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arbon nitride 1D/2D
heterostructure towards superior visible-light-
driven hydrogen generation from water splitting

Liting Wei, * Yinhu Yu, Jiao Jiao and Yangfang Wu

Photocatalytic hydrogen evolution from water splitting is an attractive way to handle the energy crisis.

Herein, a SiC/g-C3N4 1D/2D heterostructure photocatalyst was prepared via two-step polymerization of

melamine on the surface of SiC nanowires. The incorporation of SiC nanowires induce the broadened

light absorption, enlarged surface area and accelerated carrier separation and transfer across the SiC/g-

C3N4 heterostructure. Consequently, the 1D/2D SiC/g-C3N4 exhibits higher H2 generation rate (2250

mmol g−1 h−1), which is 53 times higher than that of pristine g-C3N4 and superior to the already reported

0D/2D SiC/g-C3N4 photocatalysts. This work develops a novel 1D/2D heterojunction for the highly

effective photocatalytic H2 generation in the visible region.
1. Introduction

Hydrogen production via photocatalytic water splitting has
been considered as a green, economical, and environmentally
friendly way to achieve energy conversion.1,2 At present, the
energy conversion efficiency of solar-to-hydrogen (hSTH) is still
below expectation, with the highest being ∼1.16% under one-
sun illumination.3 The main obstacles are the lack of suitable
photocatalysts which can simultaneously meet the following
requirements:4 (1) suitable band gap and band edge to absorb
broadband light and meet the thermodynamic requirements of
water splitting to produce hydrogen; (2) efficient separation and
fast transfer of photo-generated electron–hole pairs. As a classic
photocatalyst, g-C3N4 (CN) has received extensive attention due
to low cost, nontoxicity, good chemical stability, and excellent
electronic structure,5–7 and shows potential applications in
photocatalytic hydrogen production,5,8 CO2 reduction,9,10 and
pollutant degradation.11–13

However, the efficiency of pristine CN is still not satisfactory
(0.5%)14 due to the insufficient visible light absorption, the fast
recombination of photogenerated electron–hole pairs and
limited active sites.15,16 It has been reported that coupling C3N4

with other semiconductors to construct the heterostructure
should be a promising way to accelerate the charge transfer for
enhanced photocatalytic activity.17,18 One candidate of photo-
catalyst for hybridization of g-C3N4 is SiC, which has proper
band edge and high carrier mobility.19–22 To date, 0D SiC
nanoparticles/2D CN nanosheets photocatalysts has been
successfully prepared, which exhibit a lower photocatalytic
hydrogen evolution rate under UV-vis light.23–25 Compared with
g University, Yuncheng 044000, China.

the Royal Society of Chemistry
the point-to-face contact of 0D/2D interface, the line-to-face
contact of 1D/2D interface is more benecial to improve the
catalytic performance, since its large interface contact area
would provide sufficient charge transfer and trapping channels
for the separation of photogenerated electron–hole pairs.26

However, relatively scarce studies have been reported concern-
ing construction of 1D/2D SiC/CN heterostructure. Moreover,
the underlying structural factors responsible for the interfacial
charge transfer have not been clearly identied.

In this work, we designed and synthesized CN nanosheets
grown on SiC nanowires, which were self-assembled into a 1D/
2D II-scheme heterostructure through the bridge of strong
chemical bonds. The band-matched heterojunction not only
improves the charge transfer at the interface, but also increases
the light absorption and surface area. Thus, the SiC/CN
demonstrates outstanding H2 generation rate (2250 mmol g−1

h−1) and apparent quantum yield (8.4% at 380 nm), which is 53
times higher than that of pristine CN. Accordingly, this type of
heterostructure photocatalyst have a good potential in renew-
able clean energy conversion in terms of its superior photo-
catalytic activity, low cost as well as environmental friendliness.
2. Experimental
2.1 Preparation of 1D/2D SiC/CN composite photocatalyst

