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Abstract: Ternary ZnS/ZnO/graphitic carbon nitride (gCN) photocatalysts were prepared by cou-
pling gCN sheets with ZnO nanorods under solvothermal conditions followed by sulfurization using
Na2S. SEM and TEM analyses show that small-sized ZnS particles (ca. 7.2 nm) deposit homogeneously
on the surface of ZnO/gCN nanohybrids. Photoluminescence and electrochemical impedance spec-
troscopy show that ZnS allows for an enhanced charge separation efficiency as well as prolonged
lifetime of photogenerated charge carriers, leading to improved hydrogen photoproduction under
UV light irradiation compared to ZnO/gCN. Moreover, the deposition of ZnS nanoparticles improves
the photostability of the ZnS/ZnO/gCN catalyst for hydrogen production. A double Z-scheme
mechanism is proposed for hydrogen photoproduction using the ZnS/ZnO/gCN heterojunction.

Keywords: ZnS/ZnO/gCN heterojunction; photocatalytic hydrogen evolution; double Z-scheme
mechanism

1. Introduction

Green hydrogen (H2) energy is one of the most promising solutions to address the
energy crisis and environmental pollution issue [1,2]. Indeed, H2 exhibits high specific
energy density (120 kJ·g−1) and when H2 reacts with oxygen in an internal combustion
engine or a fuel cell, the stored energy is released and only water is produced as a by-
product [3]. Light-driven photocatalytic H2 production is a promising energy conversion
technology allowing for the conversion of solar energy into carbon-free hydrogen [4,5].
In recent years, a large number of inorganic and organic photocatalysts like TiO2, ZnO,
metal organic frameworks (MOFs) or graphitic carbon nitride (gCN) have been developed
for water splitting [4–7]. However, the efficient conversion of light into the H2 energy
vector remains challenging. The previously mentioned single-component photocatalysts
suffer from a high recombination rate of photogenerated electron–hole pairs and from a
lack of active sites on the surface of the catalyst to allow for efficient H2 production [4–7].
The cost of these catalysts as well as their large-scale practical applications also need to
be considered as many of them require a co-catalyst, usually a noble metal like platinum,
rhodium or ruthenium [8,9].

In recent years, the construction of heterojunctions between two or more semiconductors
with suitable bandgap positions has been demonstrated to be of high value to improve the
charge separation and transfer [7,10–12]. The built-in electric field produced at the interface of
the semiconductors by their difference in potentials markedly improves the spatial separation
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of photogenerated charge carriers, thus inhibiting their recombination. Moreover, the use of
a small bandgap semiconductor in the heterojunction allows for us to enhance the utilization
of solar light, which is crucial for the development of photocatalytic hydrogen production
technology [10–13]. The construction of heterojunctions between ZnO and gCN has recently
been of great interest for various photocatalytic applications like pollutant degradation [14–18],
NO oxidation [19], hydrogen peroxide [20] or H2 [15–17,19,21–27] production. These two
semiconductors are cheap, easily prepared and their relative bandgap positions are well matched,
making it easier to construct the heterojunction [28,29]. ZnO nanorods (NRs) are of high potential
for photocatalytic applications due to their large specific surface area allowing them to absorb
more light than spherical ZnO particles and thus generate more charge carriers [14]. More
electrons and holes are also present on the catalyst surface due to the dimensional anisotropy of
NRs, and their stability and electronic properties can easily be modelled based on the density
functional theory (DFT) [30]. gCN is also of high interest for H2 photoproduction due to its
bandgap of ca. 2.7 eV, allowing for its activation in the visible region until 460 nm and its energy
band positions vs. NHE at pH = 7 of −1.3 V and +1.4 V vs. NHE for the conduction and the
valence band, respectively, giving to gCN a high reducing potential for the conversion of water
into H2 [31].

However, ZnO suffers from a modest stability and is easily photo-corroded by holes
generated in the valence band during photocatalytic reactions, especially when irradiation
is carried out over long periods [32]. A strategy to overcome this problem is to encapsulate
the photocatalyst in another semiconductor with an adequate bandgap to form a ternary
heterojunction. Due to its theoretical gap energy of about 3.7 eV and the positions of
the valence and conduction bands located between those of ZnO and gCN, ZnS could
meet this criterion. To our knowledge, only one report describes the preparation of the
ZnO/ZnS/gCN heterojunction for H2 photoproduction [33]. This photocatalyst was pre-
pared by loading ZnS onto ZnO followed by hybridization with gCN and exhibiting a H2
production rate of ca. 301 µmol h−1 g−1.

Herein, we report an alternative method for the preparation of ZnS/ZnO/gCN com-
posite photocatalysts based on the sulfuration of preformed ZnO/gCN nanohybrids.
Our results show that small-sized ZnS particles are evenly distributed at the surface
of the ZnO/gCN catalyst, thus allowing to increase its photostability. Moreover, the
ZnS/ZnO/gCN (20%) catalyst exhibits high activity and its H2 production rate is of
2548 µmol h−1 g−1, a value that favorably compares to the ZnO/gCN-based catalysts
described in the literature.

2. Materials and Methods
2.1. Materials

Melamine (99%, Sigma Aldrich, Darmstadt, Germany), cyanuric chloride (99%, Acros
Organics, Geel, Belgium), zinc acetate dihydrate Zn(OAc)2•2H2O (99+%, Fisher, Illkirch,
France), sodium sulfide nonahydrate Na2S•9H2O (98%, Fischer), sodium sulfite Na2SO3
(98.5%, Fisher), tetrahydrofuran THF (99.85%, Fisher), sodium hydroxide (VWR, 98.5%)
and anhydrous ethanol (Carlo Erba, Val de Reuil, France) were used as received.

2.2. Synthesis of gCN

Cyanuric chloride (2.5 g, 13.5 mmol) was added to melamine (2.5 g, 20 mmol) in 20 mL
of a 1:1 THF/H2O mixture and the solution was stirred at room temperature for 5 h. The
white gel obtained was dried at 60 ◦C for 12 h. The powder obtained was placed in a closed
crucible and next heated for 1 h at 250 ◦C, then for 1 h at 350 ◦C and finally for 1 h at
450 ◦C with a heating rate of 10 ◦C.min−1 in a muffle furnace to prepare bulk gCN. After
cooling at room temperature, gCN was obtained as a yellow powder and used without
any purification.
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2.3. Synthesis of ZnO/gCN Photocatalysts

ZnO NRs were prepared by the solvothermal method. Briefly, Zn(OAc)2 (2.33 mmol)
was dissolved in 35 mL of absolute ethanol. Separately, NaOH (11.65 mmol) was dissolved
in 35 mL of absolute ethanol and then added to the Zn(OAc)2 solution dropwise. The
mixture was magnetically stirred for 30 min at room temperature, then transferred into a
Teflon flask in an autoclave and heated for 24 h at 160 ◦C. After cooling to room temperature,
the dispersion was centrifuged (4000 rpm for 20 min) and the white solid obtained was
washed with distilled water (3 × 20 mL) and absolute ethanol (3 × 20 mL), then dried at
70 ◦C overnight. The mass of ZnO NRs obtained was ca. 150 mg.

