbon-incorporated melon
(C-melon) can be obtained. Further treating C-melon and
melon in the eutectic salt environment of NaCl/KCl eventually
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Fig. 1 (a) Schematic of the synthesis procedures as well as the distinctive
structural evolution with and without carbon decoration. The grey, blue,
purple and yellow spheres denote C, N, K and Na atoms. The magenta
spheres denote random Na or K atom. (b) Theoretical illustration of the
decreased formation energy and enlarged triangle hole size due to the
carbon incorporation. AE, and AE., represent the formation energy of
alkali ion (Na or/and K) embedded heptazine framework with and without
carbon rings, respectively.
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results in the distinctive atomic structure of HCCN (hetero-
junction of crystalline carbon nitride) and LCCN (low crystal-
line carbon nitride), respectively. In other words, the
incorporation of carbon rings has a significant influence on
the structure evolution from melon to poly(heptazine imide)
(PHI). In this aspect, the formation energy of different ion-
embedded PHI (Na-PHI, K-PHI and Na/K-PHI) with or without
carbon rings (structure models shown in Fig. S1, ESIf) was
studied to reveal the possible structure evolution processes
(Fig. 1b). According to the DFT calculation results (Table S1,
ESIY), the formation energy in the presence of carbon rings is
lower than that in the absence of carbon rings (|AE.| > |AE,|),
indicating the existence of carbon rings in the framework is
beneficial for the embedding of ions. The existence of carbon
rings can reduce the formation energy of Na/K-PHI obviously
with the |AE| increasing from 3.06 to 3.30 eV (Table S2, ESIt).
Moreover, the results show that |AE.3| > |AE.| and |AE.,| >
|AE.,| indicate Na" and K" would reinforce with each other in
the embedding processes. Furthermore, the optimized struc-
tures show that the triangle holes in the heptazine framework
expand from 4.76 A to 4.91 A when carbon rings are incorpo-
rated. Since the embedding of ions in the structure of carbon
nitride is affected by the size of ion radius and the space
limitations,>**° the enlarged size of holes may facilitate the
embedding process more significantly. Therefore, it is con-
cluded that the incorporation of carbon rings is favorable for
the ion embedding processes, which can probably facilitate the
ordered phase formation of Na-PHI/K-PHI.

2.2. Phase analysis and the structural verification of Na-PHI
and K-PHI

Attributing to the m-conjugated structure characteristics,
carbon-incorporated carbon nitride can form through polymer-
ization of the in-plane connected triazine/carbon ring structure
with sp>-hybridized C-N bonds.>* As shown in the XRD patterns
(Fig. 2a), melon has typical diffraction peaks of semi/non-
crystalline carbon nitride, with the peaks located at 13.2° and
27.7° corresponding to the periodic in-plane arrangement of
NH/NH, bonded heptazine strands and the interlayer stacking,
which can be referred to the (100) and (002) planes.** Com-
pared with melon, the diffraction peak of C-melon shifted to
lower angles with wider half-peak widths (Table S3, ESIY),
indicating the carbon ring incorporation slightly expanded
the local order of melon structure. As indicated in the FTIR
spectra (Fig. S2, ESIt), C-melon basically maintained the func-
tional groups of melon, including the typical vibration peaks of
aromatic heptazine ring (810 cm™ '), aromatic C-N and C=N
bonds (1200-1700 cm '), -NH,/-NH and hydroxyl groups/water
(3000-3500 cm™').**** Interestingly, treating melon and C-
melon under the same salt condition of NaCl/KCI results in
distinctive phase structure evolution (Fig. 2b). For LCCN
evolved from melon structure, the diffraction peak of (100)
has shifted from 13.2° to 8.1°, confirming the formation of PHI
structure."* Moreover, the LCCN has a broad diffraction peak of
(002) located at around 27.8°, which indicates the roughly
organized structure of LCCN with low crystallinity as well as
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Fig. 2 XRD patterns of (a) melon and C-melon and (b) LCCN and HCCN.
Samples obtained by calcinating C-melon in alkali salt environment with
various ratio of (c) NaCl: KCl (0-100%) and (d) KCl: NaCl (0—-20%). (e) and
(f) Corresponding XRD contour plots of the local region indicated in (c) and
(d), respectively.

