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Abstract DOI: 10.1039/D6YA00031B

The development of photocatalysts capable of operating under both light and dark
conditions is critical for sustainable solar energy utilization. This study presents a graphene-
enhanced cyano-functionalized carbon nitride composite, fabricated via a simple
electrostatic assembly method, to achieve efficient photocatalytic hydrogen evolution
during day-night cycles. The introduction of graphene doesn’t alter the structure of NONCN.
Graphene functioned as an electron-conductive network, significantly improving charge
separation and storage capabilities. Under visible light (A > 400 nm), the optimal composite
with 0.5 wt. % graphene exhibited a hydrogen production rate of 3156 umolsh-leg!, 35%
higher than pure N°NCN. Remarkably, in dark conditions, it achieved a hydrogen yield of
3.8 umol, representing a 65% enhancement. Photoelectrochemical analyses validated the
reduced recombination of electron-hole pairs and enhanced conductivity. The proposed
mechanism highlights the role of graphene in facilitating electron transfer to Pt co-catalysts
and storing electrons via cyanide-K™ pairs for delayed hydrogen production in darkness.
This work demonstrates the potential of graphene-based composites as efficient all-weather
photocatalysts for sustainable energy applications.

Keywords : graphene; photocatalysis; carbon nitride; hydrogen production; electron

storage; all-weather catalysis.
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29 1. Introduction DOI: 10.1039/D6YA00031B
30  With rapid economic development, fossil fuels are being heavily utilized, leading to a
31  significant increase in greenhouse gas emissions.! Therefore, the development of
32  sustainable clean energy is imperative. Solar energy, as one of the most important
33  sustainable clean energy sources, has attracted considerable attention since the 1970s.?
34  Recently, H, production via solar-driven photocatalytic water splitting on semiconductor
35 materials has been extensively studied as an attractive pathway. > However, the poor solar-
36  to-hydrogen conversion efficiency of semiconductor photocatalysts severely limits the
37  practical development of photocatalytic water splitting, due to their inefficient charge
38  separation/transfer, limited light absorption capacity, and poor surface reactions.* 5 To
39 address these challenges, developing high-performance photocatalysts is necessary. In this
40  context, carbon nitride has garnered widespread attention due to its excellent physical

41  properties and tunable composition/morphology/chemical structure.® 7 It possesses a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

42  favorable electronic structure with a band gap of 2.7 eV.® Additionally, it offers the

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

43  advantages of being easily obtainable at low cost, high stability, and a tunable structure.® 1°

(cc)

44  Although carbon nitride also suffers from drawbacks such as high recombination rates of
45  photogenerated electron-hole pairs, its photocatalytic performance can be improved
46  through methods like morphology modification!!, doping!?-!4, co-catalyst modification'>,
47  and constructing composite heterojunctions!¢-!3,

48  Furthermore, some researchers have combined carbon nitride with graphene to improve its
49  conductivity and catalytic performance. Graphene, a two-dimensional macromolecular

50  sheet of carbon atoms with a honeycomb structure, has attracted significant attention due
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to its outstanding mechanical, thermal, optical, and electrical properties, as well4s i§ Wwid& %"

applications in nanoelectronics, biosensing, polymer composites, capacitors, and
catalysts.!”- 20 Moreover, graphene's high thermal conductivity ensures excellent charge
carrier mobility. Graphene can be easily produced from natural graphite at low cost through
chemical oxidation, dispersion, and reduction processes. Indeed, due to its excellent
properties and high compatibility, there are numerous examples of graphene applications
in photocatalysis. For instance, Zhang et al 2! reported a nano-TiO, (P25)-graphene
composite photocatalyst for the photocatalytic degradation of methylene blue. Mietek
Jaroniec?? et al prepared a graphene/g-C3N4 composite for photocatalytic water splitting to
produce hydrogen. Huaming Li et al 2* fabricated an mpg-C3N, composite modified with
hydroxyl graphene quantum dots.