SiC nanowire was synthesized according to a previous report.27

The SiC/CN composites were prepared by a two-step air etching
method. In a typical synthesis procedure, 10.0 g of melamine
and 5.0 mg of SiC were dispersed in 50 mL distilled water and
sonicated for 1 h. Next, the mixture was transferred to a round
ask to evaporate the excessive water at 100 °C under steady
stirring, followed by annealing in air at 550 °C for 4 hours at
a heating rate of 5 °C min−1, and the obtained sample was
RSC Adv., 2026, 16, 3387–3394 | 3387
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View Article Online
named as SiC/bulk CN. Subsequently, the obtained SiC/bulk CN
was further annealed in an opened porcelain boat at 500 °C for
2 h at a ramping rate of 10 °C min−1, and the derived sample
was denoted as SiC/CN. SiC/CN composites with different mass
ratios were synthesized by adding 1 mg, 5 mg, 10 mg SiC
nanowire into 10.0 g of melamine, and were named as SiC/CN-
01, SiC/CN-05, SiC/CN-10, respectively. As a reference sample,
bare CN was prepared with the same condition as described
above.
2.2 Characterization

The phase compositions of the samples were analyzed using
a X-ray diffractometer (XRD) with Cu Ka radiation (l = 0.154
nm) at 40 kV and 40 mA. The infrared absorption spectra were
obtained using a Bruker Vertex 70 FTIR spectrophotometer with
KBr as diluents. Scanning electron microscopy (SEM) images
were acquired through a JSM-7800F instrument. The structural
and morphological characterizations were examined with
a transmission electron microscope (TEM, FEI Tecnai G2 F30 S-
Twin). X-ray photoelectron spectra (XPS) were acquired by
a Kratos Axis Ultra X-ray spectrometer. Surface area and porosity
measurement was carried out by N2 adsorption on a Micro-
meritics ASAP 2020 plus instrument using the Brunauer–
Emmett–Teller (BET) method. The UV-visible diffuse reectance
spectra (UV-vis) were obtained through a Hitachi U-4100
instrument equipped with a diffuse-reectance accessory and
with BaSO4 as the reference. The photoluminescence (PL)
images were acquired on a PTI QuantaMaster 40 steady-state
uorescence spectrophotometer at room temperature.
2.3 Photocatalytic H2 production activity tests

Photocatalytic water splitting was carried out in a 110 mL Pyrex
glass system equipped with a 300 W Xe lamp and a circulatory
cooling water system to keep the reactor running near room
temperature. Typically, 10 mg photocatalysts was dispersed in
80 mL ultrapure water containing 10 wt% triethanolamine
(TEOA) as a sacricial agent and 3 wt% Pt as a cocatalyst. Pt was
in situ photodeposited on photocatalyst with H2PtCl6$6H2O as
a precursor. Before the light irradiation, the reaction cell was
bubbled with Ar for 20 min to remove the dissolved air. The
amount of H2 was measured by a North Point NP-GC-901A gas
chromatography (thermal conductivity detector, TDX-01
column, N2 as the carrier gas). The apparent quantum yield
(AQY) for hydrogen evolution was measured with band-pass
lters (l = 380, 420, 450, 500, 600 nm). The irradiation area
wasmaintained at 10.17 cm2, and AQY was calculated according
to the given formula:

AQY ð%Þ ¼ NH2

Np;l

� 100

¼ 2� number of evolved H2 molecules

number of incident photons
� 100
3388 | RSC Adv., 2026, 16, 3387–3394
3. Results and discussion
3.1 Structure, morphology and composition

The X-ray diffraction patterns reect the phase structures of as-
prepared photocatalysts. As shown in Fig. 1a, the peaks at
13.01° and 27.87° correspond to (100) and (002) diffraction
planes of g-C3N4, respectively.28 The (002) diffraction plane
represents the graphite structure of typical peaks superimposed
between aromatic groups, and (100) plane represents charac-
teristic in-plane peak of the tri-s-triazine structure in CN. The
(111), (220), (311) diffraction planes can be indexed to 3C-SiC
(JCPDS No. 75-0254), and the small peak marked with SF is
ascribed to the stacking faults.29 Aer compositing, except for
their regularly varying intensities due to different mass ratios,
the diffraction peaks of individual CN and SiC remain
unchanged, indicating that the hybrid process doesn't change
the crystal structure of the two semiconductors. The signal of
SiC for SiC/CN sample is very weak and only (220) diffraction
peak is observed, mainly because of the low mass fraction of
SiC.