The ZnO/gCN(20%) catalyst was prepared using the same protocol except that 30 mg
of gCN was added to the mixture after 30 min of stirring at room temperature followed by
sonication for 20 min before transfer in the autoclave.

2.4. Sulfuration of ZnO/gCN. Preparation of ZnS/ZnO/gCN Catalysts

The preparation of ZnS/ZnO/gCN (20%) was carried out by sulfuration of the
ZnO/gCN (20%) catalyst as previously described [34]. Briefly, Na2S (480 mg) was dissolved
in 50 mL of water and 120 mg of the ZnO/gCN (20%) catalyst was added. The mixture
was magnetically stirred at 70 ◦C for 10 h. The powder was recovered by centrifugation
(4000 rpm for 15 min), washed with water (3 × 20 mL) and absolute ethanol (3 × 20 mL)
and dried overnight at 70 ◦C before use.

2.5. Photocatalytic Hydrogen Production

Photocatalytic H2 production tests were performed at 25 ◦C in a sealed quartz reactor
using as light source a 300 W full spectrum Xenon lamp (Asahi Spectra, Torrance, CA, USA)
equipped with a 250–385 nm filter limiting the irradiation wavelengths to the UV range.
Typically, 100 mg of photocatalyst was dispersed in 100 mL of an aqueous solution contain-
ing Na2S (0.4 M)/Na2SO3 (0.3 M) as sacrificial substrates. Before irradiation, the reactor
was purged with N2 for 1 h to remove O2. The amount of H2 produced was measured
each hour using a gas chromatograph (GC) equipped with a thermal conductivity detector
(TCD) and high-purity argon as the carrier gas. The reaction mixture was continuously
stirred during the experiment to ensure the appropriate dispersion of the photocatalyst.

2.6. Characterizations

Powder X-ray diffraction (XRD) was used to investigate the crystallinity and the
phase of the photocatalysts using an X-ray diffractometer (Panalytical X’Pert pro MPD
diffractometer, Malvern, Orsay, France, with Cu Kα radiation = 0.15406 nm). The morphol-
ogy and the microstructure of the photocatalysts were examined by transmission electron
microscopy (TEM) using Philips CM200 equipment (Philips, Suresnes, France) operating
at an acceleration voltage of 200 kV equipped with energy-dispersive X-ray (EDX) and
by scanning electron microscopy (SEM, JEOL JSM-6490 LV and JEOL JSM IT800 instru-
ments, Croissy, France). The surface composition and the chemical state of elements were
characterized by X-ray photoelectron spectroscopy (XPS) using a Gammadata Scienta SES
200-2 spectrometer (Uppsala, Sweden). The functional groups present in the catalysts were
examined using Fourier transform infrared (FT-IR) spectroscopy using a Brucker ALPHA
II FT-IR spectrometer (Bruker, Palaiseau, France).

UV–visible diffuse reflectance spectra (DRS) were recorded on a Shimadzu 2600–
2700 spectrometer (Shimadzu, Le Luzard, France). Photoluminescence (PL) spectra were
recorded on a Horiba Fluoromax spectrofluorometer (Horiba Jobin Yvon, Longjumeau,
France) equipped with a Xenon lamp as the excitation source.

The electrochemical impedance spectroscopy (EIS) response of the samples was mea-
sured from 500 kHz to 10 mHz for low amplitudes of ±10 mV at open circuit potential
(OCP) under dark conditions using a potentiostat BioLogic SP150 in a conventional three-
electrode cell. The photocatalysts were coated onto FTO glass for the working electrode.
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Platinum (Pt) coil was used as the counter electrode and Ag/AgCl as the reference electrode
in a 0.1 M Na2SO4 aqueous solution.

3. Results
3.1. Photocatalyst Synthesis and Characterization

The ZnO/gCN photocatalysts were prepared via a solvothermal method in which
Zn(OAc)2 is hydrolyzed into ZnO clusters that grow at 160 ◦C into NRs that associate
with gCN sheets (Scheme 1). The amount of gCN was varied during synthesis in order to
prepare photocatalysts containing 10, 20 or 30 wt% gCN relative to ZnO. The ZnO/gCN
catalyst sulfuration was conducted at 70 ◦C using an aqueous solution of Na2S. During this
step, Zn2+ cations are detached from the surface of ZnO and associate with S2− to form
ZnS particles that deposit on the surface of the ZnO/gCN composite to form the ternary
ZnS/ZnO/gCN catalyst.
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X-ray diffraction (XRD) analyses were conducted to determine the phase structure of
the catalysts, and the results are shown in Figure 1a. Pure ZnO shows signals at 2θ values
of 31.66, 34.33, 36.22, 47.48, 56.54, 62.84, 66.37, 67.87, 69.13 and 76.86◦, corresponding to the
hexagonal wurtzite structure of ZnO (JCPDS No 79-0206) [14]. For gCN, the two signals
observed at 13.08 and 27.32◦ can be assigned to the (100) in-planar structural packing of tri-
s-triazine moieties and (002) interlayer graphitic stacking of aromatic rings [14]. The XRD
signals of gCN can only weakly be observed in the ZnO/gCN composite, suggesting that
gCN was partially delaminated during the solvothermal synthesis used for the synthesis
of the composite. It is noteworthy that this decrease in the number of gCN polymeric
layers should be beneficial for the separation of charge carriers [35]. The XRD signals
of ZnO and gCN in the ZnS/ZnO/gCN (20%) composite are significantly weaker than
those of the ZnO/gCN (20%) nanohybrid, which confirms the covering of ZnO/gCN
(20%) by ZnS. The broad peaks observed at 28.82, 47.72 and 56.85◦ correspond to the
(111), (200) and (220) planes of the cubic sphalerite phase of ZnS (JCPDS No 76-0704). No
impurities were detected, thus indicating the purity of the photocatalysts prepared. The
XRD results obtained for ZnO, ZnO/gCN and ZnS/ZnO/gCN catalysts, refined using the
Rietveld method, confirm the hexagonal and cubic structure of ZnO and ZnS, respectively
(Figure S1).