chaotic ion dispersion due to the sluggish crystallize kinetics
originating from the partial dissolution of carbon nitride in
NaCl/KCl with high melting point.>° In obvious contrast, HCCN
(evolved from C-melon structure) shows well-developed facets
with sharper diffraction patterns, indicating the significantly
enhanced crystallinity and improved long order of the conju-
gated framework. In detail, the peaks located at 8.1°, 14.7°,
27.7°, 29.4°, 35.8° and 43.4° can be classified as (100), (110),
(210), (002), (320) and (320) of Na-PHI, while the diffraction
peaks at 28.5° and 38.6° can be identified as (002) and (171) of
K-PHL.'®***> Note that HCCN has clearly distinguishable twin
peaks of (002) facets located at 27.7° and 28.5°, corresponding
to the stacking spacing of 0.32 nm and 0.31 nm. The different
stacking spacing can be assigned to the different embedding
effects of ions in the framework of carbon nitride,*® and the
larger distance in Na-PHI originate from the slightly larger
radius of hydrated Na* (3.6 A) than hydrated K" (3.3 A).**

To clarify the unique phase structure of HCCN from the
commonly reported PHI/PTI heterojunctions and to reveal the
structural evolution processes of Na-PHI/K-PHI, various salt
environments, including LiCl, LiCI/KC], and proportionally
adjusted NaCl/KCl, were applied for the reconstruction of C-
melon. As indicated, CNyc; has two dominant diffraction peaks
of 26.4° and 29.3° (Fig. S3a, ESI}), which correspond to the
(002) and (102) of PTL>” In addition, CNy;cyxci Synthesized in
the LiCl/KCl salt shows the coexistence of PHI and PTI phases,
with the diffraction peaks at 8.1° and 28.2° corresponding to
the (100) and (002) of PHI and the diffraction peaks at 26.6° and

EES Catal., 2025, 3,119-127 | 121
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29.2° corresponding to the (002) and (102) of PTI (Fig. S3b,
ESIt),">'* which is clearly different with HCCN obtained in this
work. Furthermore, it is found that different compositions of
NaCl/KCl salt can effectively regulate the phase structures. As
shown in Fig. 2¢, C-melon calcinated in singular KCI salt shows
a sharp peak at 28.4° and a weak peak at 8.1°, corresponding to
the (002) and (100) facets of K-PHI. Gradually increasing the
amount of NaCl in KCI/Nacl salt, the diffraction peak at 28.4°
shifts to lower angles. When the ratio of NaCl:KCl reaches
25%, the (002) diffraction obviously broadens compared with
K-PHI, which is a reflection of the effective interaction between
Na and K ions. Especially, with NaCl: KCI further increasing to
50%, the well-developed (100), (110), (002) and (310) facets
corresponding to Na-PHI become distinguishable, and the
relative content of Na-PHI increases with higher NaCl:KCl
ratio (100%). A similar phase regulation effect was observed
in the NaCl/KCl salts except that calcinating C-melon in sin-
gular NaCl salt did not result in the formation of Na-PHI
(Fig. 2d) possibly due to the slow ion transfer kinetics originat-
ing from the high melting point of NaCl (m.p. = 801 °C) than
KCI (m.p. = 770 °C). With the assistance of KCl, the formation
of Na-PHI was promoted when the ratio of KCl: NaCl increased
to 5%. Further increasing the ratio of KCl:NaCl results in the
formation and enhancement of the K-PHI phase. The crystal
phase distinction of Na-PHI and K-PHI was verified by the
content of Na" and K" in Na-PHI and K-PHL As indicated in
Table S4 (ESIT), the K-PHI obtained in singular KClI salt shows
the exclusive existence of K' (3.51%) while Na-PHI obtained in
NaCl/KCl salt shows dominant existence of Na' (5.45%) with
little existence of K' (0.88). The corresponding XRD contour
plots in the range of 24-31° (Fig. 2e and f) gives intuitive
presentation of the phase evolution processes under different
NaCl/KCl environment, confirming the unique coexistence of
Na-PHI and K-PHI in HCCN, which is different from all the
currently reported phases in literature.*>**¢

