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This study introduced advanced photocatalytic heterojunctions by integrating CdS nanofibers with
defect-rich polymeric carbon nitride (g-CzN4-Vg). Two g-C3N4-Vq variants (CN1 and CN2) with varying
nitrogen vacancy concentrations were synthesized, which enhanced visible and near-infrared light
absorption. Eight heterojunctions with different CN1 and CN2 contents (5-20 wt%) were prepared and
tested for the hydrogen evolution reaction (HER) in ethanol-water solutions without a Pt co-catalyst.
Under optimized conditions (photocatalyst mass: 0.0125 g L™, light intensity: 10 mW cm™2), the CS/CN1-
15 and CS/CN2-10 heterojunctions achieved HER rate of 4.43 and 5.25 mmol h™* g%, respectively—dou-
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absorption, efficient charge separation, and reduced charge transfer resistance. The CS/CN2-10 hetero-
junction also demonstrated long-term stability, emphasizing its promise for sustainable hydrogen
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Introduction

Fossil fuel-based conventional energy sources significantly
contribute to greenhouse gas emissions, adding to the current
climate crisis. Energy transition innovations, such as the one
presented in this research, are crucial in combatting climate
change and fulfilling sustainable development goals."
Hydrogen (H,) emerges as a clean fuel alternative, as its com-
bustion produces only water vapor. One promising method for
producing hydrogen involves the photocatalytic activation of
semiconductor materials in alcohol-water solutions,” ideally
utilizing solar energy. During the process, energetic photons
absorbed by the semiconductor excite charge carriers, generat-
ing electron-hole pairs to drive the H'/H, reduction reaction.
Extensive research has demonstrated that the efficiency of the
semiconductor to promote energy conversion is limited by two
types the factors: extrinsic and intrinsic. To address the extrin-
sic factor, attention needs to be paid to improving the charge
transport efficiency. In contrast, the intrinsic factor is related
to its morphology, surface area, narrow absorption range
within the electromagnetic spectrum, and particularly to
crystal defects, which can cause electron-hole pair (e /h")
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recombination within the bulk material, negatively affecting
its photocatalytic efficiency.’

In relation to the optical absorption aspect, many wide-
bandgap semiconductors, such as TiO,, ZnO, and ZnS, have
demonstrated their effectiveness in hydrogen production
through water-splitting under UV light. However, since UV
radiation accounts for only about 4% of the solar spectrum,
there is a growing focus on visible-light semiconductors to
utilize the entire solar spectrum. Polymeric graphitic carbon
nitride (g-C3N,) and cadmium sulfide (CdS) are promising can-
didates as visible-light-absorbing semiconductors for photo-
induced conversion processes. Both materials can promote the
H'/H, reduction reaction, as the potential energy of the photo-
generated holes is more negative than the redox potential of E°
(H'/H,) = —0.41 V (ENH, at pH 7).° Hexagonal CdS is a direct
band gap semiconductor (E; = 2.4 eV) widely used in solar
cells, light-emitting diodes, device lasers and photocatalysts.”°
However, it presents rapid recombination of the photogene-
rated charge carriers both in the bulk and on the surface, as
well as limited acid resistance.’® On the other hand, graphitic
g-C3N, is a promising visible-light semiconductor that is non-
toxic and chemically stable against acids, alkalis, and organic
solvents. g-C;N, is a semiconductor with an n-type character,
an indirect band gap of 2.7 eV, and a two-dimensional (2D)
layered structure.’™® As a major challenge, it faces a high
recombination rate of electron-hole pairs (e /h") and low
absorption towards the visible-IR region, limiting its solar
photocatalytic efficiency.'"*>
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Regarding the intrinsic aspects of semiconductor materials,
research suggests that the most effective strategy to enhance
their photocatalytic activity is the modification of crystal
defects or surface vacancies, aimed at reducing e”/h* recombi-
nation. This can be achieved through the combination of two
or more semiconductors with dissimilar band structures to
form a heterojunction, thereby extending the lifetime of exci-
tons (e/h"). Heterojunctions can lead to band bending and
the production of an inner electric field, which facilitates the
spatial separation of the photogenerated carriers.'*"
Therefore, heterojunction materials, depending on the pro-
perties of the combined materials, can enhance light absorp-
tion in the visible range and reduce the recombination of elec-
tron-hole pairs.

Heterojunctions based on the CdS/g-C3N, combination for
photocatalytic degradation of organic molecules and for H,
production have been the subject of extensive research, with
more than 200 articles published in the last 5 years. The coup-
ling of metal sulfides (ZnS, NiS or CdS) with g-C;N, is particu-
larly attractive because charge separation with prolonged life-
times> has been demonstrated to have positive consequences
for the photocatalytic generation of hydrogen. Such improve-
ments can be seen in the brief literature review on hydrogen
production using CdS/g-C3N, composites presented in Table 1.
For a detailed comparative analysis, the maximum hydrogen
evolution reaction (HER) rate, defined as the normalized
amount of hydrogen produced per unit time and per gram of
photocatalyst, are reported. Table 1 demonstrates that for pris-
tine CdS/g-C3N, composites without adding Pt as a co-catalyst,
the HER rate is between 0.5 and 2.24 mmol h™" ¢~'. While
composites including Pt significantly enhance the HER rate
(up to 7.75 mmol h™" g7), they also substantially raise costs
due to the use of a noble metal. The materials’ price and the
input energy cost should be considered to make the hydrogen
production process sustainable. The studies shown in Table 1
typically employed, without any explanation, high photo-
catalyst mass loads (0.1 to 0.5 g L") and powerful Xe lamps
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(300 W) of high irradiances typically above 144-300 mW
cm2.2%?” Most likely, high-intensity lamps are required since
the water solution is saturated with a high photocatalyst load,
leading to the loss of incoming light through scattering, which
represents a waste of supplied energy.

In this work, we propose the evaluation of photocatalytic
hydrogen production using the CdS/g-C;N, composite but
under energetically optimized conditions in terms of mass
load vs. light intensity to further demonstrate the advantages
of the intrinsic properties of the heterojunction. Our g-C3N,
material was synthesized using a route that allows the pro-
duction of defect-rich g-C3N, during the polymerization of
urea by adding different percentages of hydrazine.”® The
advantage of the modified g-C3N; (g-C3N,;-V,) is extended
visible-IR absorption at lower energies and reduced radiative
recombination of electron-hole pairs. Then, the micro g-C3N,-
Vo, flakes were used as a support or template for the growth of
CdS nanofibers via a solvothermal method.