The functional groups present in the photocatalysts were further investigated by FT-IR
(Figure 1b). For pure ZnO, the vibrational mode of Zn-O bonds is observed at 489 cm−1.
The FT-IR spectrum of gCN shows signals between 3287 and 2901 cm−1 corresponding
to uncondensed N-H and NH2 bonds and to chemisorbed water molecules. The peaks
observed between 1621 and 1250 cm−1 can be assigned to the stretching vibrations of C=N
and C-N functions in aromatic heterocycles, while the sharp peak at 807 cm−1 can be at-
tributed to the tri-s-triazine ring-breathing vibration [14]. The FT-IR spectrum of ZnO/gCN
(20%) composite exhibits the characteristic peaks of both ZnO and gCN, confirming that
these two semiconductors were well combined during the solvothermal synthesis. After
ZnS is deposited, many signals, especially those of gCN, are hidden. The FT-IR spectrum
of the ZnS/ZnO/gCN (20%) composite particularly exhibits a broad signal centered at ca.
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3200 cm−1 corresponding to adsorbed water molecules, while the peaks observed at 657,
496 and 458 cm−1 are likely associated with asymmetric Zn-S stretching, Zn-O stretching
and symmetric Zn-S stretching, respectively [36].
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(20%) catalysts.

The morphology and composition of ZnO/gCN (20%) and ZnS/ZnO/gCN (20%)
catalysts were first studied by scanning electron microscopy (SEM) (Figure 2). As can be
seen in Figure 2a, small ZnO NRs are distributed on the surface of gCN sheets. The size of
ZnO/gCN (20%) assemblies varies from a few hundred nanometers to several micrometers.
The SEM-EDX-associated elemental mapping shows the presence of Zn, O, C and N
elements, further confirming that the ZnO/gCN composite was successfully prepared
(Figure 2c–g). The ZnS/ZnO/gCN (20%) catalyst has a denser structure, suggesting that
ZnS particles are deposited on the surface and in the pores of the ZnO/gCN hybrid
(Figure 2b). In the core of the micrometric particles produced, ZnO NRs can be observed.
The related elemental mapping shows Zn, O, C, S and N elements, indicating that the
ternary composite photocatalyst was synthesized (Figure 2h–m).

The morphology and crystallinity of the photocatalysts were further investigated by
transmission electron microscopy (TEM) and HR-TEM. Pure ZnO NRs have an average
length of 55 nm, a diameter of ca. 12 nm and their surface is smooth (Figure 3a). After
association with gCN by hydrothermal treatment, ZnO NRs were found to be randomly
distributed on the surface of gCN sheets (Figure 3b). As previously observed by SEM,
the ZnS/ZnO/gCN (20%) heterostructures become much denser after ZnS deposition
and ZnS nanoparticles with an average diameter of ca. 7.2 nm, and were found to be
homogeneously distributed on ZnO NRs and gCN sheets (Figure 3c,d). The selected
area of electron diffraction patterns associated with TEM images further confirm the high
crystallinity of the samples (inset of Figure 3a–c). Figure 3e is an HR-TEM image of the
ternary photocatalyst, which confirms that ZnS, ZnO and gCN are strongly bound. The
measured lattice spacing of 0.283 and 0.271 nm correspond to (100) and (200) planes of
hexagonal ZnO and cubic ZnS, respectively, which agrees with the XRD results. TEM
images demonstrate that ZnS, ZnO and gCN are well in contact, which should allow
photogenerated charge carriers to move across the heterostructured catalyst.
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Figure 3. TEM images of (a) ZnO NRs, (b) ZnO/gCN (20%), (c,d) ZnS/ZnO/gCN (20%) photocata-
lysts (the insets of (a–c) correspond to SAED patterns). (e–h) HR-TEM images of the ZnS/ZnO/gCN
(20%) heterostructure.

X-ray photoelectron spectroscopy (XPS) was performed to analyze the chemical compo-
sition and the oxidation state of elements composing ZnO/gCN (20%) and ZnS/ZnO/gCN
(20%) catalysts. The overview XPS spectrum of ZnO/gCN (20%) and the HR-XPS spectra of
Zn 2p, O 1s, C 1s and N 1s are given in Figure S2 and are characteristic of this nanohybrid.
Two signals can be observed for Zn 2p at 1021.17 and 1044.26 eV assigned to Zn 2p3/2
and Zn 2p1/2, respectively, and correspond to Zn(+2) in the ZnO lattice [37]. For C 1s, the
major component at 285 eV can be assigned to C-C bonds like graphite and amorphous
carbon while the signal at 288.40 eV is associated with carbon atoms linked to two N atoms
(N-C=N) [38]. The N 1s peak can be deconvoluted into three signals, 398.70, 400.22 and
401.25 eV, which can be assigned to N atoms bonded to two C atoms (C=N-C), N linked to
three C atoms (N-(C)3), and H-N-C bonds, respectively [39]. The overview XPS spectrum
of ZnS/ZnO/gCN (20%) is provided in Figure 4a and shows only the presence of Zn, O, S,
C and N elements, indicating the successful engineering of the ternary photocatalyst. The
HR-XPS spectrum shows the typical signals of Zn(+2) at 1021.94 and 1044.98 eV that can be
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assigned to Zn 2p3/2 and Zn 2p1/2, respectively (Figure 4b). The shift observed compared
to ZnO/gCN confirms the sulfuration of ZnO. For O 1s, only one signal corresponding
to adsorbed oxygen species can be observed at 532.04 eV, while O associated with Zn-O
bonds was not detected (Figure 4c) [40]. This result confirms that ZnO is not present on
the surface of the ZnS/ZnO/gCN composite and that the catalyst structure is close to
core/shell ZnO-gCN/ZnS. The S 2p signal can be deconvoluted into two signals located
at 161.95 and 163.15 eV, corresponding to S 2p3/2 and S 2p1/2, respectively, which agrees
well with values reported for ZnS (Figure 4d) [41]. The C 1s spectrum shows three peaks
located at 285.0, 286.25 and 288.94 eV that can be assigned to sp2 hybridized C=C bonds,
and to C-O and CO2 bonds, respectively (Figure 4e). A weak signal can also be observed
for N 1s at 400.29 eV (Figure 4f). However, the characteristic peaks of C 1s and N 1s present
in gCN could not be detected, further confirming that gCN is only present in the core of
the catalyst.
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Figure 4. (a) Overview XPS spectrum of the ZnS/ZnO/gCN (20%) photocatalyst. HR-XPS spectra of
(b) Zn 2p, (c) O 1s, (d) S 2p, (e) C 1s and (f) N 1s.