Although numerous studies have sought to enhance the photocatalytic hydrogen production
performance of g-C;N4. However, a key limitation remains its lack of activity in dark
environments. Particularly recently, some researchers focus on photocatalysis in dark
conditions. 2* Lotsch et al 2 reported a cyanamide-functionalized carbon nitride based on
heptazine units. This carbon nitride forms highly reductive radicals in the presence of an
electron donor under sunlight irradiation, with lifetimes extending beyond day-night cycles.
These radical species form within the cyanamide-functionalized polymer network of the
heptazine units and can release their trapped electrons in the dark to produce H,, triggered
by a co-catalyst. Other studies have also involved dark catalysis of carbon nitride, but these
primarily focus on modifying and optimizing carbon nitride itself, with few other related

reports.
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73 In this study, we report a strategy for preparing G-NNCN composite photoCataly/sts 9147
74  static electrical assembly of cyanamide-functionalized carbon nitride and graphene. The
75  effect of different graphene contents on the photocatalytic hydrogen production efficiency
76  from an aqueous triethanolamine solution under visible light irradiation was discussed. The
77  morphology, structure, and photoelectrochemical properties of the G-NNCN composite
78  were characterized using various physicochemical methods. The results indicate that the
79  introduction of graphene significantly enhances the catalytic performance of the G-NCNCN
80  composite compared to pure NCNCN. Meanwhile, graphene serves as a conductive network,
81  significantly enhancing the electron storage capacity of the G-NNCN composite and
82  strengthening its ability for hydrogen production from water splitting under dark conditions.
83 2. Experimental

84  2.1. Chemicals and reagents

85  Graphene, chloroplatinic acid, triethanolamine, and 4-MBA were provided by Shanghai

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

86  Aladdin Biochemical Technology Co., Ltd. Melamine (>99%) and potassium thiocyanate

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

87  (299%) were provided by Shanghai Macklin Biochemical Technology Co., Ltd. All

(cc)

88  chemicals were used as received without further purification.

89 2.2 Symthesis of cyano-containing carbon nitride

90 Cyanamide-functionalized carbon nitride (N*NCN) was synthesized via a two-step thermal
91  process.?® In the first step, bulk graphitic carbon nitride (bulk g-C3N4) was prepared by
92  heating 10 g of melamine in a covered alumina crucible within a muffle furnace. The
93  temperature was raised to 550 °C at a rate of 3 °Cemin’! and maintained for 3 h, followed

94 by natural cooling to room temperature to obtain a yellow CN powder. Subsequently, 500
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mg of the as-prepared melamine was thoroughly mixed with 1 g of potassium™Hiocyanatd *°%*"®

(KSCN). The finely ground mixture was placed in a covered ceramic boat and heated under
a nitrogen atmosphere. The temperature was first increased to 400 °C at 3 °C/min and held
for 1 h, then rapidly raised to 550 °C for an additional 30 min. After cooling, the resulting
product was washed with deionized water, collected by centrifugation, and dried, yielding
a yellow powder identified as N°NCN.

2.3 Synthesis of G- NNCN composite

The G- NNCN composite was synthesized via a straightforward electrostatic assembly
approach. Briefly, 10 mg of the as-prepared N°NCN photocatalyst was dispersed in 80 mL
of deionized water. Subsequently, a graphene solution, equivalent to 0.5 wt. % of the
NENCN mass, was introduced into the mixture. The suspension was magnetically stirred
continuously for 10 h to facilitate the integration of NONCN with graphene, yielding the final
composite material.