The functional groups of the as-prepared photocatalysts can
be analyzed from the FTIR spectra as shown in Fig. 1(b). The SiC
nanowire exhibits a very strong absorption vibration peak at
796 cm−1, which is the stretching vibration peak of Si–C bond.
Theoretically, the stretching vibration peak of the Si–C bond is
at 808 cm−1. Aer the reaction at 550 °C for 4 h, the vibration
peak of the sample shows a blue shi, which may be caused by
the surface oxidation of SiC at high temperature. As a result, the
electron cloud density of Si on Si–C bond shis to O atom,
making the electron cloud density of Si–C bond average,
resulting in a decrease in the force constant of Si–C and a shi
towards low wavenumber.30,31 The sharp peaks at 474 cm−1,
1051 cm−1 and 1089 cm−1 belong to the Si–O–Si asymmetric
stretching vibration.32 Besides, SiC/CN shows the similar FTIR
spectra with CN, proving the undamaged molecular structure
aer compounding with SiC nanowires. For CN and SiC/CN,
there are two distinct absorption peaks in the 810–890 cm−1

and 1195–1650 cm−1, which correspond to the 1,3,5-substituted
triazine cycle structure of CN and the typical stretching modes
of C–N heterocycles, respectively.33

The morphology and microstructure of CN, SiC and SiC/CN-
05 are shown in Fig. 2. CN and SiC exhibit a typical sheet-like
structure and nanowire structure with the diameter about
30 nm (Fig. 2b), respectively. To clarify the morphology of SiC/
CN and the interfacial interaction between SiC and CN in SiC/
CN, TEM images and corresponding STEM elemental
mapping of Si, C, N elements have been investigated (Fig. 2c–e).
Aer the two-step polymerization of SiC and melamine, the SiC
nanowires were anchored on the surface of CN nanosheets
(shown in Fig. 2c). The interplanar distance of SiC nanowires is
0.25 nm (Fig. 2d), coinciding well with the (111) plane of SiC.
The not clear lattice fringes in CN should result from the low
crystallinity of CN. Furthermore, the HRTEM image displays
that 2D CN nanosheets tightly combine with the surface of 1D
SiC nanowires to form a heterojunction, which plays a signi-
cant role in the superior catalytic activity. The STEM image of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of as-prepared photocatalysts.
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the SiC/CN hybrids (Fig. S1) and corresponding elemental
mapping of Si, C and N elements (Fig. 2e) evidently show that
the nanowire contains Si and C elements, and nanosheets
contains C and N elements, which further demonstrates the
formation of 1D/2D SiC/CN heterojunction.

The XPS spectra in CN and SiC/CN composite are further
investigated to analyze their surface chemical states and
elemental composition. As shown in Fig. 3a, the SiC/CN sample
displays the signals of C, N, O and Si. For the C 1s spectra of CN
nanosheets and SiC/CN (Fig. 3b), the peaks at 286.2 and
288.3 eV could be indexed to C–NH2 and N]C–N, respectively.34

The binding energy of Si–C bond (283.8 eV) in SiC/CN is higher
than that in SiC (283.2 eV),35 suggesting the bridge of strong
Fig. 2 SEM images of (a) CN and (b)SiC, (c) TEM (d) HRTEM and (e) EDX