The content of g-C3N,;-V, was varied in the 5 to 20 wt%
range, and the resulting composite photocatalysts were charac-
terized using X-ray diffraction (XRD), Fourier transform infra-
red spectroscopy (FTIR), scanning electron microscopy (SEM),
UV-vis diffuse reflectance spectroscopy (UV-vis DRS) and PL
spectroscopy. The photocatalytic activity of the CdS/g-C3N,-V,
composite was evaluated for hydrogen production in an opti-
mized low-photocatalyst-load suspension under high blue
light penetration (slightly turbid and reduced scattering light).
The results indicated a twofold increase in the hydrogen pro-
duction rate compared to pristine CdS nanofibers. This
increase is explained by effective charge separation, stemming
from the strong interaction between CdS nanofibers and the
g-C3N,-V, micro-flakes, and a reduction in the electron transfer
resistance, as confirmed by electrochemical impedance spec-
troscopy (EIS) analysis. The increased hydrogen production
rate under blue light was also associated with the extended
optical absorption of the CdS/g-C3N,-V, composite in the blue
spectrum, related to nitrogen vacancies. A detailed analysis of

Table 1 Studies on the synthesis of CdS/g-CsN4 composites for hydrogen production

Contents of C;N, 300 W Xe lamp Mass load HER rate Increase

(Wt%) Sacrificial agent (cut off) (gL™) (mmol g™ h™) (relative to) Ref.

CdS/g-C3N, composites

5,7.5,10,12.5and 15  Lactic acid (10 mL) (>420 nm) 0.428 1.80 — 2021

10, 20, 30 and 40 Na,S (0.1 M) (>400 nm) 0.125 2.12 36.5toCdS 20227

Na,SO0; (0.1 M) 36.5 to C3N,

33 and 25 Triethanolamine (30 mL) Solar simulator ~ 0.100 2.24 3.3 to CdS 20208
3.7 to C3N,

— Na,$ (0.35 M) and Na,SO; (0.25 M)  (>400 nm) 0.500 0.53 12.6to CdS 2021

41 Na,S-Na,S0; (0.25 M) (>420 nm) 0.0625 15.3 3.8 to CdS 2019%°
3.0 to C3N,

10 or 15 Ethanol (100 mL) 9 LED (454 nm)  0.025 5.25 2.0 to CdS This work

CdS/g-C;N, composites containing Pt

20 Na,S/Na,SO; + 3 wt% Pt (>400 nm) 0.125 1.70 — 2022%*

95, 97 and 99 Lactic acid + 3 wt% Pt (>400 nm) 0.270 3.37 3.8 to C3N, 202222

— 20% triethanolamine + 0.2 wt% Pt (>400 nm) 0.100 5.40 4.0 to C3N, 20197

97, 88, 84, 80 and 77 Lactic acid + 1 wt% Pt (>420 nm) 0.200 7.75 5.8 to C;N, 2019%*

The total intensity of Xe lamp is about 144-300 mW c¢m ™2 The measured blue intensity of the LED lamp is 10 mW cm 2.
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the reused composite recovered after the cycles was also
included.

Experimental methods
Polymerization of g-C;N,

The graphitic g-C3N,-V, sample was prepared by heat polymer-
ization using urea (CO(NH,),, JT Baker, 99.5%) as the precur-
sor in the presence of hydrazine hydrate (N,H,, Sigma Aldrich,
25 vol%) as the in situ modifying agent. The amount of hydra-
zine induces the formation of defective g-C3;N,-V,, as evi-
denced by enhanced optical absorption, following the method-
ology previously reported.”® The procedure consisted of
melting 5 g of urea for 30 minutes. Then, the molten urea
powder was placed in a ceramic-covered crucible and homoge-
neously mixed with 1 or 2 mL of hydrazine. The impregnated
hydrazine-urea powder was placed in a tubular muffle furnace
and annealed at 550 °C (5 °C min~" ramp) in static air for 2 h.
Two hydrazine conditions were selected, labeled CN1 (1 mL of
hydrazine) and CN2 (2 mL of hydrazine), which might reflect
different fractions of defects.

Preparation of CdS nanofibers using the solvothermal method

CdS nanofibers were prepared using the solvothermal method
in a mixture of solvents (water:butanol:ethylenediamine),
with cadmium nitrate tetrahydrate (Cd(NO;),-4H,O, Sigma
Aldrich, 98%) and carbon disulfide (CS,, Merck, 37%) as pre-
cursor sources, employing the methodology described in ref.
29. The procedure involved preparing a Cd-complex solution
by dissolving 2.1 g of cadmium salt precursor in 10 mL of dis-
tilled water. Afterward, 28 mL of butanol (BtOH, Meyer, 99.4%)
was added under stirring. Subsequently, 60 mL of ethylenedia-
mine (EN, Sigma Aldrich, 99%) was added dropwise and
stirred for 10 min. Then, 2 mL of butanol containing 0.4 mL of
CS, was added to the Cd-complex solution to avoid a violent
reaction. The homogeneous solution was transferred to a
Teflon reactor of 200 mL capacity, sealed and heated at 90 °C
for 2 h on a magnetic grill. After that, it was allowed to cool
gradually to room temperature. The resulting yellow powder
was filtered, washed with water-ethanol (50/50 vol%), and
dried at room temperature (RT) overnight. The dried yellow
powder was labeled as CS.