2.4 Characterization

The crystal structures of the samples were analyzed by powder X-ray diffraction (XRD) on
a Bruker D8 ADVANCE diffractometer. Morphological and microstructural analyses were
carried out using transmission electron microscopy (TEM) on an HT-7800 microscope and
a TF20 high-resolution transmission electron microscope (HRTEM) operating at 120 kV
and 200 kV, respectively. The surface chemical states were investigated by X-ray
photoelectron spectroscopy (XPS) using an ESCALAB QXi spectrometer with a
monochromatic Al Ka X-ray source. Fourier transform infrared (FTIR) spectra were

recorded on a Thermo Fisher Nicolet Is5 spectrometer. UV-Visible absorption spectra were
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117  obtained using a Shimadzu UV-2600 spectrophotometer. Photoluminescence (PLY $pectrd*%*"*
118  and transient fluorescence decay curves were measured at room temperature on a Gangdong
119  Science and Technology F-320 spectrophotometer and an Edinburgh FLS 1000
120  fluorescence spectrophotometer, respectively. The photoelectrochemical properties,
121  including the photocurrent response and electrochemical impedance spectroscopy (EIS),
122 were evaluated using a CHI-660F electrochemical workstation.

123 2.5 Photocatalytic hydrogen production

124  Photocatalytic H, production reactions under visible light were carried out by dispersing 10
125 mg of the prepared material into 80 mL of an aqueous solution containing 4 mL of
126  triethanolamine. The photocatalytic water splitting reaction was performed in an irradiation
127  reaction vessel connected to a glass-enclosed gas system. Prior to the hydrogen evolution
128  reaction, in a typical procedure, 10 mg of Pt-loaded catalyst was dispersed into 80 mL of

129  an aqueous solution containing 4 mL of triethanolamine. The system was evacuated several

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

130 times to completely remove residual air. The evolved gases were analyzed using gas

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

131 chromatography (GC-7920) equipped with a TCD detector, using argon as the carrier gas.

(cc)

132  Visible light was provided by a 300 W xenon lamp using a filter (A > 400 nm). The
133  temperature of the reaction system was maintained at 15 °C using a cooling water flow.
134 3. Results and discussion

135  The structural characteristics of G-NCNCN samples were analyzed using XRD. As shown in
136  Fig. 1a, all samples, including the composite with 0.5 wt. % graphene loading (0.5 wt. %
137  G-NCNCN)), exhibit similar diffraction patterns. This indicates that the fundamental structure

138  of the N°NCN matrix is preserved after graphene incorporation. CN exhibits two distinct
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diffraction peaks at 12.9° and 27.2°. The distinct peaks at approximately 27.2%n'tH&’prg 0%

CN sample corresponds to the (002) interplanar stacking of graphitic carbon nitride.?® In

contrast, this peak shifts to a higher angle of 28.2° in both the pure N°NCN and the 0.5 wt. %

G-NENCN composite, corresponding to a smaller interlayer spacing. This shift suggests a

denser interlayer packing in the NCNCN-based materials. Due to the ability of molten salt to

enhance the crystallinity of carbon nitride, the (100) diffraction peak at 12.9° shifts toward

smaller angles compared to the diffraction peak of CN. Although a characteristic (002) peak

of graphene is observed at 26.2° in the pure graphene sample, this peak is absent in the

XRD pattern of the composite due to the low concentration and high dispersion of graphene,

which is below the detection limit of XRD. 27

a) Lo b) Graphene
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] —— — N 1
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> p e
‘0 (100) . =
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Fig 1. (a) XRD patterns and (b) FT-IR spectroscopy of CN, NCNCN, graphene, and 0.5 wt.% G-NCNCN.
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151 (¢) UV-visible absorption spectroscopy of NCNCN, graphene, and 0.5 wt.% G-NCNCN, "aRd'{d} qipas 0008
152  dependent UV-Vis absorption spectra of the 0.5 wt.% G-NCNCN sample.