© 2026 The Author(s). Published by the Royal Society of Chemistry
chemical bonds at the interface. N 1s spectrum of CN can be
well tted to four N species, i.e., 398.4 eV for sp2-hybridized
nitrogen (C]N–C), 400.9 eV for amino functional groups pos-
sessing a hydrogen atom (C–N–H), 399.5 eV for N–(C)3 and
404.0 eV forp excitation of the C]N conjugated structure.36 The
weak peaks at about 399.5 eV and 404.0 eV are assigned to the
effects of sp3-hybridized nitrogen including N–(C3N3)3,
HN–(C3N3)2 and H2N–C3N3 and p excitation, respectively.37

When SiC is combined with CN, the binding energy of N is
shied towards the low binding energy due to the electron
transfer from SiC to the N-containing group. This result
provides a powerful evidence for the strong electron coupling at
the 1D/2D interface. The Si 2p spectrum of SiC/CN-05 displays
elemental mapping of SiC/CN-05 sample.

RSC Adv., 2026, 16, 3387–3394 | 3389
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Fig. 3 (a) XPS survey spectra and high-resolution XPS spectra of (b) C 1s, (c) N 1s in CN and SiC/CN-05 and (d) Si 2p in SiC and SiC/CN-05.
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the presence of Si–C bond and oxygen-contained groups
including SiOC3, SiO2C2 and SiO3C. Compared with SiC, the
peak area of Si–C bond decreases obviously, suggesting the
surface oxidation of SiC during the synthesis of SiC/CN. Overall,
the XPS characterization results further demonstrate that the
intimate electronic coupling between 1D SiC and 2D CN can be
formed, which could effectively strengthen the charge transfer.

Fig. 4 displays the nitrogen adsorption–desorption
isotherms and corresponding pore size distribution curves of
CN and SiC/CN-x samples. The N2 adsorption–desorption
isotherms of SiC and SiC/CN-x can be classied as type III
Fig. 4 (a) Nitrogen adsorption–desorption isotherms and (b) correspon

3390 | RSC Adv., 2026, 16, 3387–3394
isotherms and all has H3 hysteresis loops (Fig. 4a), implying the
presence of mesopores, which is usually related to the slits
originating from aggregates of plate-like CN.38,39 With the
addition of SiC nanowires, both the surface area and pore
volume gradually increase, and reach the maximumwhen x is 5.
When x continues to increase, the surface area and pore volume
no longer change. Additionally, the sizes of the formed pores in
CN and SiC/CN composite predominantly range from 1 to
50 nm, especially around 13 nm based on the BJH pore-size
distribution as shown in Fig. 4b. Compared with CN, SiC/CN-
05 shows obviously increased surface area (92.6 m2 g−1) and
ding pore size distribution curves of CN and SiC/CN-x.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pore volume (0.529 cm3 g−1). This enhancement can be attrib-
uted to the effective prevention of CN agglomeration by SiC
nanowires through extensive and intimate contact (Fig. 2). And
it can provide more adsorption and reaction sites for the SiC/CN
composites, which is conductive to their photocatalytic H2

evolution.
3.2 Photocatalytic hydrogen evolution

The photocatalytic H2-evolution activity of SiC, CN and SiC/CN
composites were investigated in water with triethanolamine
(TEOA) as a sacricial reagent. As shown in Fig. 5a, the pristine
CN shows a trace amount of H2. Due to the poor conductivity,
the excited electrons can't be effectively transferred to the active
sites of the photocatalytic reaction, resulting in a high recom-
bination rate of photo-excited carriers in pristine CN. Besides,
SiC shows a negligible H2-evolution activity. When hetero-
junction is formed between SiC and CN, the amount of H2