It is worth mentioning that only with the appropriate
amount of carbon decoration (0.1-0.5%) can the formation of
Na-PHI/K-PHI be effectively induced. The phase structure of
HCCN (0.2% glucose), low-C HCCN (0.1% glucose) and high-C
HCCN (0.5% glucose) can be identified as the co-phase of Na-
PHI/K-PHI (Fig. S4, ESIt). However, excessive glucose modifi-
cation only leads to the formation of a low-ordered crystal
structure similar to LCCN, as observed from the XRD patterns
of LCCN-0.8% and LCCN-1% (Fig. S5, ESI{). It is interpreted
that the inferior dispersion of glucose cannot effectively incor-
porate carbon rings in the carbon nitride skeleton and subse-
quently assist the growth of ordered PHI crystals. This
assumption was further supported by the results that only
phase structures similar to LCCN were obtained by calcinating
the mixture of melon and graphitic carbon in NaCl/KCl (Fig. S6,
ESIT).

2.3. Microstructure and atomic structure analysis

Compared with LCCN which shows thick bulk morphology
with a large particle size of around 10 pm (Fig. S7, ESIt),
HCCN presents lamellar morphology with smaller particle size
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(1-2 pm), which is confirmed by the SEM and TEM results
(Fig. 3a and b). The lamellar morphology reflects the more
sufficient template effect of NaCl/KCl and indicates the pro-
moted crystal growth in the z direction in HCCN.?® It is noted
that HCCN has higher crystallinity than LCCN (Fig. 3¢ and
Fig. S8, ESIT), which is consistent with the XRD results. The
lattice fringes of 0.31 nm and 0.32 nm observed in HCCN
indicate the development of two distinctive interlayer stacking
(Fig. 3d and e), which corresponds to the (002) facets of K-PHI
and Na-PHI and is consistent with the XRD results. Moreover,
the lattice fringes of 0.22 nm are also observed in HCCN,
indicating the existence of carbon units.>®> The HAADF images
and their corresponding element mapping indicate the exis-
tence of C, N, Na and K both in LCCN and HCCN (Fig. 3f and
Fig. S8, ESIt), which confirm the intercalation of alkali ions in
the structure.

The incorporation of carbon rings in HCCN is evidenced by
the higher atomic ratio of C:N from LCCN (0.68) to HCCN
(0.71) as well as the Raman characterizations (Table S5 and
Fig. 3g, ESIT). As indicated, HCCN showed obvious D and G
peaks of carbon vibration at 1323 and 1565 cm
respectively.’® Higher content of glucose added leads to a
higher degree of graphitization, as seen from the more obvious
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Fig. 3 (a) SEM, (b) and (c) TEM images of HCCN. (d) and (e) HRTEM image
and the lattice fringes of HCCN. (f) HAADF image and the corresponding
element distribution of HCCN. Structural characterizations for LCCN and
HCCN. (g) Raman spectra, (h) FTIR spectra, (i) NMR spectra, deconvolution
of (j) C 1s spectra and (k) N 1s spectra, () quantitative ratio of nitrogen
species.
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G-peak vibration in high C-HCCN (Fig. S9, ESIt). Note that
LCCN shows weak peaks in the range of 500-1000 cm ™, which
originates from the vibration C-N=—C linked heptazine units,
indicating the relatively disordered structure of LCCN.*>*! In
contrast, low-C HCCN, HCCN and high-C HCCN all show
strong vibration peaks in this range, representing the better-
organized heptazine structures, which is consistent with the
XRD results. The functional groups and chemical states of
LCCN and HCCN show typical carbon nitride structure as
revealed by the FTIR spectra (Fig. 3h). The peaks at 993 cm™*
and 1150 cm ™" originating from the symmetric and asymmetric
vibration of NC2 in metal-NC2 groups confirm the embedding
of alkali ions while the peak at 2180 cm ™" corresponds to the
vibration modes of -C=N groups.”'”*#23:3373% Moreover, the
enhanced peak around 3300 cm " indicates the probably better
hydrophilicity of HCCN than LCCN, and the increased intensity
of C=N signal at 1570 cm~" for HCCN indicates the more
complete heptazine framework (Fig. S10, ESIt). The new
absorption peak appeared at 1450 cm ' can be attributed to
the carbon-induced reconstruction of the heptazine structure
in HCCN."” The solid *C magic angle spinning nuclear mag-
netic resonance (MAS-NMR) spectroscopy further evidences the
atomic structure. Both LCCN and HCCN show strong signals
peaking at around 163 ppm and 156 ppm, which correspond to
the [CN,(NHx)] (C1) and (CNj;) (C2) in the heptazine rings,
respectively (Fig. 3i).** The decreased signal at 120 ppm arising
from carbon atoms of the terminal NCN groups reflects the
more compacted structure of HCCN.?® Besides, the signals
around 30 ppm probably arise from the structure of the carbon
rings (C3) covalently connected to the heptazine rings in HCCN
(the inset figure).