153  Furthermore, the chemical structures of pristine CN, NNCN and 0.5wt% G-NNCN were
154  examined by FT-IR spectroscopy in Fig. 1b. The spectra of all three samples exhibit strong
155  similarity in the region of 800-1650 cm!. The characteristic peaks of the heptazine core at
156  approximately 804 cm™! and the bridging C-N bending vibrations at 1208 and 1307 cm'! are
157  preserved in both NNCN and the 0.5 wt.% G-NNCN composite, indicating that the
158  fundamental structure of the carbon nitride matrix remains intact after modification. The
159  key difference for the N°NCN-based samples is the appearance of a distinct peak at 2181
160  cm!, which is attributed to the C=N stretching vibration of surface cyanamide groups.?® %
161  Furthermore, the 0.5 wt.% G-NNCN composite shows a new peak at 1564 cm!,
162  corresponding to the skeletal vibration of graphene sheets.?® This confirms the successful

163  incorporation of graphene into the composite without altering the primary structure of the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

164  NCNCN host.

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

165  The optical properties of pristine CN, NNCN and 0.5wt% G-NNCN were characterized by

(cc)

166  UV-Vis diffuse reflectance spectroscopy in Fig.1c. Since the liquid concentration is not
167  high graphene exhibits a relatively low and featureless absorption across the 400-800 nm
168  visible light range, while N°NCN demonstrates significantly enhanced light absorption.
169  Notably, the 0.5 wt.% G-NNCN composite displays an intermediate absorption intensity
170  that surpasses that of graphene and NYNCN alone. Therefore, the photocatalytic band
171 structure diagram derived from Tauc plots and valence band maps is presented in Figure

172 S5. It can be observed that the band structure of the composite material has not undergone
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significant changes. However, compared to the individual components, thE“cohiposite 7%
exhibits markedly enhanced absorption, suggesting a potential synergistic interaction
between graphene and the N°NCN matrix. The improved light-harvesting efficiency serves
as a key indicator of the composite's potential for enhanced photocatalytic performance. Fig.
1d shows the color changes in the photocatalytic system before illumination and after 1h
and 2h of light exposure. A distinct shift from white to blue is observed, with the entire
system appearing blue. This is because under light exposure, NNCN transitions to an
excited state, generating negatively charged radical anions accompanied by a color
change.3!-33 The corresponding absorption changes are also evident in the UV-visible
absorption spectrum. Similarly, the UV-visible absorption spectra of the pure NCNCN
sample at different irradiation times are shown in Fig S2, exhibiting a trend consistent with

that of the 0.5 wt. % G-NNCN sample.?

20nm

Fig. 2. (a) and (b) HRTEM image of pure N°NCN. (c) and (d) TEM images of the 0.5 wt.% G-NCNCN
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187  composites. (¢) and (f) HRTEM images of the 0.5 wt.% G-NCNCN composites. DOl 10.1039/D6YA00051B
188  The morphology and microstructure of the G-NCNCN composite were investigated using
189  transmission electron microscopy (TEM). As shown in Fig. 2a-2b, the NNCN
190  photocatalysts display the irregularly shaped particles with an average size of
191  approximately 50 nm. The graphene exhibits the layered structure and tightly wraps around
192  the NENCN particle surfaces in the G-NCNCN composites (Fig. 2¢-2d). Although no clear
193  graphene lattice striations were captured, this may be attributed to graphene's low contrast
194  and sensitivity to intense electron beams. 3*The interface between graphene and NNCN is
195  further revealed (Fig. 2e), the edge of the lamellar graphene interface has carbon nitride
196  with lattice fringes. The lattice fringes with a spacing of 1.1 nm are observed, which is
197  corresponded with the (100) planes of carbon nitride. Moreover, in the post-reaction
198  HRTEM image (Figure S7), Pt particle lattice fringes are clearly observable, indicating that

199 Pt particles have deposited on the catalyst surface. EDS analysis of the G-NCNCN sample

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

200  (Figure S6) reveals that carbon (C) exhibits the most extensive distribution. Nitrogen (N)

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

201  and potassium (K) are concentrated on the NNCN sample surface, while some platinum

(cc)

202  (Pt) shows agglomeration. Overall, however, Pt remains uniformly distributed.
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Fig 3. (a) Nitrogen adsorption-desorption curve and pore size distribution curve of N°NCN and 0.5wt%
G-NENCN, (b) high-resolution C 1s XPS spectrum of CN, NCNCN, graphene, and 0.5 wt.% G-NNCN, (c¢)
high-resolution N 1s XPS spectrum of CN, NCNCN, graphene, and 0.5 wt.% G-NNCN, and (d) high-
resolution K 2p XPS of CN, NNCN, graphene, and 0.5 wt.% G-NCNCN.