UV–visible diffuse reflectance spectroscopy (DRS) was used to investigate the optical
absorption properties of the photocatalysts (Figure 5a). The energy bandgaps Eg were
determined using the Tauc plots obtained via the formula (αhγ)2 = A (hγ − Eg), where α,
hγ and A are the absorption coefficient, the photon energy and a proportionality constant,
respectively (Figure 5b). The absorption edge of ZnO NRs is located at ca. 400 nm and
its bandgap is of 3.09 eV, which agrees well with literature [14]. Pure gCN absorbs in the
visible region (absorption edge at ca. 490 nm) due to π-π* and n-π* transitions of the triazine
units [42], and its bandgap is 2.75 eV. After associating with gCN and ZnO, the energy
bandgap of the composite (2.99 eV) was found to be lower than that of ZnO, indicating
that the visible light absorption of the ZnO/gCN (20%) hybrid is enhanced compared to
ZnO, which is favorable for photocatalytic reactions. The ZnS/ZnO/gCN (20%) ternary
composite obtained after ZnS deposition shows not only a very high absorption in the
UV but also a slightly enhanced absorption in the visible region, indicating that more
photons could be absorbed between 400 and 800 nm. The visible absorption band tail likely
originates from the enhanced light scattering induced by the ZnS deposition [43,44]. The
bandgap of ZnS in the ZnS/ZnO/gCN catalyst is 3.23 eV; this value is in accordance with
previous reports [33]. The second contribution observed at 3.01 eV corresponds to the
ZnO/gCN (20%) composite.



Materials 2024, 17, 4877 8 of 14

Materials 2024, 17, x FOR PEER REVIEW  8  of  15 
 

 

 

Figure 4. (a) Overview XPS spectrum of the ZnS/ZnO/gCN (20%) photocatalyst. HR-XPS spectra of 

(b) Zn 2p, (c) O 1s, (d) S 2p, (e) C 1s and (f) N 1s. 

UV–visible diffuse reflectance spectroscopy (DRS) was used to investigate the optical 

absorption properties of the photocatalysts (Figure 5a). The energy bandgaps Eg were de-

termined using the Tauc plots obtained via the formula (αhγ)2 = A (hγ − Eg), where α, hγ 

and A are the absorption coefficient, the photon energy and a proportionality constant, 

respectively (Figure 5b). The absorption edge of ZnO NRs is located at ca. 400 nm and its 

bandgap  is of 3.09 eV, which agrees well with  literature  [14]. Pure gCN absorbs  in  the 

visible region (absorption edge at ca. 490 nm) due to π-π* and n-π* transitions of the tria-

zine units [42], and its bandgap is 2.75 eV. After associating with gCN and ZnO, the energy 

bandgap of the composite (2.99 eV) was found to be lower than that of ZnO, indicating 

that the visible light absorption of the ZnO/gCN (20%) hybrid is enhanced compared to 

ZnO, which  is  favorable  for photocatalytic  reactions. The ZnS/ZnO/gCN  (20%)  ternary 

composite obtained after ZnS deposition shows not only a very high absorption in the UV 

but also a slightly enhanced absorption in the visible region, indicating that more photons 

could be absorbed between 400 and 800 nm. The visible absorption band tail likely origi-

nates  from  the  enhanced  light  scattering  induced  by  the  ZnS  deposition  [43,44].  The 

bandgap of ZnS in the ZnS/ZnO/gCN catalyst is 3.23 eV; this value is in accordance with 

previous  reports  [33]. The second contribution observed at 3.01 eV corresponds  to  the 

ZnO/gCN (20%) composite. 

 

Figure 5. (a) UV–visible diffuse reflectance spectra of ZnO, gCN, ZnO/gCN (20%) and
ZnS/ZnO/gCN (20%) photocatalysts. (b) The corresponding Tauc plots used to determine
the bandgap.

3.2. Photocatalytic Performance and Stability

In the first set of experiments, the photocatalytic H2 evolution performance of gCN,
ZnO and ZnO/gCN materials was evaluated under UV light irradiation by adding a
sacrificial substrate in the aqueous solution but without any co-catalyst. Among the various
sacrificial substrates evaluated (Na2S/Na2SO3, methanol, glycerol, triethanolamine), the
best results were obtained using Na2S (0.4 M)/Na2SO3 (0.3 M), and these compounds were
used in the study.

Despite the adequate positions of gCN and ZnO conduction bands relative to the
H+/H2 couple, these materials exhibit modest activity for H2 photoproduction (105 and
126 µmol h−1 g−1, respectively) (Figure 6a). The association of ZnO with gCN markedly
increases the H2 production rate with a maximum H2 production rate of 1813 µmol h−1 g−1

for the heterojunction containing 20 wt% relative to ZnO. The photocatalytic activity
decreases when increasing the gCN loading to 30 wt%, suggesting that a loading that is
too high in gCN favors the charge carrier recombination. In subsequent experiments, the
loading of 20 wt% gCN relative to ZnO will be maintained.
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In order to improve the separation of the charge carriers and thus the H2 photopro-
duction, the association of the ZnO/gCN catalyst with co-catalysts was also evaluated.
The NiS and CoS2 co-catalysts were chosen because of their low cost compared to a noble
metal like Pt, but also due to their effectiveness when combined with gCN or ZnO [45,46].
The co-catalysts were photo-deposited on the surface of the ZnO/gCN (20%) composite as
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previously described [45,46]. However, a decrease in activity was observed, likely due to
blocking of the photocatalyst active sites after deposition of the co-catalysts (Figure 6b).

The ZnO/gCN (20%) catalyst was found to be of modest stability during photo-
catalytic experiments, and a constant decline in the H2 production rate from 1813 to
604 µmol h−1 g−1 is observed after five cycles (Figure 7a). Under similar reaction condi-
tions, the ZnS/ZnO/gCN (20%) catalyst exhibits significantly increased activity compared
to ZnO/gCN (20%) with a H2 production rate of 2548 µmol h−1 g−1 in the first cycle, indicat-
ing that ZnS improves the charge transfer rate as well as the UV light utilization efficiency
(Figures 6a and 7b). Moreover, the photocatalytic performance of the ZnS/ZnO/gCN (20%)
catalyst only weakly decreases during repeated cycles (from 2548 to 2394 µmol h−1 g−1

after six cycles), which confirms that embedding ZnO/gCN (20%) into ZnS increases
the photocatalyst stability. As can be seen from Table 1, the H2 production rate of the
ternary ZnS/ZnO/gCN (20%) catalyst is markedly higher than that of most of the binary
ZnO/gCN catalysts reported to date. The significantly improved photocatalytic activity of
the ZnS/ZnO/gCN (20%) catalyst likely originates from its unique structure in which ZnO
and gCN are protected from any photocorrosion by ZnS.
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Table 1. Comparisons of the performance of catalysts combining ZnO with gCN for hydrogen
photoproduction.