The XPS characterizations reveal the existence of C, N, O, Na,
and K with no Cl for LCCN and HCCN (Fig. S11, ESIY),
indicating the residual KCl and NaCl have been completely
removed. The deconvolution of C 1s for LCCN and HCCN both
have three peaks located at 284.5, 286.3 and 288 eV (Fig. 3j),
corresponding to the bonding states of C—C/C-C (carbon
impurities and structural carbon units), the edge C-NH,. and
the aromatic N=C-N, respectively.”®*® Comparatively, the
decreased ratio of C-NH,/N—C-N from 0.41 to 0.32 reflects
the more complete structure of HCCN. The three deconvoluted
peaks at 399.4, 399.9, and 400.9 eV in N 1s spectra for LCCN
and HCCN indicate the existence of C-N—C (N,¢), bridging N-
C; (N3c), and amino C-N-H, respectively (Fig. 3k).** In contrast,
the C-N—C and C-N-H in HCCN shifted toward higher bond-
ing energy by 0.1 eV, which possibly originates from the
perturbation of electronic structure due to the incorporation
of carbon rings in the heptazine framework. Furthermore, the
quantitative analysis of nitrogen species shows a lower (C-N-
H)/(N-C;) value in HCCN (0.71) than that in LCCN (1.59)
(Fig. 31), and the less C-N-H content indicates the eliminated
hydrogen bonds in HCCN, which further supports the more
complete condensation in HCCN. Meanwhile, the (C-N=—C)/
(N-C5) value decreases from 10.6 in LCCN to 5.2 in HCCN,
indicating that HCCN has a more complete heptazine
network.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4. Optical properties and electronic structure analysis

The above results explicit the structure of LCCN and HCCN as
low ordered PHI structure and carbon incorporated Na-PHI/
K-PHI hetero-phase (C@Na-PHI/K-PHI), respectively, and the
distinctive structure features result in significantly different
electronic properties of LCCN and HCCN. As shown in the
UV-Vis diffuse reflectance spectra (Fig. 4a), the light absorption
edge slightly shifts from 467 nm for LCCN to 459 nm for HCCN
and correspondingly the bandgap of HCCN increased by
0.05 eV compared with LCCN (Fig. S12, ESIt). The increased
bandgap of HCCN can be possibly attributed to its unique
framework, such as the higher long-order structure as well as
the different stacking features.>* Note that compared with
literature reports, the larger deviated bandgap of K-PHI
(2.72 eV) than Na-PHI (2.67 eV) possibly originated from the
low crystallinity of Na-PHI obtained in this work (Fig. S13,
ESIt), which further reveals the prominent crystallinity-related
electronic structure characteristics of carbon nitride.'®"®
Except for the extended visible light absorption observed in
carbon incorporated melon structure (Fig. S14, ESIt), HCCN
has obviously extended visible light absorption in the wave-
length longer than 500 nm compared with LCCN, which can
be assigned to the incorporation effect of carbon rings in
modifying the m-electron delocalization of carbon nitride.*
The extension of visible light absorption makes it advantageous
for HCCN to perform photocatalytic reactions under long
wavelength visible light radiation.