CdS nanofiber growth on g-C;N, (CS/CNX)

An in situ solvothermal process was used to grow CdS using
g-C3N,4-V, as a support, employing two steps (Fig. S1t). In the
first step, the desired amount (5, 10, 15, or 20 wt%) of the poly-
merized g-C3N4-V, (CN1 or CN2) powder was added into the
vessel containing 28 mL of butanol (BtOH), and the suspen-
sion was subjected to sonication for 8 h to achieve complete
dispersion. Simultaneously, in a Teflon reactor, 2.1 g of
cadmium salt precursor was dissolved in 10 mL of distilled
water, and then, 60 mL of EN was added dropwise and stirred
for 10 min to prepare the Cd-complex solution. In the second
step, the sonicated suspension was added to the Teflon reactor

This journal is © The Royal Society of Chemistry 2025
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containing the Cd-complex solution, and then, 2 mL of BtOH
containing 0.4 mL of CS, was also added (Fig. S17). The Teflon
reactor was sealed and heated at 90 °C for 2 h to allow the
“in situ” growth of CdS on g-C3N,-V,. After cooling to RT, the
powder composite sample was filtered, washed, and dried at
RT. Samples were labeled as CS/CNX-Y, where X = 1 or 2 rep-
resents the CN1 or CN2 sample, and Y represents the amount
of polymerized g-C3N,-V, (5, 10, 15 and 20 wt%).

Characterization of the CS/CNX-Y samples

The CNX, CS and CS/CNX-Y samples were characterized by
X-ray diffraction (XRD) using a Rigaku instrument with a Cu
Ko radiation of 0.154 nm (50 kV, 40 mA) and a scanning inter-
val between 10 and 60° (2 theta) with a step size of 0.05° s™".
Fourier transform infrared (FTIR) absorption spectra were
recorded on a Thermo Scientific Nicolet 6700 spectrometer
equipped with an ATR accessory and a diamond crystal. The
pressure used was 815 Psi at room temperature, and 68 scans
were performed at a resolution of 4 cm™" in the range of 500
and 3500 cm ™" in transmission mode. The morphology of the
samples was analyzed by scanning electron microscopy (SEM)
using a JEOL 7600F at 5 kV. The specific surface area was
determined using the BET method from nitrogen adsorption-
desorption isotherms at 77.4 K. The analysis was performed
using a Quantachrome Autosorb instrument. Before the
measurements, the samples were degassed at 120 °C under
vacuum for 12 h. UV-vis diffuse reflectance spectra (DRS) were
acquired on a Shimadzu 2600 spectrophotometer equipped
with an ISR 2600 integrating sphere in the range of 350 to
700 nm. Barium sulfate (BaSO,) was used as a reference blank.
Absorbance spectra were recorded, and E, was calculated using
the Kubelka-Munk model, considering a direct transition for
the CdS/g-C;N, material,*® extrapolating the linear part of (F(R)
x hv)* versus hv curves to F(R). Photoluminescence (PL) spectra
were recorded using an Edinburgh Instruments FS5 fluori-
meter with a 150 W, CW ozone-free xenon arc lamp.

Photocatalytic evaluation of CS/CNX-Y suspensions

Prior to the photocatalytic test, irradiance data were collected
as a function of photocatalyst mass load to ensure high blue
light penetration within the dispersed suspension and to opti-
mize energy consumption during the photocatalytic evalu-
ation. For this purpose, suspensions of CS/CNX-Y from 0.01 to
0.1 g L' were prepared and dispersed by sonication for
3 minutes. The light intensity (irradiance) of a blue LED lamp
was measured as a function of the photocatalyst concentration
(¢ L), placing the photometer at 5 cm after the light had
passed through the dispersed suspension (shown in Fig. S27).
The photometer was an SRI-2000 Spectral Light Meter, Allied
Scientific Pro. The evaluation of the amount of H, produced
by the composite photocatalyst was carried out in a 250 mL
glass photoreactor. For the test, the optimal mass-load (5 mg),
as determined from the previous irradiance experiments, CNX,
CS or the composite photocatalyst (CS/CNX-Y) was added into
200 mL of ethanol-water solution (50 : 50 vol%) to form a dis-
persed suspension (equivalent to 0.025 g L™'). The photo-
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reactor containing the suspension was connected to the reac-
tion system and purged with N, to displace oxygen from the
system. After 1 h, the glass reactor was submerged in a water
bath to maintain a constant temperature of around 34 + 1 °C.
Then, the photoreactor was irradiated with blue light from 9
blue LED lamps, each with 3 W power, radially distributed.
These lamps were positioned around the glass reactor at 5 cm.
The photoreactor system was coupled to a Shimadzu
GC-2014 gas chromatograph equipped with a TCD detector
(operating at 100 °C) and using N, as the carrier gas. Gas injec-
tions into the chromatograph were conducted using a peristal-
tic pump, performed hourly for 6 hours, and the produced H,
was quantified using a calibration curve. An additional photo-
catalytic H, production test was performed using a physical
mixture of CdS and g-C;N,, with 15% and 10 wt% of CN1 and
CN2.

Photoelectrochemical analysis of the thin films

Photocatalyst electrode thin films over FTO substrates were
produced to perform the electrochemical evaluation under
dark and blue illumination. The electrode thin films (CS, CNX,
CS/CN1-15, and CS/CN2-10 samples) were prepared using the
spin-coating method, following a methodology previously
reported.®® A suspension containing the synthesized sample
was prepared using 50 mg of the powder in 5 mL of ethanol
with 200 pL of Nafion perfluorinated resin solution (Aldrich
80% by weight), and each suspension was sonicated for 3 h to
ensure dispersion. Fluorine tin oxide-coated substrates (FTO,
Aldrich, surface resistivity ~7 Q sq ') were cut to dimensions
of 1 x 1.5 cm and pre-cleaned with isopropanol/acetone/
ethanol. Subsequently, 300 pL of the dispersed powder suspen-
sion was deposited on the FTO substrate at 1500 rpm. The de-
posited electrode film was dried at 50 °C for 30 min, and the
area of study was delimited to 0.5 x 0.5 cm using an insulating
silicone mask. Then, photoelectrochemical measurements
were performed in a conventional three-electrode cell, using
an Ag/AgCl/0.1 M KCl electrode as the reference electrode and
a platinum wire as the counter electrode. The deposited elec-
trode films were used as the working electrodes (prepared by
spin coating) in an electrolyte composed of a 0.06 M solution
of KClO,: ethanol in 1:1 volume ratio (under the same con-
ditions as those wused in the photocatalytic test).
Electrochemical impedance spectroscopy (EIS) was performed
at open circuit potential, under dark/blue-illumination con-
ditions, using an AC perturbation of +25 mV. Blue illumination
was performed using a compact xenon light source (Asahi
Spectra, MAX-350), equipped with a blue emission filter (1 =
450 nm), where the optical fiber was placed in front of the film
at 9 cm from the outside of the quartz cell. Finally, Mott
Schottky plots and the space charge capacitance of the
materials were measured under dark conditions at frequencies
of 20, 40 and 60 Hz for the CN1 and CN2 materials and at 5,
10 and 20 Hz for CS, CS/CN1-15 and CS/CN2-10. All electro-
chemical measurements were performed using a Gamry 600+
potentiostat.
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Results and discussion
Crystalline structure