Catalyst Light Source Sacrificial Substrate Co-Catalyst
H2 Production Rate (µmol

h−1 g−1) or H2 Amount
(µmol)

Reference

gCN/O-defective ZnO 300 W Xe lamp with
UV filter TEOA a - 322 µmol h−1 g−1 [17]

gCN/N-doped ZnO 300 W Xe lamp MeOH - 152.7 µmol h−1 g−1 [21]

gCN/ZnO NRs arrays Simulated solar light Na2S/Na2SO3 - 33 µmol after 3 h [22]

gCN/Sm-doped ZnO 300 W Xe lamp with
UV filter Lactic acid - 10,250 µmol h−1 g−1 [23]

gCN/N-doped ZnO 300 W Xe lamp with
UV filter TEOA Pt (1.5 wt%) 780 µmol h−1 g−1 [19]

gCN/ZnO 300 W Xe lamp with
UV filter MeOH - 70 µmol after 1 h [24]

B-doped gCN/ZnO 300 W Xe lamp TEOA Pt (2 wt%) 357 µmol h−1 g−1 [25]

B-doped gCN/C,N-doped ZnO 125 W Xe lamp MeOH - 7020 µmol h−1 g−1 [15]

gCN/ZnO + eosin Y as
sensitizer 400 W Xe lamp TEOA - 1358 µmol h−1 g−1 [16]

gCN/Ni-doped ZnO/C
microspheres 300 W Xe lamp TEOA Pt

(2 wt%) 336 µmol h−1 g−1 [26]

gCN/ZnO/ZnS 300 W Xe lamp Na2S/Na2SO3 - 301 µmol h−1 g−1 [32]

gCN/ZnO/ZnS 300 W Xe lamp Na2S/Na2SO3 - 2548 µmol h−1 g−1 This work
a TEOA: triethanolamine.
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3.3. Photocatalytic Mechanism

The separation and the recombination of photogenerated charge carriers were first
investigated by photoluminescence (PL) spectroscopy. After excitation at 380 nm, gCN
shows a strong blue PL centered at ca. 458 nm, which mainly originates from n-π* transi-
tions associated with the lone pairs of electrons present on N atoms in the gCN framework
(Figure 8a) [47]. After association of gCN with ZnO, the PL intensity markedly decreases,
indicating that the recombination of electron–hole pairs is hindered and that the charge
separation is enhanced. The charge transfer is further improved in the ZnS/ZnO/gCN
(20%) photocatalyst as almost no PL is observed.
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for ZnO, gCN, ZnO/gCN (20%) and ZnS/ZnO/gCN (20%) photocatalysts. The inset of (b) is the
Randles equivalent circuit used for fitting impedance spectra (Rs is the solution resistance, Rct is the
charge transfer resistance and CPE is the constant phase element).

Electrochemical impedance spectroscopy (EIS) measurements were also conducted in
the dark to further study the charge transfer rate. As shown in Figure 8b, the arc radius
of the ZnS/ZnO/gCN (20%) composite is smaller than that of ZnO, gCN and ZnO/gCN
(20%) materials, indicating an enhanced electronic conductivity in the ground state, which
agrees with the above-described PL measurements. The charge transfer resistance RCT was
determined using the Randles equivalent model (see Table S1 for Rs and Rct values, CPE
parameters Q and α, and inset of Figure 8b).

The energy band structure and the positions of the maximum valence band (VB) and
the minimum conduction band (CB) of ZnO, gCN and ZnS versus the normal hydrogen
electrode potential (NHE) were calculated using Equations (1) and (2) based on the Mulliken
electronegativity theory: [48]

EVB = χ − Ee + 0.5 Eg (1)

ECB = EVB − Eg (2)

where EVB is the VB potential and ECB the CB potential, χ is the absolute electronegativity
of the semiconductor (5.89, 4.42 and 5.26 for ZnO, gCN and ZnS, respectively), Eg is the
bandgap of the semiconductor determined from UV–visible DRS, and Ee is the energy of
free electrons on the hydrogen scale (ca. 4.5 eV).

Water reduction could be achieved by the successive transfer of photogenerated
electrons from gCN to ZnS and then to ZnO (type II mechanism), but the potential difference
between the conduction band of ZnO (−0.33 eV) and the H2/H2O couple is small (0.33 eV)
and would not allow for an effective reduction of water into H2. For the ZnS/ZnO/gCN
heterojunction, a double Z-scheme transfer pathway is privileged over a type II mechanism
(Figure 9), which agrees with the literature [17,21,33]. Under UV light irradiation, electrons
in the valence bands of ZnO, ZnS and gCN are promoted to the respective conduction
bands, while holes are generated in the valence bands. Electrons in the conduction band of
ZnO combine with the holes in the valence band of ZnS. Simultaneously, electrons in the
conduction band of ZnS combine with the holes in the valence band of gCN. The electrons
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thus accumulated in the conduction band of gCN exhibit the highest reducing power to
convert H2O molecules into H2. At the other end of the catalytic chain, holes in the valence
band of ZnO are consumed by the Na2S/Na2SO3 sacrificial agents.
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Figure 9. Double Z-scheme mechanism for the ZnS/ZnO/gCN (20%) photocatalyst under UV light
irradiation.

4. Conclusions

In summary, heterostructured photocatalysts associating with ZnS, ZnO and gCN were
efficiently prepared by sulfurization of ZnO/gCN nanohybrids. ZnS nanoparticles thus
produced are homogeneously distributed on the surface of ZnO/gCN and play a key role
in the inhibition of the ZnO/gCN photocorrosion under UV light irradiation. An improved
spatial separation of photogenerated charge carriers, as well as of their lifetime, was also
demonstrated for the ZnS/ZnO/gCN photocatalyst. A double Z-scheme mechanism
accounts for the efficient photocatalytic hydrogen evolution using the ZnS/ZnO/gCN
(20%) catalyst.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ma17194877/s1. Figure S1. Rietveld refinement result of
the powder XRD data for (a) ZnO, (b) ZnO/gCN and (c) ZnS/ZnO/gCN. The green curve illustrates
the difference between data (blue curve) and simulation (red curve). Figure S2: (a) Overview XPS
spectrum of the ZnO/gCN (20%) photocatalyst. (b–e) are the HR-XPS spectra of Zn 2p, O 1s, C 1s
and N 1s elements, respectively. Table S1. Impedance parameters obtained after fitting the EIS curves
with the Randles equivalent model.