The positive slope of the Mott-Schottky curves indicates the
n-type semiconductor properties of HCCN and LCCN (Fig. S15,
ESIt), which has been widely observed in carbon nitride
materials.">**> Comparatively, the smaller slope of HCCN
reveals the higher electron-donor density and mobility of

1Y
(¢}

Absorbance
DOS (StatesleV) O
L]
=
DOS (States/eV)
]
=

4 4 -4

-2 o 2 -2 o 2
Energy (eV) Energy (eV)

-

Electrostatic potential (eV)

15 20

10 -2 - o 1 2
Z(A) Electrostatic potential (eV)

«
=

I\ o (N)

| \ —LCCN 435
—HCCN 399

200 —LceN
—HCCN

Intensity (a.u.)
Intensity (a.u.)

)
1.95 10 20 30 40 50 3 400 500 600 700 0
Decay time (ns) Wavelength (nm)

-2.05

-2.00
g (value)
Fig. 4 (a) UV-Vis diffuse reflectance spectra. Calculated density of states
for (b) LCCN and (c) HCCN. (d) Differential charge density between
heptazine structure and carbon ring. Electrostatic potential profiles of
(e) the interface of K—PHI and Na—PHI, and (f) the interface of PHI and
carbon ring. (g) The electron spin resonance spectra, (h) Time resolved PL
spectra and (i) SPV spectra of LCCN and HCCN.
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charge carriers in HCCN than LCCN.*® From the flat band
potentials of LCCN (—1.0 V) and HCCN (—0.97 V) determined
from the x-intercept values of the Mott-Schottky curves, the
conduction band (CB) edges of LCCN and HCCN are calculated
to be —0.9 and —0.87 V (vs. NHE), respectively.”” Combined
with the correspondingly calculated valence band (VB) edges,
the band structure of LCCN and HCCN clearly indicates the
more positive VB in HCCN and thus the stronger oxidation
ability of holes, which is beneficial for the consumption of
holes and thus the possibly decreased recombination of charge
carriers. Similarly, the CB and VB edges of singular Na-PHI and
K-PHI were obtained and the staggered alignment of the band
structure indicates the probably built heterojunction as well as
the internal electric field in HCCN (Fig. S16, ESIt), which can
provide the strong driving force for the separation of charge
carriers. To further reveal the electronic structure and charge
transfer kinetics of LCCN and HCCN, DFT calculations based
on the heptazine and heptazine/carbon integrated framework
were carried out (Fig. S17, ESIt). The density of electron states
(DOS) for LCCN and HCCN indicates the conduction and
valence band is mainly composed of the C and N orbitals,
respectively, and Na and K has little contribution to the band
structure (Fig. 4b and c). Comparatively, the existence of carbon
rings introduces multiple intermediate energy levels into the
band gap of HCCN, which enhances the light absorption
capacity of HCCN in the long wavelength range and agrees
with the experimental results. Besides, it is found that there is
strong charge coupling between heptazine and carbon ring in
the covalent interface (Fig. 4d), and the charge distribution is
delocalized, which would be beneficial for the separation of
charge carriers.