The pore structure and specific surface area of NN CN, and 0.5 wt% G-NNCN were
analyzed via N, adsorption-desorption isotherms (Figure 3a). Figure 3a shows the
mesoporous structure (2—-50 nm) of the carbon catalyst, with 0.5 wt% G-NCNCN exhibiting
higher pore volume (0.096 vs. 0.082 cm?/g) and larger specific surface area (61.88 vs. 52.53
m?/g). The specific surface areas and pore volumes of NNCN, and 0.5 wt% G-NNCN are
listed in Table S3.

X-ray photoelectron spectroscopy (XPS) was employed to elucidate the chemical
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215  composition and the chemical states of C, N, and K elements in the G-NCNCN'Colngdsite/ 0"
216  The survey spectrum of loaded with 0.5 wt.% graphene (Fig. S3a) reveals the presence of
217  C, N, and O, along with a distinct peak at 291 eV corresponding to K 2p, confirming the
218  incorporation of potassium into the composite. Analysis of elemental content proportions
219  also indicates the presence of K in both NCNCN and 0.5 wt% G-NCNCN samples, along with
220  increased C and O content upon graphene incorporation (Table S1). It indicates that the G-
221 NCNCN composite photocatalyst is mainly composed of carbon, nitrogen, and oxygen, and
222  also contains potassium ions. On the contrary, the XPS total spectrum of CN does not
223  contain K peak (Fig. S3b). As shown in Fig.3b, the high-resolution C 1s spectrum of N'NCN
224  and 0.5 wt.% G-NCNCN can be deconvoluted into three primary components at binding
225  energies 0f 284.8, 286.4, and 288.2 eV, corresponding to the C=C, C-N, and N-C=N bonds,
226  respectively, which are characteristic of the heptazine rings in carbon nitride.’> However,

227  two additional peaks in the range of 292.9 and 295.7 ¢V in the N°NCN and 0.5 wt.% G-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

228  NONCN (Fig. 3d) are assigned to K* ions, which are absent in pristine carbon nitride (CN).

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

229  This is corroborated by the presence of anionic cyanamide groups in the distinct NONCN

(cc)

230  structure observed in the preceding FT-IR spectrum, indicating that its charge is balanced
231 by K* counterions.?® As shown in Fig. 3c, the N 1s spectrum further corroborates the carbon
232 nitride structure, displaying major peaks for sp?-hybridized N in C-N=C (398.7 ¢V) and
233  amino groups (C-NHy, 401.0 eV), alongside a m-excitation peak at 404.4 eV. A notable
234 observation is the consistent shift of these peaks to higher binding energies in the G-NNCN
235  composite compared to its individual components. This positive shift suggests an enhanced

236  m-electron delocalization across the heterojunction, likely induced by the electronic
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coupling between graphene and the CN matrix, which is beneficial for facilitating ¢Hargd %"

carrier separation.?% 36
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Fig 4. (a) Photoluminescence spectra of the NNCN and 0.5wt.% G-NNCN samples. (b) Time-resolved
fluorescence spectroscopy of CN, NCNCN and 0.5wt.% G-NNCN. (c¢) Transient photocurrent of CN,
NENCN and 0.5wt.%G-NNCN samples. (d) EIS Nyquist plots of CN, NCNCN and 0.5wt.%G-NCNCN.