signicantly increases. The average H2-evolution rate of SiC/CN-
01, SiC/CN-05 and SiC/CN-10 can be calculated to be 362, 2250
and 885 mmol g−1 h−1, which is 8, 53 and 21 times higher than
pure CN (42 mmol g−1 h−1), indicating the critical role of
building efficient heterostructure. The photocatalytic activity is
superior to the already reported 0D/2D SiC/g-C3N4 photo-
catalysts and within the middle range of previously reported g-
C3N4-based photocatalysts, as shown in Table S1. The apparent
quantum yield (AQY) of SiC/CN-05 reached 8.4% at l = 380 nm
(Fig. 5d and Table S2). Furthermore, the cyclic stability of
Fig. 5 (a) H2 evolution and (b) average H2 evolution rates of CN, SiC an
sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
photocatalysts is also crucial for the large-scale applications.
Six-cycles hydrogen production experiment was conducted to
investigate its stability. As shown in Fig. 5c, the H2 production
rate is kept for two cycles and exhibits a slight degradation
(7.3%) aer four cycles. In order to determine the cause of the
decrease in catalytic activity, 2 mL of TEOA was added before
the h cycle test began. It can be seen that the catalytic activity
somewhat increases once the sacricial agent is added. There-
fore, the degradation in catalytic activity is potentially attrib-
utable to the overconsumption of the sacricial reagent.
3.3 Photo physical and chemical properties

The optical properties of CN, SiC nanowires, and SiC/CN
composites were investigated via UV-vis diffuse reectance
spectra (UV-vis DRS) (Fig. 6a). The SiC nanowires and CN show
clear absorption edge around 544 nm and 440 nm, respectively.
When CN was hybridized with the SiC, the extended light
absorption can be observed. Table S3 summarizes the band gap
energies and absorption edges of all synthesized samples.
Among them, the absorption edge for SiC/CN-5 is 462 nm. The
photoluminescence (PL) spectra of as-prepared catalysts in
Fig. 6b are used to measure the recombination and transfer
process of photo-generated carriers.40 In general, the lower the
intensity of PL emission peak, the lower the recombination of
charge carriers. It can be seen that all samples exhibit a strong
emission peak around 470 nm, which correspond to the band–
band transition of the photo-induced carriers. Compared with
d SiC/CN-x. (c) Photocatalytic stability and (d) AQY of the SiC/CN-05

RSC Adv., 2026, 16, 3387–3394 | 3391
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Fig. 6 (a) UV-vis diffuse reflectance, (b) PL spectra, (c) photocurrent response and (d) EIS of CN and SiC/CN-x.
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pristine CN, SiC/CN heterostructure photocatalysts exhibit
much weaker emission peak intensity, which indicated that the
existence of SiC can effectively trap electrons and inhibit the
geminate recombination of the carriers. Moreover, SiC/CN-05
sample with the weakest PL intensity proves the lowest recom-
bination rate of photoinduced carriers, which is consistent with
the H2-evolution performance (Fig. 5).

Photoelectrochemical testing is an effective method to eval-
uate the separation and transfer efficiency of photogenerated
electron–hole pairs. Fig. 7c indicates the transient photocurrent
response of CN and series of SiC/CN-x samples. Compared with
bare CN, SiC/CN-x displays much higher transient photocur-
rent, indicating that the SiC/CN heterostructure effectively
Fig. 7 (a) The band gap of CN and SiC, derived from the UV-vis spectra b

3392 | RSC Adv., 2026, 16, 3387–3394
enhances the separation of electron–hole pairs. Obviously, SiC/
CN-05 sample exhibits the highest transient photocurrent.
Besides, the electrochemical impedance spectroscopy (EIS)
measurements were conducted to explore the charge transfer
kinetics at the electrode/electrolyte interface. As shown in
Fig. 7d, the EIS plots were tted using an equivalent circuit
including the series resistance (R1) and charge transfer resis-
tance at the interface between the electrode and the electrolyte
(R2). As displayed in Table S4, the values of R2 for all SiC/CN-x
samples are obviously lower than that of CN, suggesting that the
introduction of SiC lowers the resistance of photogenerated
charge transfer. The smallest R2 can be found in the SiC/CN-05
sample; further increase of SiC mass ratio in the SiC/CN
y Kubelka–Munk function. (b) Mott–Schottky (MS) plots of CN and SiC.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The proposed mechanism of SiC/CN as a photocatalyst for water splitting.
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composites leads to a larger charge transfer resistance. It is
supposed that excessive addition of SiC could shield part of
incident light, decreasing the light harvesting of CN to excite
photogenerated carriers.41