Moreover, as seen from the curve of average self-consistent
electrostatic potential for HCCN (Fig. 4e and f), the electrostatic
potential of the carbon ring is significantly smaller than that of
K/Na-PHI, forming a prominent potential drop in the x direc-
tion, which can effectively drive the photogenerated carrier
migration. Similarly, the difference between K-PHI and Na-
PHI also leads to a certain potential drop in the y direction and
propels the charge transfer. It can be thus interpreted that the
introduction of Na/K and carbon rings provides multi-
directional built-in electric fields for HCCN and drives the
charge separation and delocalization distribution, which can
effectively inhibit the recombination of photogenerated charge
carriers and enhance the photocatalytic activities.'**%*°

Experimentally, as observed in the room-temperature elec-
tron spin resonance (ESR) spectra (Fig. 4g), the Lorentz lines of
both LCCN and HCCN have the g value of 2.003, due to the
unpaired electrons originating from the m-conjugated hepta-
zine units.”® The increased ESR signal originating from the
unpaired electrons on the carbon nitride units indicates the
recombination of photoinduced charge has been effectively
prohibited, which proves the significantly modified charge
carrier behaviors.”! Besides, the higher photocurrent of HCCN
(around 7 times that of LCCN) and the smaller radius of a semi-
circle in EIS Nyquist plot indicates the superior transfer/separa-
tion rate and efficiency of charge carriers in HCCN (Fig. S18a

124 | EES Catal, 2025, 3, 119-127

View Article Online

EES Catalysis

and b, ESIt).>*> The superior charge carrier transfer kinetics in
HCCN is also confirmed by the PL characterizations. The
obviously lower photoluminescence intensity of HCCN in the
steady state PL spectra indicates the effectively suppressed
recombination of photogenerated charge carriers, while the
slightly blue-shifted photoluminescence peak from 482 nm
(LCCN) to 466 nm (HCCN) agrees with the slightly larger
bandgap of HCCN (Fig. S18c, ESIT). The time-resolved fluores-
cence decay spectra reveal the decreased lifetime of charge
carriers for HCCN (Fig. 4h), indicating more photogenerated
electron-hole pairs can be separated and the exciton recombi-
nation is suppressed.’>** Furthermore, the surface photovol-
tage (SPV) measurement was further applied to identify the
transfer and separation behaviors of charge carriers. For n-type
semiconductors, the photogenerated holes would transfer to
the surface under light irradiation, leading to the positive SPV
responses.>>® Note that the LCCN shows rather weak signal
(values smaller than 25 pVv), indicating the sluggish transfer of
charge carriers (Fig. 4i). However, the HCCN shows obviously
much stronger signal (maximum value around 200 uV), reflect-
ing the strong extracting ability of holes to the surface in
HCCN, which can be ascribed to the heterojunction effect
between the monomers (C/Na-PHI/K-PHI). These results effec-
tively support the advantageous charge carrier separation effi-
ciency in HCCN.

2.5. Photocatalytic hydrogen evolution activities under visible
light irradiation

To acknowledge the performances of various materials, photo-
catalytic hydrogen evolution activities were evaluated by apply-
ing triethanolamine as the sacrificial agent to consume holes.
First of all, C-melon shows a much higher hydrogen evolution
rate than that of melon due to the effective carbon modification
(Fig. S19, ESIt). Despite this, both melon (11 pmol g~ h™") and
C-melon (65 pmol g~ ' h™) still have inferior hydrogen evolu-
tion activities, ascribing to the incomplete condensed structure
of melon. In contrast, LCCN, HCCN, Na-PHI and K-PHI have
increased activities by order of magnitude under visible light
irradiation (Fig. 5a), which supports the significance of salt-
assisted structure reconstruction.”*! Comparatively, the hydro-
gen evolution rate of HCCN is as high as 3609 umol g~* h™",
which is around 5.7, 6.8 and 4.5 times that for LCCN
(636 umol g~* h™"), Na-PHI (533 pmol ¢ ' h™') and K-PHI
(803 umol g~ ' h™") respectively (Fig. 5b), indicating the super-
iority of HCCN. As indicated in Fig. 5¢, HCCN exhibits contin-
uous and stable hydrogen evolution performance without
obvious activity decay during the 3-cycle tests (lasting for 9 h)
and the slight decrease in the fourth cycle can be attributed to
the consumption of sacrificial agent.'® For further stability
analysis, the elemental proportion as well as structure char-
acterizations of HCCN before and after the photocatalytic
hydrogen evolution reaction were performed. As indicated by
the XRD patterns (Fig. S20, ESIt) and the EA results (Table S6,
ESIY), the phase structure as well as the elemental proportion of
HCCN was largely retained after the reaction, which further
reveals the high cycling stability of HCCN. Note the newly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Time dependent hydrogen evolution courses and (b) hydrogen