Time-resolved and steady-state  photoluminescence spectroscopy (TRPL/PL)
measurements conducted at room temperature (Fig. 4a and 4b) reveal significant
differences between pristine N°NCN and 0.5wt% G-NCNCN. The steady-state PL spectra of
NENCN and G-NENCN, excited over a broad wavelength range, are shown in Fig. 4a. It can
be observed that the PL spectrum of the G-NYNCN sample is very similar to that of the pure

NCNCN sample, with both samples exhibiting a main emission peak at around 470 nm
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249  (corrected from eV). However, compared to the pure NCNCN sample, the emission int&isity 02"

250  of G-NCNCN is reduced, indicating a higher separation rate of photogenerated electrons and
251  holes in the composite under visible light irradiation. This can be attributed to graphene in
252  the G-NNCN composite acting as a separation center for photogenerated electrons and holes.
253  Under light irradiation, electrons in NYNCN are excited from the valence band to the
254  conduction band and transfer to graphene. Due to its two-dimensional m-conjugated
255  structure, graphene effectively prevents the recombination of photogenerated electrons and
256  holes and is considered an excellent electron acceptor material.?® Additionally, the
257  measured fluorescence lifetime of 0.5 wt.% G-NCNCN is shorter than that of pure NNCN
258  and pure CN samples (Fig. 4b). This may be attributed to the bonding between graphene
259  and the NNCN matrix accelerating charge separation in NCNCN. Consequently, the
260  shortened fluorescence lifetime may provide more opportunities for carriers to participate

261  in the photocatalytic HER reaction before recombination, thereby enhancing photocatalytic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

262  HER performance.
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263  To further compare the charge separation and interfacial charge transfer efficiency of pure

(cc)

264  NONCN and the G-NCNCN composite sample, photocurrent tests were conducted on CN,
265 NONCN and 0.5 wt.% G-NNCN samples using a standard three-electrode setup. As shown
266  inthe Fig. 4c, it can be clearly seen that under illumination, the photocurrent intensity value
267  increases rapidly, and when the light is turned off, the value decreases rapidly. Comparing
268  the pure NNCN sample, the G-NCNCN composite sample shows higher photocurrent
269 intensity. This significant enhancement in photocurrent intensity indicates that the G-

270  NCNCN composite sample has a lower recombination rate of photogenerated electron-hole
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pairs and stronger conductivity, which corroborates the PL spectroscopy con€ftisions’aid "

further proves that graphene promotes the separation efficiency of photogenerated charge

carriers in the composite sample. In addition, electrochemical impedance spectroscopy (EIS)

was performed on pure CN, pure NCNCN, and G-NNCN samples in a 0.2 M sodium sulfate

solution. As shown in Fig. 4d, the resistance of the NCNCN sample is almost the same as

that of the CN sample, with impedance of the N°NCN samples slightly lower than that of

CN. In contrast, the G-NCNCN sample shows a significant trend of reduced resistance. This

indicates that the close interfacial contact between graphene and NNCN can enhance

photogenerated electron transfer and reduce the charge transfer barrier of NNCN, thereby

enhancing conductivity and photocatalytic activity.3

a) 160

120

H, Evolution (pmol)
3 3

1 wt% G-NCNCN
—4—0.5 wt% G-NSNCN

0.25 wt% G-NCNCN
——0.125 wt% G-NCNCN

—a— NCNCN
CN

L2)
'
[
o

=y - N
N =] N
L L L

Catalyst capacity (pmol)

»
1

0.5 wt% G-N°NCN NCNCN
Samples

CN

b) *

H, Evolution (umol)
N w

—
1

Light

——0.5

wt.% G-NNCN

Pt 0.25 wt.% G-NCNCN
—=—0.125 wt.% G-"°NCN
. NCNCN
0 -* * T T T
0 1 2 3 4 5 6
Time (h)
d)30
—a—0.5 wt.% G-NCNCN

© 94
£ 24
2
2184
Q
©
&
o124
=]
[72]
2>
(&]

0-

0 30 60 90 1

Time (min)