The XRD patterns of pure CdS and the composite samples
with CN1 and CN2 are shown in Fig. 1a and b, respectively.
The CS sample exhibited diffraction peaks corresponding to
the (100), (002), (101), (102), (110), (103) and (112) planes,
associated with the hexagonal (Wurtzite) phase of CdS (JCPDS
No. 411049).>>*> For the polymerized CN1 and CN2 samples,
two broad diffraction peaks at 2 theta values of 13° and 27°
were observed, corresponding to the (100) and (002) planes,
respectively, indexed to the tetragonal phase of g-C;N, (JCPDS
87-1526).>>** The (100) crystal plane of g-C;N, is typically
attributed to the internal structural unit of the triazine rings,
whereas the (002) signal is attributed to the interplanar dis-
tance along the c-axis of g-C;Ny, like in graphite. The differ-
ence in the (002) peak of the CN1 and CN2 materials suggests
that hydrazine modifies the lamellar structure of g-C;N,.
When 2 mL was used, the layers became compacted. This ten-
dency is typically driven by the NH; atmosphere produced
during hydrazine decomposition in the polymerization
process.*>> 7

The XRD pattern of the composite CS/CN1-Y samples, with
Y =10, 15 and 20 wt% (with CN1, Fig. 1a), showed the charac-
teristic peaks of hexagonal-CdS. Despite the increased content
of g-C3N,, the signals from the g-C;N, samples were barely
visible due to their relatively low concentration (Fig. 1a).
However, the diffraction peak of the (002) plane of CdS
appeared slightly shifted to a larger angle (marked with a
dashed line), likely due to overlap with the (002) signal of the
2-C3N,-V,, support (at ~27° 26, of CN1) reported in previous
studies.'®*® Additionally, the broadening of the hexagonal CdS
peaks in the composite samples suggests a reduction in crystal
size below the equipment’s detection limit of 4 nm. The
reduced crystal size of the CdS material suggests that its
growth may have been delayed by the presence of the dispersed
CN1 sample in the synthesis suspension. Similar to the com-
posite samples with the CN1 support, the XRD patterns of the
composites with CN2 (CS/CN2-Y, where Y = 5, 10, 15, and
20 wt%) exhibited the characteristic peaks of hexagonal CdS
and the shifted (002) peak (Fig. 1b), confirming the overlap
with the (002) interplanar signal of the CN2 support. However,
for the composite CS/CN2-10 and CS/CN2-15 samples,
additional peaks at low angles (10, 15 and 18°) were detected.
These peaks correspond to the orthorhombic structure of the
CdS(en)o 5 hybrid (Fig. S3t), typically observed when the syn-
thesis reactions are conducted at low temperature (50 °C) or
when the transformation toward pure CdS is incomplete.*®
The presence of the CdS(en)y s hybrid in the CS/CN2-10 and
CS/CN2-15 samples suggests that the transformation toward
CdS was partially hindered by the presence of the dispersed
CN2 sample.

FT-IR analysis

The FT-IR spectra of hexagonal-CdsS (CS), tetragonal g-C3N,-V,
(CNX) and the composites CS/CNX-Y are displayed in Fig. 2.

This journal is © The Royal Society of Chemistry 2025
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The hexagonal-CdS sample exhibited absorption bands at 3230
and 3120 cm™" due to the stretching vibrations of the -NH and
-NH, groups.”®*® It also exhibited two small bands at 2925
and 2858 cm ™" related to C-H bond stretching vibrations,
whereas the absorption band at 1310 cm™" is associated with
the C-N bond. This set of functional groups is indicative of
the presence of ENH" bound to surface Cd** ions, with bands
originating from the [Cd(ENH),]** complex, which are typically
observed in hexagonal-CdS prepared in mixed solvents con-
taining ethylenediamine. The absorption band at 1657 cm™" is
attributed to the stretching vibrations of the hydroxyl bond
(-OH) on the CdS surface.’*' Finally, the absorption bands
located at 1094 and 620 cm™' correspond to the stretching
vibrations of the adsorbed sulfate group (SO,>”) and the Cd-S
bond, respectively.*” For the tetragonal g-C;N, (CN1 and CN2
!, associated
with the N-H stretching vibrations of the amino terminal

samples), wide peaks are observed at 3198 cm™
groups. The stretching vibrations of the C-N aromatic hetero-

cycles are observed at 1231, 1310 and 1402 cm™',** whereas
the peaks at 1553 and 1631 cm™" are attributed to the stretch-

This journal is © The Royal Society of Chemistry 2025

ing vibrations of the C=N bond.’”** The peaks at 1425 and
1165 cm™" are related to the presence of ~OH groups.”” The
intense absorption band at 805 cm™' is characteristic of the
flexion mode of tris-s-triazine rings of polymerized g-C;N,
materials.*®*” For both composites with CN1 and CN2 (Fig. 2a
and b, respectively), the absorption bands corresponding to
-NH, -NH, (C-H) and C-N vibrations are clearly observed,
indicating the presence of the [Cd(ENH),]** complex. However,
the bands corresponding to the Cd-S (620 cm™") and SO,>~
groups (1094 cm™') reduced as the content of tetragonal
g-C3N, was increased. Moreover, the bands at 1165 and
1425 em™' (-OH groups) of hydroxylated g-C;N; are also
observed, and the 805 cm™" (Tris-s-triazine), 1231-1402 cm ™"
(C-N) and 1553 cm™" (C=N) bands***® indicate the presence
of g-C3N,, becoming more evident when the content is
increased to 20 wt%. The formation of the semiconductor het-
erojunction CdS/g-C;N, is evidenced by the presence of Tris-s-
triazine (see the rectangle in Fig. 2a and b), the [Cd(ENH),]*"
complex, and CdS vibrations bands, consistent with the infor-
mation provided by the XRD analysis (Fig. 1).
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Optical absorption and photoluminescence