evolution rates of LCCN, HCCN, Na—PHI and K—PHI under the irradiation
of 4 > 420 nm. (c) Cycling stability of HCCN under the irradiation of 1 >
420 nm. (d) Wavelength dependent hydrogen evolution AQY values
together with the light absorption properties of HCCN. (e) AQY compara-
tion of HCCN with literatures (4 = 420 nm). (f) Time dependent hydrogen
evolution courses and (g) hydrogen evolution rates of LCCN, HCCN, Na—
PHI and K-PHI under the irradiation of 1 > 500 nm. (h) AQY value
comparation of HCCN with the reported values in literatures (2 = 550 nm).

appeared diffraction peaks at 39° and 46° assigning to the (111)
and (002) crystal planes of Pt indicate the successful photo-
deposition of Pt cocatalysts on HCCN.>®

The apparent quantum yield (AQY) trend is highly consistent
with the light absorption properties of HCCN (Fig. 5d and Table
S7, ESIt), indicating the hydrogen evolution originates from
photocatalysis processes. Especially, the AQY of HCCN reaches
29.3% at 420 nm, which exceeds most of the reported values
(Fig. 5e and Table S8, ESIt). The superior photocatalytic hydro-
gen evolution activity of HCCN is closely related to the signifi-
cantly modified charge carrier behaviors, especially the
promoted transfer/separation kinetics attributing to the suc-
cessful carbon incorporation as well as the isotype heterojunc-
tion effect of Na-PHI/K-PHL. It is noticed that the high-C HCCN
has lower hydrogen evolution activity (3014 pmol g~ h™") than
HCCN (Fig. S21, ESIt), which is probably due to the increased
content of the low active Na-PHI phase. Furthermore, under
long wavelength light irradiation (Fig. 5f, g and Fig. S22, ESI¥),
the hydrogen evolution rate of HCCN is up to 491 umol g * h™*
even under the irradiation of 2 > 500 nm, which is around 2.7,
3.5 and 3.5 times that of LCCN (182 pmol g ' h™"), Na-PHI
(139 umol g~ ' h™") and K-PHI (141 umol g " h™"), respectively.
The AQY of HCCN under 4 = 550 nm (3%) exceeds the majority
of the reported photocatalysts (Fig. 5h and Table S9, ESIY).
Especially, note that even under the irradiation of 4 = 600 nm,
the HCCN still shows a hydrogen evolution rate around 5 times
that of LCCN (Fig. S23, ESIT), further indicating the superior
structure advantage of HCCN in long wavelength light-
driven photocatalysis. Interestingly, the high-C HCCN shows
the highest hydrogen evolution rate under the irradiation of
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A > 500 nm (Fig. S22, ESIT) and 4 = 600 nm, attributed to its
stronger visible light absorption under wavelength longer than
500 nm (Fig. S24, ESIt).

3. Conclusions

In this work, the incorporation of carbon rings into the melon
framework reduces the formation energy, enabling successful
growth of a novel isotype heterojunction of PHI with high
crystallinity. The formation of PHI, the hetero-phase junction
between Na-PHI and K-PHI, as well as the existence of carbon
rings contributes to the smooth transfer and separation
kinetics of charge carriers. Moreover, the visible light absorp-
tion has been extended up to 800 nm due to the carbon-
induced intermediate levels in the bandgap. The synthesized
HCCN has superior hydrogen evolution activities under the
irradiation of A > 420 nm (3609 pmol g~ ' h™") as well as under
long wavelength light irradiation (4 = 600 nm). This work may
inspire extensive attempts for the design and construction of
novel heterojunctions as well as the design of highly efficient
visible light photocatalysts.
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