Author Contributions: Investigation, A.B., A.M., B.C., L.B. and G.M.; methodology, B.C. and R.S.;
validation, B.C., T.G. and R.S.; resources, B.U. and R.S.; data curation, B.C. and G.M.; writing—original
draft preparation, B.C.; writing—review and editing, R.S.; supervision, R.S.; project administration,
B.U. and R.S.; funding acquisition, B.U. and R.S. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors thank the Bolashak International Scholarship of JSC “Center for International
Programs” for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ma17194877/s1


Materials 2024, 17, 4877 12 of 14

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: This project has benefited from the expertise and the facilities of the Platform
MACLE-CVL, which was co-funded by the European Union and Centre-Val de Loire Region (FEDER).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Oliveira, A.M.; Beswick, R.R.; Yan, Y. A green hydrogen economy for a renewable energy society. Curr. Opin. Chem. Eng. 2021, 33,

100701. [CrossRef]
2. Hassan, Q.; Algburi, S.; Zuhair Sameen, A.; Salman, H.M.; Jaszczur, M. Green hydrogen: A pathway to a sustainable energy

future. Int. J. Hydrogen Energy 2024, 50, 310–333. [CrossRef]
3. Abdin, Z.; Zafaranloo, A.; Rafiee, A.; Mérida, W.; Lipinski, W.; Khalilpou, K.R. Hydrogen as an energy vector. Renew. Sustain.

Energy Rev. 2020, 120, 109620. [CrossRef]
4. Kumar Lakhera, S.; Rajan, A.; Rugma, T.P.; Bernaurdshaw, N. A review on particulate photocatalytic hydrogen production system:

Progress made in achieving high energy conversion efficiency and key challenges ahead. Renew. Sustain. Energy Rev. 2021, 152,
111694. [CrossRef]

5. Tahir, M.; Tasleem, S.; Tahir, B. Recent development in band engineering of binary semiconductor materials for solar driven
photocatalytic hydrogen production. Int. J. Hydrogen Energy 2020, 45, 15985–16038. [CrossRef]

6. Sharma, R.; Almáši, M.; Pal Nehra, S.; Singh Rao, V.; Panchal, P.; Rattan Paul, D.; Prabh Jain, I.; Sharma, A. Photocatalytic
hydrogen production using graphitic carbon nitride (GCN): A precise review. Renew. Sustain. Energy Rev. 2022, 168, 112776.
[CrossRef]

7. Tatykayev, B.; Chouchene, B.; Balan, L.; Gries, T.; Medjahdi, G.; Girot, E.; Uralbekov, B.; Schneider, R. Heterostructured g-CN/TiO2
Photocatalysts Prepared by Thermolysis of g-CN/MIL-125(Ti) Composites for Efficient Pollutant Degradation and Hydrogen
Production. Nanomaterials 2020, 10, 1387. [CrossRef]

8. Chen, Y.; Ji, S.; Sun, W.; Lei, Y.; Wang, Q.; Li, A.; Chen, W.; Zhou, G.; Zhang, Z.; Wang, Y.; et al. Engineering the Atomic Interface
with Single Platinum Atoms for Enhanced Photocatalytic Hydrogen Production. Angew. Chem. Int. Ed. 2020, 59, 1295–1301.
[CrossRef]

9. Cline, E.D.; Adamson, S.E.; Bernhard, S. Homogeneous Catalytic System for Photoinduced Hydrogen Production Utilizing
Iridium and Rhodium Complexes. Inorg. Chem. 2008, 47, 10378–10388. [CrossRef]

10. Li, T.; Tsubaki, N.; Jin, Z. S-scheme heterojunction in photocatalytic hydrogen production. J. Mater. Sci. Technol. 2024, 169, 82–104.
[CrossRef]

11. Sun, B.; Zhou, W.; Li, H.; Ren, L.; Qiao, P.; Li, W.; Fu, H. Synthesis of Particulate Hierarchical Tandem Heterojunctions toward
Optimized Photocatalytic Hydrogen Production. Adv. Mater. 2018, 30, 1804282. [CrossRef]

12. Lu, L.; Wu, B.; Shi, W.; Cheng, P. Metal–organic framework-derived heterojunctions as nanocatalysts for photocatalytic hydrogen
production. Inorg. Chem. Front. 2019, 6, 3456–3467. [CrossRef]

13. Gholipour, M.R.; Dinh, C.-T.; Béland, F.; Do, T.-O. Nanocomposite heterojunctions as sunlight-driven photocatalysts for hydrogen
production from water splitting. Nanoscale 2015, 7, 8187–8208. [CrossRef] [PubMed]

14. Moussa, H.; Chouchene, B.; Gries, T.; Balan, L.; Mozet, K.; Medjahdi, G.; Schneider, R. Growth of ZnO Nanorods on Graphitic
Carbon Nitride gCN Sheets for the Preparation of Photocatalysts with High Visible-Light Activity. ChemCatChem 2018, 10,
4973–4983. [CrossRef]

15. Behera, P.; Ray, A.; Tripathy, S.R.; Acharya, L.; Subudhi, S.; Parida, K. ZIF-8 derived porous C, N co-doped ZnO modified
B-g-C3N4: A Z-Scheme charge dynamics approach operative towards photocatalytic hydrogenevolution and ciprofloxacin
degradation. J. Photochem. Photobiol. A Chem. 2023, 436, 114415. [CrossRef]

16. Girish, Y.R.; Udayabhanu; Byrappa, N.M.; Alnaggar, G.; Hezam, A.; Nagaraju, G.; Pramoda, K.; Byrappa, K. Rapid and facile
synthesis of Z -scheme ZnO/g-C3N4 heterostructure as efficient visible light-driven photocatalysts for dye degradation and
hydrogen evolution reaction. J. Hazard. Mater. Adv. 2023, 9, 100230. [CrossRef]

17. Wang, J.; Xia, Y.; Zhao, H.; Wang, G.; Xiang, L.; Xu, J.; Komarneni, S. Oxygen defects-mediated Z-scheme charge separation in
g-C3N4/ZnO photocatalysts for enhanced visible-light degradation of 4-chlorophenol and hydrogen evolution. Appl. Catal. B
Environ. 2017, 206, 406–416. [CrossRef]

18. Ismael, M. The photocatalytic performance of the ZnO/g-C3N4 composite photocatalyst toward degradation of organic pollutants
and its inactivity toward hydrogen evolution: The influence of light irradiation and charge transfer. Chem. Phys. Lett. 2020, 739,
136992. [CrossRef]