In Fig. 3a, the UV-vis diffuse reflectance spectra of pure CS and
CNX samples are displayed, along with the spectrum of g-C;N,
as a reference blank (prepared by polymerization of urea
without adding hydrazine). The CS sample begins to absorb at
~525 nm, with an absorption maximum of ~475 nm in the
visible light region. This blue absorption is related to the elec-
tronic transition of hexagonal-CdS. For both g-C3N,-V, (CN1
and CN2) samples, absorption maxima at ~370 nm and a
broad shoulder between ~475 nm and ~675 nm are also
observed. In comparison to reference g-C;N,, a more signifi-
cant absorption is observed at the wavelength of interest
(455 nm), and the expanded visible light absorption is likely
due to structural defects within the g-C;N,-V, layers, particu-
larly the presence of nitrogen vacancies (V). According to pre-
vious studies, these N vacancies may be promoted by the
ammonia released from hydrazine during the polymerization
process.”® This effect is more evident for the g-C3N,-V, pre-
pared in 2 mL of hydrazine (CN2 material), which exhibits a
more extensive absorption range towards the visible spectrum.
Using the Kubelka-Munk approximation and considering
direct band transitions for CdS (linear graph (FR x h)> vs. hv,
Fig. S4at), the estimated band gap (E,) for the CS sample is
2.50 eV, which agrees with that reported for the hexagonal-CdS
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nanofibers.*®*® However, using indirect band transitions for
g-C;N, (Fig. S4ct), the estimated band gap (E,) values for CN1
and CN2 are 2.00 and 1.80 eV, respectively. These values are
consistent with expectations for modified g-C3;N,-V, containing
more structural defects.>*™>

Fig. 3b and c show the UV-vis diffuse reflectance spectra of
all CS/CNX-Y composites. The samples exhibit an absorption
maximum at 425 nm (denoted by the dotted line), which is
shifted to high energies with respect to the bulk CS sample. In
addition, they also exhibit expanded visible adsorption at
~675 nm, which must be related to the structural defects of
the g-C3N,-V, layers. Considering that CdS is in major pro-
portion in the composite, a direct band transition was used for
the Kubelka-Munk approximation, and the estimated value of
E, for all the composites is in the range between 2.52 and 2.64
eV (Fig. S4a and bf). These E, values are larger than those
obtained for bulk CdS, which may be related to the quantum
confinement effect of CdS. The quantum confinement effect
occurs when the dimensions of CdS particles are comparable
to the Bohr exciton diameter of CdS (<5.8 nm).*"">® Moreover,
the blue-shifted absorption might be related to the presence of
the CdS(en),s hybrid, as suggested by XRD analysis, where
Cds layers are separated by ethylenediamine, as reported.*®
The shaded area in Fig. 3a—c corresponds to the emission spec-
trum of the blue-LED lamp (455 nm), where it can be observed
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that pure CdS, g-C3N,;-V, and CS/CNX-Y composites can
absorb the blue light emitted by the LED lamp. This suggests
that despite the blue-shifted absorption, all CS/CNX-Y compo-
sites could be activated by blue light during the photocatalytic
test. In Fig. 3d, the PL spectra of the bulk CS, CN1, CN2, and
selected CS/CN1-15 and CS/CN2-10 composite materials are
displayed. The optical excitation energy was 3.4 eV (~387.5 eV),
at which all materials exhibited high light absorption. For CN1
and CN2 samples, an intense peak appears at 2.1 and 2.0 eV,
respectively, likely due to a radiative e /h" recombination
process. It is known that g-C;N, typically exhibits a blue emis-
sion peak in its PL spectrum (around 2.59 eV) with a low-
energy tail extending to 1.6 eV.”* This emission is attributed to
excitons generated within the s-heptazine rings. However,
when N vacancies are present in g-C;N,, the PL emission peak
is red-shifted,”®> explaining the lower PL peak energies of
CN1 and CN2. At the same time, the PL intensity of the CN2
sample is lower, suggesting a smaller fraction of radiative
recombination than that of CN1. For the bulk CS, the PL spec-
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trum exhibits a maximum emission in the blue region (at 2.88
eV) with a low-energy tail extending to 1.4 eV. The blue emis-
sion is attributed to transitions from the edge of the valence
band to the conduction band.’*>° The PL spectra of the CS/
CN1-15 and CS/CN2-10 heterojunctions are also shown in
Fig. 3d. Considering that CdS is in major proportion in both
composites, it can be noted that lower intensity in comparison
with CS is observed, suggesting less radiative recombination,
possibly due to better charge separation.>>®® The reduction in
PL intensity appears to be independent of the amount of N
vacancies in the g-C;N, material.

Morphology and surface area

Fig. 4 displays the SEM images of the CS, CN1, and CS/CN1-15
samples. The CN1 material exhibits a lamellar morphology
with lengths ranging from 2 to 10 pm and flake-like plates
approximately 10 nm thick. This thickness creates significant
spacing between the individual plates, attributed to low inter-
planar stacking along the c-axis of g-C;N,, as detected by XRD

— 100nm IIM-UNAM
X 50,000 5.0kV LABE  SEM WD 5. 7mm

Fig. 4 SEM images of CN1, CS, and heterojunctions of CdS formed on g-C3N,4 (CN1) at 15 wt% using the solvothermal method.
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Fig. 5 SEM images of CN2 and heterojunctions of CdS formed on g-C3N,4 (CN2) at 10 wt% using the solvothermal method.

(Fig. 2a). Consequently, the large particles (micro-flakes) com-
posed of multiple thin plates lead to the formation of meso-
pores in the range of 50 to 150 nm. The SEM image shows that
the hexagonal CdS material (CS) consists of fine nanofibers
with diameters of 6 to 10 nm and lengths ranging from 100 to
250 nm. These nanofibers intertwine to form web-like agglom-
erates approximately 2 to 3 um in size, with individual nano-
fibers remaining distinctly separated.