20 150 180

Fig. 5 (a) Photocatalytic hydrogen evolution performance of CN, NNCN and the G-NCNCN samples with
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283 Pt cocatalyst. (b) Dark photocatalytic hydrogen production performance of the G-NCNCN SAmpies Witl{\0001®

284  different graphene amounts after adding Pt cocatalyst. (¢) Electron storage capacity of the CN, NCNCN
285  and 0.5 wt.% G-NCNCN samples. (d) Time-dependent charge storage of the 0.5 wt.% G-NCNCN sample.
286  The photocatalytic performance of the material system was mainly evaluated by the
287  photocatalytic hydrogen production under light and the hydrogen production efficiency in
288  dark conditions. Fig. 5a presents the photocatalytic hydrogen production performance of
289 the G-NNCN samples with varying graphene weight ratios under continuous light
290 irradiation. Compared to pure CN, pure NCNCN exhibits significantly enhanced activity,
291  which can be attributed to its suitable band gap and distinctive electronic structure. After
292  adding a small amount of graphene, the photocatalytic activity of the 0.125 wt.% G-NNCN
293  sample significantly increased. The hydrogen evolution rate increases with graphene
294  content up to 0.25 wt.%, reaching a maximum value of 3156 pmoleh-'sgl. Meanwhile,

295  Table S4 presents the hydrogen production performance of other carbon nitride/graphene-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

296  based composites. Apparent quantum efficiency (AQE) measurements at 450 nm yielded

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

297  values of 0.21% for the NNCN sample and 0.43% for the 0.5 wt% G-NNCN sample at the

(cc)

298  central wavelength of 450 nm (Table S2). However, further increasing the graphene content
299  to 0.5 wt. % and 1 wt.% leads to a notable decline in photocatalytic activity. This reduction
300 is likely due to increased opacity and light scattering, reducing radiation penetration
301  through the reaction suspension. These results indicate that an appropriate graphene loading
302 s crucial for optimizing the photocatalytic activity of the G-NNCN composite. Fig. 5b
303  shows the hydrogen production yield plots for different samples discharging hydrogen in

304 the dark after adding Pt nanoparticles following 2 hours of light irradiation. It can be seen
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that compared to the pure N°NCN sample, all mass ratios of G-NNCN materials sHowéd *°%*

increased yield after the addition of graphene, with the 0.5 wt.% G-NCNCN sample having
the highest yield, reaching 3.8 pmol. This is likely because graphene promotes the
separation of photogenerated electron-hole pairs in NONCN, thereby increasing the electron
storage capacity of the sample.?’

To quantitatively determine the amounts of stored electrons in the G-NNCN composite
system, Methyl viologen (MV?") is utilized based on the principle that it undergoes a single-
electron reduction process to form a distinctly blue radical cation (MV*). By measuring the
absorbance of the solution at 600 nm, the amount of MV* generated during the quenching
of G-NNCN by MV?* was determined.3® Therefore, the amount of MV* equals the number
of electrons accumulated in the catalyst. 33-3° As shown in Fig. 5¢, using the above method,
the electron storage capacity of the pure NNCN sample was measured to be 6.3 pmol,
whereas that of the 0.5 wt.% G-NNCN composite sample reached 26.2 pmol, which is 4.2
times that of the pure NCNCN sample. Moreover, a noticeable difference in the intensity of
the solution color was observed (as shown in Fig. S1). This phenomenon is likely attributed
to the conductive network formed by graphene within the composite system, which
enhances electron storage capacity. This conclusion is further supported by the subsequent
hydrogen production experiments conducted in dark environments. The effect of different
illumination durations on stored photoelectrons is shown in Fig 5d. It is evident that as the
illumination time increases, the stored electron quantity continues to rise until the sacrificial

agent is completely depleted.
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327  Fig. 6 (a) The recycling experiments of the 0.5 wt.% G-NNCN photocatalyst. (b) Schematic of
328  photocatalytic hydrogen production over the G-NCNCN sample under light and dark conditions.