19. Liu, X.; Liu, L.; Yao, Z.; Yang, Z.; Xu, H. Enhanced visible-light-driven photocatalytic hydrogen evolution and NO photo-oxidation
capacity of ZnO/g-C3N4 with N dopant. Colloids Surf. A 2020, 599, 124869. [CrossRef]

20. Liu, B.; Bie, C.; Zhang, Y.; LWang, L.; Li, Y.; Yu, J. Hierarchically Porous ZnO/g-C3N4 S-Scheme Heterojunction Photocatalyst for
Efficient H2O2 Production. Langmuir 2021, 37, 14114–14124. [CrossRef]

21. Liu, Y.; Liu, H.; Li, T.; Zhang, L. A Z-scheme mechanism of N-ZnO/g-C3N4 for enhanced H2 evolution and photocatalytic
degradation. Appl. Surf. Sci. 2019, 466, 133–140. [CrossRef]

https://doi.org/10.1016/j.coche.2021.100701
https://doi.org/10.1016/j.ijhydene.2023.08.321
https://doi.org/10.1016/j.rser.2019.109620
https://doi.org/10.1016/j.rser.2021.111694
https://doi.org/10.1016/j.ijhydene.2020.04.071
https://doi.org/10.1016/j.rser.2022.112776
https://doi.org/10.3390/nano10071387
https://doi.org/10.1002/anie.201912439
https://doi.org/10.1021/ic800988b
https://doi.org/10.1016/j.jmst.2023.04.049
https://doi.org/10.1002/adma.201804282
https://doi.org/10.1039/C9QI00964G
https://doi.org/10.1039/C4NR07224C
https://www.ncbi.nlm.nih.gov/pubmed/25804291
https://doi.org/10.1002/cctc.201801206
https://doi.org/10.1016/j.jphotochem.2022.114415
https://doi.org/10.1016/j.hazadv.2023.100230
https://doi.org/10.1016/j.apcatb.2017.01.067
https://doi.org/10.1016/j.cplett.2019.136992
https://doi.org/10.1016/j.colsurfa.2020.124869
https://doi.org/10.1021/acs.langmuir.1c02360
https://doi.org/10.1016/j.apsusc.2018.10.027


Materials 2024, 17, 4877 13 of 14

22. Liu, J.; Yan, X.-T.; Qin, X.-S.; Wu, S.-J.; Zhao, H.; Yu, W.-B.; Chen, L.-H.; Li, Y.; Su, B.-L. Light-assisted preparation of het-
erostructured g-C3N4/ZnO nanorods arrays for enhanced photocatalytic hydrogen performance. Catal. Today 2020, 355, 932–936.
[CrossRef]

23. Rakikuddin, M.; Kim, H. Samarium(III)-doped ZnO/graphitic-C3N4 composites for enhanced hydrogen generation from water
under visible light photocatalysis. J. Alloys Compd. 2020, 832, 154887. [CrossRef]

24. Zada, A.; Khan, M.; Hussain, Z.; Ali Shah, M.I.; Ateeq, M.; Ullah, M.; Ali, N.; Shaheen, S.; Yasmeen, H.; Ali Shah, S.N.; et al.
Extended visible light driven photocatalytic hydrogen generation by electron induction from g-C3N4 nanosheets to ZnO through
the proper heterojunction. Z. Phys. Chem. 2022, 236, 53–66. [CrossRef]

25. Kim, D.; Yong, K. Boron doping induced charge transfer switching of a C3N4/ZnO photocatalyst from Z-scheme to type II to
enhance photocatalytic hydrogen production. Appl. Catal. B Environ. 2021, 282, 119538. [CrossRef]

26. Liang, S.; Sui, G.; Guo, D.; Luo, Z.; Xu, R.; Yao, H.; Li, J.; Wang, C. g-C3N4-wrapped nickel doped zinc oxide/carbon core-double
shell microspheres for high-performance photocatalytic hydrogen production. J. Colloid Interface Sci. 2023, 635, 83–93. [CrossRef]

27. Khamdang, C.; Singsen, S.; Ngoipala, A.; Fongkaew, I.; Junkaew, A.; Suthirakun, S. Computational Design of a Strain-Induced
2D/2D g-C3N4/ZnO S-scheme Heterostructured Photocatalyst for Water Splitting. ACS Appl. Energy Mater. 2022, 5, 13997–14007.
[CrossRef]

28. Girish Kumar, S.; Kavitha, R.; Manjunatha, C. Review and Perspective on Rational Design and Interface Engineering of g-
C3N4/ZnO: From Type-II to Step-Scheme Heterojunctions for Photocatalytic Applications. Energy Fuels 2023, 37, 14421–14472.
[CrossRef]

29. Wang, J.; Wang, S. A critical review on graphitic carbon nitride (g-C3N4)-based materials: Preparation, modification and
environmental application. Coord. Chem. Rev. 2022, 453, 214338. [CrossRef]

30. Machado Filho, M.A.; Hsiao, C.-L.; Batista dos Santos, R.; Hultman, L.; Birch, J.; Gueorguiev, G.K. Self-Induced Core-Shell InAlN
Nanorods: Formation and Stability Unraveled by Ab Initio Simulations. ACS Nanosci. Au 2023, 3, 84–93. [CrossRef]

31. Alaya, Y.; Chouchene, B.; Medjahdi, G.; Balan, L.; Bouguila, N.; Schneider, R. Heterostructured S-TiO2/g-C3N4 Photocatalysts
with High Visible Light Photocatalytic Activity. Catalysts 2024, 14, 226. [CrossRef]

32. Dworschak, D.; Brunnhofer, C.; Valtiner, M. Photocorrosion of ZnO Single Crystals during Electrochemical Water Splitting. ACS
Appl. Mater. Interfaces 2020, 12, 51530–51536. [CrossRef] [PubMed]

33. Dong, Z.; Wu, Y.; Thirugnanam, N. Double Z-scheme ZnO/ZnS/g-C3N4 ternary structure for efficient photocatalytic H2
production. Appl. Surf. Sci. 2018, 430, 293–3000. [CrossRef]

34. Prabhu Yendrapati, T.; Prasad Ega, S.; Moses Abraham, B.; Pal, U. Hydrothermally decorated robust bimetallic sulfides with
heterojunction interfaces for efficient hydrogen generation. Int. J. Hydrogen Energy 2022, 47, 40254–40263. [CrossRef]