The SEM image of the CS/CN1-15 composites (Fig. 4)
reveals extensive coverage of the CN1 micro-flakes by fine CdS
nanofibers. These nanofibers range in length from 100 to
300 nm and in diameter from 1 to 10 nm, intertwining to form
a web-like structure on the g-C3N, surface. This intimate
contact suggests an effective coupling between CdS and
2-C3Ny, confirming the success of the solvothermal method
for the in situ growth of CdS on the thick plates of dispersed
g-C3N, in the solvent mixture (water:butanol:
ethylenediamine). Similar fine nanofibers are observed for the
CS/CN1-10 and CS/CN1-20 composites (not shown). While
other researchers have reported various CdS morphologies,
such as spheres, rods, or quantum dots on g-C;N, surfaces,
this work demonstrates the growth of fine CdS nanofibers on
the thick plates of dispersed g-C;N,, using a butanol-aqueous
solution for dispersion.

Fig. 5 presents the SEM images of the CN2 and CS/CN2-10
composite samples. The CN2 material displays a morphology
of large micro-flakes with a layer thickness greater than that of
the CN1 sample (~30 nm). These thicker layers result from the
densification of the layered structure promoted by the loss of
nitrogen due to the formation of NH; gas during the synthesis
with a higher hydrazine concentration. This microstructure is
consistent with the high interplanar (002) signal of CN2,
detected by XRD (Fig. 2b). This compact morphology leads to
minimal spacing between the individual layers, resulting in
lower porosity. For the heterojunction formed using CN2
micro-flakes, the SEM image shows a dense network of fine
nanofibers and thin layers around the compacted CN2 micro-
flakes (at 10 wt%), resembling a spiderweb. As detected by
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Table 2 Surface area data for heterojunctions with CN1 and CN2
samples

Sample with ~ SA E, Sample with ~ SA Eg

CN1 (m?¢g™) (eV) CN2 (m*>g™) (eV)
— — — CS/CN2-5 84 2.52
CS/CN1-10 94 2.57 CS/CN2-10 79 2.56
CS/CN1-15 89 2.63 CS/CN2-15 71 2.58
CS/CN1-20 78 2.61 CS/CN2-20 63 2.64
CN1 39 2.00 CN2 17 1.80

The CS sample exhibited S, = 107 (m® g™*) and E = 2.5 (eV).

XRD, the fine nanofibers must be hexagonal-CdS, whereas the
thin layers likely correspond to the CdS(en)ys hybrid. Similar
morphologies were observed for other composites with varying
contents of compact g-C;N, micro-flakes (not shown), suggesting
successful composite formation when CN2 is well-dispersed in a
butanol-aqueous solution. The surface areas (SAs) for the CN1
and CN2 micro-flakes, and CS nanofibers are 39, 17, and 108 m?
g~', respectively, consistent with the previously reported
values.”*?° When the CS/CN1-Y composites are obtained, the
surface areas are in the range of 94-78 m”> g™, decreasing as the
CN1 contents increase. The SAs for the CS/CN2-Y composites are
further reduced to 84-63 m? g%, likely due to the lower porosity
of the compacted lamellar CN2 (Table 2). The reduced SAs
observed in both composites can be attributed to several factors:
firstly, the minor proportion of CS nanofibers compared to the
bulk CdS sample, which contributes less SA. Secondly, the com-
pacted lamellar g-C;N, (CN2) itself has an inherently lower SA
than CN1. Thirdly, the contact area between CS and CNX, repre-
senting the inaccessible surface area, can also contribute to the
overall decrease in the measured SA.

Blue irradiance in the composite suspensions

The blue light irradiance within the photoreactor system was
characterized as a function of photocatalyst mass load
(ranging from 5 to 20 mg in 200 mL, as shown in Fig. 6a).
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Fig. 6 Plot of blue irradiance measured inside the suspension as a function of the (a) mass load and (b) H, production profiles of CS/CNX-Y compo-

site suspensions with varying ethanol : water volume ratios.

Using the well-dispersed photocatalyst suspension in an
ethanol-water solution, the initial 3.5 mW cm™? irradiance
drastically decreased to 0.5 mW cm™> as the photocatalyst
mass load increased, likely due to light-scattering effects
caused by the saturated CS/CNX-Y composite suspension. To
achieve sufficient photocatalyst loading with high blue light
penetration, minimize scattering effects, and maximize blue
light absorption by the dispersed photocatalyst suspension,
5 mg of photocatalyst powder (equivalent to 0.025 g L™') was
used. This optimal mass load was defined according to the
registered 50% blue intensity (Fig. S2t), giving a 4 = 454 nm
and I, = 1.1 mW cm™> from one LED lamp. Considering that
the illumination was provided by 9 LED lamps, positioned
5 cm from the glass photoreactor, the total blue light intensity
delivered was 10 mW cm™>. Under these optimized conditions,
H, production using the CS/CNX-Y composite was evaluated at
three different ethanol-to-water volume ratios (Fig. 6b). With
20% ethanol, H, production reached 33.5 umol in 6 hours,
increasing significantly to 128.7 umol with 50% ethanol and
150.1 pmol with 80% ethanol. However, the increase at 80%
ethanol was only 16.6% higher than that at 50%, indicating
diminishing returns at higher ethanol concentrations.
Consequently, a 50:50 ethanol-to-water ratio was chosen for
the photocatalytic evaluation of the materials.

Photocatalytic activity in H, production

The H, production from CN1 and CN2 micro-flakes under
blue light is nearly negligible, similar to the photolysis reac-
tion (3 pmol in 6 h, Fig. S51). Limited hydrogen production is
expected from the ethanol:water mixture under blue light
irradiation due to its relatively low energy (455 nm) and low
intensity (10 mW cm™?). Additionally, the blue light energy
cannot be fully absorbed by the ethanol : water solution, and
water splitting cannot be effectively achieved. Therefore, any
amount of hydrogen detected in the well-dispersed photo-
catalyst suspension must be attributed to the reduction of
protons when electron-hole pairs are photogenerated and sep-

This journal is © The Royal Society of Chemistry 2025

arated by the photocatalyst, effectively inducing the reduction
reaction. In the case of the modified g-C3;N,-V,, the extremely
low hydrogen production suggests that neither the CN1 nor
CN2 micro-flakes exhibit significant photocatalytic activity for
water splitting despite their ability to absorb blue light. This
negligible photoactivity may be attributed to the fast e /h" pair
recombination rate or low exciton lifetime, as evidenced by PL
analysis (Fig. 3d).