329  The stability of the 0.5 wt.% G-NNCN composite was evaluated through cyclic experiments
330  under identical photocatalytic conditions (Fig. 6a). Over four consecutive cycles, hydrogen
331  production decreased in the last three cycles compared to the first cycle, However, Figure
332 S8 shows the XRD comparison of the G-NCNCN sample before and after reaction. It can be
333  observed that the XRD patterns of the sample remain virtually unchanged before and after

334  reaction. This indicates that the structure of the G-NCNCN sample has not undergone

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

335 significant alteration. Figure S9 presents an image of the G-NNCN sample after

336  centrifugation at 10,000 rpm for 5 minutes. This indicates the sample exhibits excellent

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 1:22:10 AM.

337  dispersibility in solution, potentially leading to losses during centrifugation, washing, and

(cc)

338  supernatant decantation. This may explain the slight decrease in hydrogen yield observed
339  during the cycling test. Nevertheless, the G-NCNCN sample retained 80% of its initial
340 hydrogen production capacity after four cycles, demonstrating considerable stability.
341  Naturally, such losses are undesirable, and future plans will focus on addressing this issue.
342  The mechanism underlying the high hydrogen evolution activity of the sample under visible
343  light irradiation can be explained as shown in Fig. 6b. Under visible light irradiation,

344  electrons (e°) transition from the valence band (VB) formed by the N 2p orbitals to the
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conduction band (CB) formed by the C 2p orbitals in the NNCN molectié, titéréby *°%*™

generating holes (h*) in the valence band. Typically, these carriers rapidly recombine, and
due to Schottky barrier limitations, only a fraction of electrons are injected into Pt
nanoparticles.*® The injected electrons accumulate on the Pt nanoparticle surface,
effectively reducing H,O (or H") to produce H,. Meanwhile, the holes accumulate in the
VB of NeNCN and react with triethanolamine, which acts as a sacrificial agent. When NNCN
is immobilized on graphene sheets to form a layered composite, the excellent conductivity
of graphene facilitates the transfer of these photo-generated electrons to the graphene sheets,
enhancing hole-electron separation. The transferred electrons accumulate at the Pt
nanoparticles loaded on the graphene sheets via the electronic pathways of graphene,
subsequently participating in H, generation. Without loaded platinum nanoparticles, the
photo-generated electrons produced by NCNCN transfer to graphene, achieving electron-
hole separation. Excess holes react with 4-MBA as a sacrificial agent, while electrons are
absorbed and stored within the NCNCN structure via the cyanide-potassium ion pair through
the graphene electron channel. When illumination ceases and the environment darkens, the
photogenerated electrons remain stored until platinum nanoparticles intervene, at which
point the stored electrons are transferred to participate in the H, generation reaction.

4. Conclusion

In summary, this study prepared a G-NNCN composite via physical mixing and
investigated the effect of graphene loading on the structure and performance of the G-
NENCN composite photocatalyst. After introducing graphene, NNCN was immobilized on

the graphene surface to form a layered composite. Graphene acts as a conductive channel,
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effectively separating photogenerated charge carriers, improving the YisiBI&-Fight'*****®
photocatalytic hydrogen production activity, and simultaneously increasing its electron
storage capacity in dark environments. The results show that the optimal graphene content
is 0.5 wt.%, with a corresponding hydrogen production rate of 3156 pmoleh-'eg-!, which is
approximately 35% higher than that of pure N°NCN sample. Furthermore, the hydrogen
production amount in the dark reached 3.8 pmol, about 65% higher than the pure NNCN
sample. Photoluminescence and photocurrent response data further confirmed that
graphene can act as a good acceptor for photogenerated electrons, thereby hindering the
recombination of electron-hole pairs. This work demonstrates that G-NCNCN is a highly
promising candidate composite material, potentially useful for developing high-
performance photocatalysts and inexpensive metal-free G-NCNCN composites with high

visible-light photocatalytic activity.
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