35. Wu, T.; He, Q.; Liu, Z.; Shao, B.; Liang, Q.; Pan, Y.; Huang, J.; Peng, Z.; Liu, Y.; Zhao, C.; et al. Tube wall delamination engineering
induces photogenerated carrier separation to achieve photocatalytic performance improvement of tubular g-C3N4. J. Hazard.
Mater. 2022, 424, 127177. [CrossRef]

36. Jothibas, M.; Johnson Jayakumar, S.; Manoharan, C.; Kartharinal Punithavathy, I.; Praveen, P.; Prince Richard, J. Structural and
optical properties of zinc sulphide nanoparticles synthesized via solid state reaction method. J. Mater. Sci. Mater. Electron. 2017,
28, 1889–1894. [CrossRef]

37. Al-Gaashani, R.; Radiman, S.; Daud, A.R.; Tabet, N.; Al-Douri, Y. XPS and optical studies of different morphologies of ZnO
nanostructures prepared by microwave methods. Ceram. Int. 2013, 39, 2283–2292. [CrossRef]

38. Ge, L.; Han, C.; Liu, J.; Li, Y. Enhanced visible light photocatalytic activity of novel polymeric g-C3N4 loaded with Ag nanoparticles.
Appl. Catal. A Gen. 2011, 409–410, 215–222. [CrossRef]

39. Vu, M.-H.; Sakar, M.; Nguyen, C.-C.; Do, T.-O. Chemically Bonded Ni Cocatalyst onto the S Doped g-C3N4 Nanosheets and Their
Synergistic Enhancement in H2 Production under Sunlight Irradiation. ACS Sustain. Chem. Eng. 2018, 6, 4194–4203. [CrossRef]

40. Li, N.; Tian, Y.; Zhao, J.; Zhang, J.; Zuo, W.; Kong, L.; Cui, H. Z-scheme 2D/3D g-C3N4@ZnO with enhanced photocatalytic
activity for cephalexin oxidation under solar light. Chem. Eng. J. 2018, 352, 412–422. [CrossRef]

41. Ibupoto, Z.H.; Khun, K.; Liu, X.; Willander, M. Hydrothermal Synthesis of Nanoclusters of ZnS Comprised on Nanowires.
Nanomaterials 2013, 3, 564–571. [CrossRef] [PubMed]

42. Wang, X.; Meng, J.; Zhang, X.; Liu, Y.; Ren, M.; Yang, Y.; Guo, Y. Controllable Approach to Carbon-Deficient and Oxygen-Doped
Graphitic Carbon Nitride: Robust Photocatalyst Against Recalcitrant Organic Pollutants and the Mechanism Insight. Adv. Funct.
Mater. 2021, 31, 2010763. [CrossRef]

43. Sang, H.X.; Wang, X.T.; Fan, C.C.; Wang, F. Enhanced photocatalytic H2 production from glycerol solution aver ZnO/ZnS
core/shell nanorods prepared by a low temperature route. Int. J. Hydrogen Energy 2012, 37, 1348–1355. [CrossRef]

44. Lin, H.; Wei, L.; Wu, C.; Chen, Y.; Yan, S.; Mei, L.; Jiao, J. High-Performance Self-powered Photodetectors Based on ZnO/ZnS
Core-Shell Nanorod Arrays. Nanoscale Res. Lett. 2016, 11, 420. [CrossRef] [PubMed]

45. Zhao, H.; Zhang, H.; Cui, G.; Dong, Y.; Wang, G.; Jiang, P.; Wu, X.; Zhao, N. A photochemical synthesis route to typical transition
metal sulfides as highly efficient cocatalyst for hydrogen evolution: From the case of NiS/g-C3N4. Appl. Catal. B Environ. 2018,
225, 284–290. [CrossRef]

46. Yang, S.; Guo, X.; Liu, K.; Li, Y.; Li, T.; Gu, X.; Arenal, R.; Zheng, X.; Li, W.; Sun, C.; et al. Size effect of CoS2 cocatalyst on
photocatalytic hydrogen evolution performance of g-C3N4. J. Colloid Interface Sci. 2023, 635, 305–315. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cattod.2019.02.028
https://doi.org/10.1016/j.jallcom.2020.154887
https://doi.org/10.1515/zpch-2020-1778
https://doi.org/10.1016/j.apcatb.2020.119538
https://doi.org/10.1016/j.jcis.2022.12.120
https://doi.org/10.1021/acsaem.2c02600
https://doi.org/10.1021/acs.energyfuels.3c01032
https://doi.org/10.1016/j.ccr.2021.214338
https://doi.org/10.1021/acsnanoscienceau.2c00041
https://doi.org/10.3390/catal14040226
https://doi.org/10.1021/acsami.0c15508
https://www.ncbi.nlm.nih.gov/pubmed/33166115
https://doi.org/10.1016/j.apsusc.2017.07.186
https://doi.org/10.1016/j.ijhydene.2022.07.233
https://doi.org/10.1016/j.jhazmat.2021.127177
https://doi.org/10.1007/s10854-016-5740-6
https://doi.org/10.1016/j.ceramint.2012.08.075
https://doi.org/10.1016/j.apcata.2011.10.006
https://doi.org/10.1021/acssuschemeng.7b04598
https://doi.org/10.1016/j.cej.2018.07.038
https://doi.org/10.3390/nano3030564
https://www.ncbi.nlm.nih.gov/pubmed/28348350
https://doi.org/10.1002/adfm.202010763
https://doi.org/10.1016/j.ijhydene.2011.09.129
https://doi.org/10.1186/s11671-016-1639-7
https://www.ncbi.nlm.nih.gov/pubmed/27654280
https://doi.org/10.1016/j.apcatb.2017.11.083
https://doi.org/10.1016/j.jcis.2022.12.149
https://www.ncbi.nlm.nih.gov/pubmed/36587582


Materials 2024, 17, 4877 14 of 14

47. Zheng, D.; Huang, C.; Wang, X. Post-annealing reinforced hollow carbon nitride nanospheres for hydrogen photosynthesis.
Nanoscale 2015, 7, 465–470. [CrossRef]

48. Xu, Y.; Schoonen, M.A.A. The absolute energy positions of conduction and valence bands of selected semiconducting minerals.
Am. Mineral. 2000, 85, 543–556. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/C4NR06011C
https://doi.org/10.2138/am-2000-0416

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of gCN 
	Synthesis of ZnO/gCN Photocatalysts 
	Sulfuration of ZnO/gCN. Preparation of ZnS/ZnO/gCN Catalysts 
	Photocatalytic Hydrogen Production 
	Characterizations 

	Results 
	Photocatalyst Synthesis and Characterization 
	Photocatalytic Performance and Stability 
	Photocatalytic Mechanism 

	Conclusions 
	References