Fig. 7a and b displays the H, production profiles for the CS
nanofibers and CS/CNX-Y composite photocatalysts as a func-
tion of irradiation time over 6 h. The CS nanofibers produced
85 pumol of hydrogen in 6 h, corresponding to a H, evolution
reaction rate of 2.8 mmol h™" g~'. When CdS nanofibers are
grown on g-C3;N, micro-flakes to form CS/CNX-Y heterojunc-
tions, hydrogen production improves compared to bulk CS
nanofibers. This enhancement was most pronounced for the
CS/CN1-15 and CS/CN2-10 photocatalysts, reaching HER rate
values of 4.43 and 5.25 mmol h™" g7, respectively. These
values exceeded those of other composites and bulk CS alone
(Fig. 7b). The HER rates of the CS/CN1-15 and CS/CN2-10 het-
erojunctions were enhanced approximately 1.7 and 2.0 times,
respectively, compared to bulk CS nanofibers. The formation
of the heterojunctions and the synergistic effect of both
materials were confirmed by testing H, production from physi-
cal mixtures of CS nanofibers with 15 wt% CN1 (CS+CN1-15)
or 10 wt% CN2 (CS+CN2-10), as shown in Fig. 7a and b. It was
observed that, for both physical mixtures, H, production was
lower than that for the composites (CS/CN1-15 and CS/CN2-
10). The hydrogen evolution reaction rates of 2.18 and
2.20 mmol h™" g~* for CS+CN1-15 and CS+CN2-10 were similar
to those for CS nanofibers alone. This limited photoactivity in
the physical mixtures is likely due to the lack of coupling
between CdS and g-C;N,.

Cycles of stability and characterization

The heterojunction with the higher HER rate (CS/CN2-10) was
evaluated over four cycles of reaction by using the same, blue-
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irradiated suspension (Fig. 8). It is observed that the H, pro-
duction in the range of 4-5 mmol h™' ¢~ was maintained for
at least three cycles of reaction; however, during the 4™ cycle,
the production slightly decreased. As mentioned in the litera-
ture, CdS/g-C;N, composites typically exhibit HER rate values

8492 | Dalton Trans., 2025, 54, 8483-8497

ranging from 0.02 to 2.12 mmol h™" g™', often using high
photocatalyst mass loads (> 0.1 g L") and intense Xe lamps
(300 W, 150 mW cm™?). In contrast, this work employed much
lower mass loads (0.025 g L™') and lower light intensity
(10 mW cm™2) from blue LED lamps. Despite the less light
intensity conditions, the CS/CN1-15 and CS/CN2-10 compo-
sites achieved significantly higher HER, comparable to those
obtained when Pt is added to the reaction, highlighting their
remarkable photoactivity.

The significant improvement in photoactivity observed for
the CdS/g-C3N,-V, composite suggests successful coupling
between the two semiconductors, creating an internal electric
field at their interface that reduces radiative recombination,
regardless of the number of defects or the specific g-C3N,-V,
morphology. To further elucidate the mechanism responsible
for the improved photocatalytic activity, additional experi-
ments were conducted by photoelectrochemical (PEC)
measurements, such as Mott-Schottky analysis and electro-
chemical impedance spectroscopy, which provide information
about the charge transfer resistance at the semiconductor-
electrolyte interface.

Considering that the amount of photocatalysts is extremely
low (0.025 g L"), changes in the physicochemical properties
of the reused composite could be expected. Therefore, to eluci-
date the cause of the detriment in photoactivity, additional
XRD and FTIR characterization were performed for the recov-
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composite after the 4" cycle of reaction.

ered CS/CN2-10 composite, after the 4™ cycle of reaction. The
XRD pattern of the used composites (Fig. 9a) showed the charac-
teristic peaks for hexagonal-CdS; however, additional peaks
emerged, which were associated with the crystalline phase of
CdCOg, as indexed by card-001-0907. Moreover, the signals from
the g-C;N, samples were barely visible due to the relatively low
concentration, as previously mentioned. The formation of
CdCO; was also evidenced by FTIR analysis (Fig. 9b), where the
vibration peaks at 1392, 856, and 721 cm™"
C=0 vibrations corresponding to CO;>~ groups.

The HRTEM images of the reused composites (Fig. 10)
showed irregular microparticles covered with nanofibers,

are related to the

which are associated with C;N, and CdS, respectively. In
addition, elemental mapping analysis by using EDX coupled
with HRTEM showed the presence of Cd, sulfur, carbon, and
oxygen, which should be attributed to both CdS and CdCO;.
The observed changes in the physicochemical properties of
the reused composite, attributed to the transformation of CdS
into CdCOg;, are likely a consequence of the extremely low
photocatalyst concentration (0.025 g L™") combined with high
blue light penetration conditions. Conversely, employing
higher photocatalyst concentrations (up to 0.1 ¢ L™") could
mitigate this effect, as the increased availability of photo-
catalyst would be expected to slow down the inherent trans-
formation rate.