To further understand the separation mechanism of photo-
induced carriers, band gap energy and at band potential were
analyzed to construct the energy band structure. Calculated by
the transformed Kubelka–Munk function (as shown in Fig. 6a),
the band gap energies of CN and SiC are estimated to be 2.68
and 2.64 eV, respectively. The Mott–Schottky curves of CN and
SiC have been obtained to analyze the at band potential. As
shown in Fig. 6b, both CN and SiC with the positive slopes
represent n-type semiconductors endowed with the at band
potentials of −0.82 V and −0.16 V (vs. RHE), respectively.
Semiconductor theory suggests that the at band potential is
equivalent to the Fermi level (Ef) and the conduction band (CB)
potential of n-type semiconductor has difference of 0.2 V with
their respective Ef.42,43 Therefore, the CB of CN and SiC can be
determined to be −1.02 and −0.36 V (vs. RHE), respectively.
According to their band gap energies, their valence bands (VB)
can be calculated to be 1.66 V and 2.28 V vs. RHE, respectively.
Also, the MS plots of SiC/CN were measured (Fig. 6). From the
above analysis, Fig. 8 proposes the energy-level diagrams of SiC
and CN, and clearly illustrates the migration process of carriers.
Upon light irradiation, the photo-excited electrons on the CB of
CN will transfer to the CB of SiC. The recombination of
photogenerated carriers is inhibited to a certain extent.
3.4 Photocatalytic mechanism

Based on the above discussion, we propose a potential mecha-
nism to shed light on the photocatalytic process of 1D/2D SiC/
CN composites (Fig. 8). Aer the in situ pyrolysis treatment,
1D/2D SiC/CN heterostructure had been successfully con-
structed. This unique heterostructure with intimate electronic
coupling at the 1D/2D interface resulted in accelerated charge
separation and transfer. Meanwhile, the existence of SiC
broadened visible-light absorption and increase specic surface
area. According to the previous UV-vis absorption spectrum and
Mott Schottky results, the Fermi energy level, the conduction
band (CB) as well as valence band (VB) can be determined. From
the energy band structure of SiC and CN, when CN is attached to
© 2026 The Author(s). Published by the Royal Society of Chemistry
the SiC surface shown in Fig. 8, type II heterojunction is ex-
pected to appear at their interface. Under simulated visible light
irradiation, photogenerated electrons stimulate from VB of CN
and SiC to CB, leaving holes in the VB of both semiconductors.
The photogenerated electrons in CN can rapidly transfer to the
CB of SiC, together with the photogenerated electrons of SiC,
participating in the generation of H2. At the same time, the
photoexcited holes would gather on the VBs of CN to oxidize the
sacricial reagent. With this specic 1D/2D heterostructure of
the SiC/CN composite, photogenerated electron–hole pairs can
be effectively separated and the photocatalytic hydrogen
production activity can be greatly improved.
4. Conclusions

In summary, 1D SiC/2D g-C3N4 heterojunction photocatalysts
have been successfully prepared by a simple two-step polymer-
ization of melamine and SiC nanowires. In situ formation of
type-II heterojunctions between SiC and g-C3N4 and their
application in photocatalytic H2 evolution was demonstrated.
Under visible light irradiation, the H2 evolution rate of the
optimized catalysts SiC/CN-5 is as high as 2250 mmol g−1 h−1,
which is about 53 times higher than that of pristine g-C3N4. The
reasons for the enhanced performance are as follows: (1) the
incorporation of SiC nanowires broadens visible-light absorp-
tion and improves specic surface area; (2) the effective charge
separation and transfer is enabled through the constructed type
II heterojunction. This work develops a novel 1D/2D hetero-
junction photocatalyst and demonstrated its advantages for
solar-driven water splitting.
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