Photoelectrochemical properties

Electrochemical impedance spectroscopy (EIS, Fig. 11) was per-
formed under dark and blue-light conditions using a KClO,:
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Fig. 10 HRTEM images and EDX mapping of the CS/CN2-10
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water:ethanol electrolyte to assess the impact of coupling
g-C3N,-V, with CdS nanofibers on charge transfer resistance.
In the Nyquist impedance diagram, the charge transfer resis-
tance is represented by the diameter of the semicircle, with a
smaller diameter indicating more efficient separation of
photogenerated electron-hole pairs, which correlates with
improved photocatalytic performance. Blue light illumination
of CN1 and CN2 films (Fig. 11a) shows minimal changes in
their impedance response, indicating relatively high resistance
to charge transfer, likely due to surface states acting as recom-
bination centers. This observation aligns with the intense
radiative recombination noted in their PL spectra (Fig. 3d). As
a result, photocatalytic hydrogen production is scarcely achiev-
able with CN1 or CN2 micro-flakes, as demonstrated by their
negligible photoactivity (Fig. S5t). In contrast, the blue-illumi-
nated CS film and the CS/CN1-15 and CS/CN2-10 composite
films exhibit significantly smaller Nyquist semicircle dia-
meters (Fig. 8b). This indicates a dramatic decrease in charge
transfer resistance, suggesting efficient use of the photogene-
rated e”/h" pairs and limited recombination. This finding
aligns perfectly with the reduced radiative recombination
observed in the PL spectra (Fig. 3d) for the heterojunctions. In
addition, for the CS/CN2-10 electrode, the improved reduction
in charge transfer resistance likely benefits further from thin
CdS(en), 5 hybrid layers detected by XRD and SEM (Fig. 5). The
rapid carrier transfer process facilitates the swift movement of
electrons to H' ions, promoting H, formation and resulting in
the observed high hydrogen production rate. This is directly
correlated with the remarkable hydrogen evolution rates
achieved by both CS/CN1-15 (4.43 mmol h™' ¢g™') and CS/CN2-
10 (5.25 mmol h™ g™') composites, underscoring their photo-
activity compared to bulk CdS nanofibers or g-C3N,-Vy,.
Mott-Schottky (MS) analysis (Fig. S61) shows that the
slopes of the MS plots are positive for the CN1 and CN2
materials, as well as for CS, CS/CN1-15, and CS/CN2-10, indi-

cating the n-type character of the semiconductors.”?
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for H, production.

Extrapolation of the linear region in the MS plot at the three
evaluated frequencies allows us to determine the flat band
potential of the samples. Using the flat band potential and the
optical band gap (Table 2), the minimum energy of the con-
duction band can be estimated for each material. The conduc-
tion band edges for the CN1, CN2, and CS materials are

8494 | Dalton Trans., 2025, 54, 8483-8497

approximately —1.33, —1.20, and —0.95 V vs. Ag/AgCl (—1.09,
—0.95 and —0.71 V vs. ENH), respectively (Fig. 12). On the
other hand, the conduction band edge is similar for all compo-
sites, close to —1.19 and —1.16 V vs. Ag/AgCl (—0.99 and —0.96
V vs. ENH), respectively (Fig. 12). Compared to the bulk CS
material, the composite’s conduction and valence band edges
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shifted very slightly, maintaining the energetic capacity to
meet the redox potential requirements for H" reduction.?*%¢*

Synergistic effect of the coupled composite

Based on the experimental results, a mechanism for the syner-
gistic effect of the CdS/g-C3N,-V, heterojunctions is proposed
for photocatalytic H, production under blue-light irradiation.
Fig. 12a illustrates the band edge positions of the components
of CdS and g-C;N,. The valence band edges of CN1 and CN2
are close to 0.84 V + 0.2 V vs. ENH, while that of CS is signifi-
cantly more positive (1.79 V vs. ENH). Considering that CS is
in major proportion in the composites, the conduction band
edge shifts slightly more negatively than that of CdS due to a
new Fermi level equilibrium. Thus, the synergy between CS
and g-C;N,4-V, likely arises from factors like reduced recombi-
nation and improved electron transfer.

Upon blue light excitation (Fig. 12b):

- Electrons in both semiconductors are excited to their
respective conduction bands.

- Electrons from the conduction band of g-C;N,-V, readily
transfer to CS due to the “downhill” energy gradient, creating
a built-in electric field due to the staggered band
alignment."”%?

- Holes from the valence band of CS simultaneously
migrate to g-C3N,-Vy, minimizing the electron-hole
recombination.

Electrons accumulated in CS nanofibers reduce H' ions to
H,, while holes accumulated in g-C3N,-V, micro-flakes oxidize
ethanol (Scheme in Fig. 12). The reduced radiative recombina-
tion observed in the PL spectra and the reduced charge trans-
fer resistance observed in EIS studies support the proposed
mechanism and explain the enhanced photocatalytic activity
of CdS/g-C3N,-V,,.

Conclusions

In this study, we successfully prepared heterojunctions based
on CdS nanofibers and defect-rich polymeric carbon nitride
(g-C3N,-V,) using standard fabrication techniques. Two
g-C3N,-V, samples (CN1 and CN2) with varying defect concen-
trations, likely nitrogen vacancies, were synthesized through
hydrazine modification during urea polymerization. These
defects enhanced the optical absorption of the materials,
extending it into the visible and near-infrared range. Eight
different heterojunctions were fabricated by combining CdS
nanofibers (CS) with varying contents of CN1 and CN2 (5, 10,
15, and 20 wt%). The photocatalytic performance of these het-
erojunctions, along with the individual CN1, CN2, and CS
samples, was evaluated for the hydrogen evolution reaction
(HER) in an ethanol-water solution, without the use of Pt as a
co-catalyst. A key innovation in this work was the optimization
of reaction conditions, which demonstrated that efficient HER
can be achieved using significantly lower photocatalyst mass
(0.0125 g L") and light irradiance (10 mW c¢m™?, achievable
with LEDs). Under these conditions, the best-performing het-
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erojunctions, CS/CN1-15 and CS/CN2-10, exhibited HER rates
approximately 1.7 and 2.0 times higher, respectively, than bulk
CdS nanofibers, achieving hydrogen production rates of 4.43
and 5.25 mmol h™" g~'. This is double the performance
reported for comparable CdS/g-C;N, heterojunctions in the lit-
erature. The superior performance of these heterojunctions
can be attributed to several synergistic effects:

Enhanced light absorption

The combination of CdS nanofibers with CN1 and CN2
extends light absorption into the visible range, improving
photocatalytic efficiency.

Efficient charge separation

The internal electric field at the CdS/g-C;N, interface facili-
tates the separation of photogenerated electron-hole pairs,
reducing recombination.

Reduced charge transfer resistance

The improved charge separation reduces charge transfer resis-
tance, further boosting photocatalytic performance.

Because of these synergistic effects, the CdS/g-C;N, hetero-
junction significantly outperformed physical mixtures of CdS
and g-C3N,. Notably, the CS/CN2-10 composite demonstrated
consistently high HER activity over four cycles, indicating
reduced radiative recombination.
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