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S-scheme unidirectional transmission of CdS-CuO
heterojunction benefits for superior photocatalytic

hydrogen evolution efficiency
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Abstract: The efficiency and stability of catalysts for
photocatalytic hydrogen evolution (PHE) are largely
governed by the charge transfer behaviors across the
heterojunction interfaces. In this study, CuO, a typical
semiconductor featuring a broad spectral absorption range,
is successfully employed as the electron acceptor to
combine with CdS for constructing a S-scheme
heterojunction. The optimized photocatalyst (CdS-
CuO2:1) delivers an exceptional hydrogen evolution rate
of 18.89 mmol/(g-h), 4.15-fold higher compared with bare
CdS. X-ray photoelectron spectroscopy (XPS) and
diffuse
spectroscopy (UV-vis DRS) confirmed the S-scheme band

ultraviolet-visible reflection absorption
structure of the composites. Moreover, the surface

photovoltage (SPV) and electron paramagnetic resonance

(EPR) indicated that the photogenerated electrons and photogenerated holes of CdS-CuO2:1 were respectively transferred to the
conduction band (CB) of CdS with a higher reduction potential and the valence band (VB) of CuO with a higher oxidation
potential under illumination, as expected for the S-scheme mechanism. Density-functional-theory calculations of the electron

density difference (EDD) disclose an interfacial electric field oriented from CdS to CuO. This built-in field suppresses charge

recombination and accelerates carrier migration, rationalizing the markedly enhanced PHE activity. This study offers a novel

strategy for designing S-scheme heterojunctions with high light harvesting and charge utilization toward sustainable solar-to-

hydrogen conversion.
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Solar-driven photocatalytic hydrogen evolution (PHE)
offers a carbon-neutral approach to convert the endless
solar-energy to chemical fuels!' ™, yet its practical viability
is impeded by the poor light absorption and low electron
transfer efficiency of the traditional photocatalysts™*™.
Transition metal sulfides (TMSs), such as CdS, ZnS,
ZnIn,S,, have emerged as appealing alternatives because of
their exceptional light response and splendid photoelectric
properties’® . Among them, CdS possess an ideal band gap
and a conduction-band minimum for proton reduction, thus
presenting a great future potential® ', However, rapid
recombination of photo-generated electron-hole pairs and
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inefficient interfacial charge extraction severely curtail its
quantum efficiency* ',

Many efforts have been devoted to enhance the charge
separation efficiency, among which the crafted design of
heterojunction catalysts is regarded as a promising
strategy'*. Among them, the effective strategy to construct
heterojunctions by coupling semiconductors with different
work functions is largely explored and has shown
significant prospect. A rich library of CdS-based
heterojunctions, such as  CdS/BiVO,"™,  Co,Sg
QDs/NiS/CdS!"®  g-C,N,/CdS!",  CdS/MnO,-BivO,™,
CdS/NiAI-LDH",  COF/CdS™,  MnO,/CdS®"  and
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W,504/CdSP! have presented markedly improved PHE
efficiencies. The driving force in these systems originates
from the Fermi-level offset between adjoining
semiconductors, which established a strong interfacial
electric field (IEF) at the interfaces. Induced by the driving
force of IEF, the spatial separation and transmission of
carriers would be largely accelerated, finally realizing a
high quantum efficiency.

Copper oxide (CuO), a narrow band gap semiconductor,
has been widely explored for photocatalytic applications
due to its suitable band gap energy, abundant oxygen
deficiency, and tunable electronic structure’®* !, Previous
investigations have highlighted the potential of combination
CuO with CdS to fabricate heterojunctions, capitalizing on
their well-aligned valence band (VB) and conduction band
(CB) positions for Type-IT band alignment™®*!. However,
the IEF in type II heterojunctions drives the photogenerated
charges toward lower energy bands, which significantly
reduces their redox ability. Therefore, despite improved
photocatalytic  performance, these systems remain
fundamentally limited by weak redox potentials. Recently,
the step-scheme (S-scheme) heterojunctions have emerged
as promising alternatives, demonstrating
photocatalytic activity’ !, Unlike
heterojunctions, S-scheme systems leverage work function
differences between semiconductors to achieve efficient
charge separation. Here, photogenerated electrons in the CB
of oxidation photocatalysts (OP) recombine with holes in
the VB of reduction photocatalysts (RP)*? !, This process
establishes an IEF that preserves high-energy electrons and
holes with strong redox capacities while inducing band
bending to facilitate directional charge migration”®" %,
Accordingly, the rational spatial separation of photoexcited
charges can maximally display the respective superiority of
CdS and CuO, thus endowing the S-scheme heterojunction
with both excellent activity and stability. Nevertheless, it is
still a formidable challenge on how to realize the fabrication
of the S-scheme heterojunction with CdS and CuO.

Critically, matching Fermi energy levels and the work
functions are prerequisites for the designation of S-scheme
heterojunctions. Through DFT calculations (the work
function and energy band structure), it is certified that the
intrinsic properties of CuO and CdS are qualified for
assembling S-type heterojunction, which should generate a
powerful IEF to drive charge transfer. To address the
challenges in fabrication, we propose a facile method
involving impregnation and grinding to synthesize the
heterojunction. It is observed that the resulting material
exhibits uniform and intimate interfacial contact between
CdS and CuO, delivering competitive photocatalytic
hydrogen evolution (PHE) performance with remarkable
stability. X-ray photoelectron spectroscopy (XPS) and
surface photovoltage (SPV) analyses reveal that the as-
prepared photo-catalyst bears a powerful charge transfer
ability originated from the IEF inside the heterojunction.
Integrating with the characterizations of spin-trapping

superior
traditional

electron paramagnetic resonance (EPR) and DFT
calculations (electron density difference (EDD) and Planar-
averaged electron density difference), the role of IEF is
analyzed and discussed, by which the PHE mechanism is

ultimately confirmed.
1 Materials and method

1.1 Materials

Cadmium chloride pentahydrate (CdCl,-2.5H,0, AR,
98%), ethylenediamine monohydrate (AR, 98%) was
obtained from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Sodium dodecyl benzene sulfonate
(SDBS, AR, 90%), thiourea (CH,N,S, AR, 99%), sodium
sulfide nonahydrate (Na,S-9H,0, AR, 98%), sodium sulfite
(Na,SO;, AR, 98%), (Cu(NO,),"3H,0, AR, 99%) were
obtained from Maclin Biochemical Technology Co., Ltd.
(Shanghai, China). Sodium hydroxide (NaOH, AR, 98%)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Anhydrous ethanol (C,H;OH, AR,
99.7%) was purchased from Tianjin Fuyu Fine Chemical
Co., Ltd (Tianjin, China). The reagents above were all of
analytical grade and used directly without further
purification. The deionized water used in this study was
obtained from local sources.

1.2 Synthesis of CdS

For the synthesis of the CdS, 0.003 mol CdCl,-2.5H,0,
0.009 mol ethylenediamine monohydrate, 0.6 g sodium
dodecyl benzene sulfonate (SDBS) (0.010 g/mL), and 0.006
mol thiourea were added into beaker with 60 mL deionized
water under continuous stirring for 30 min. Then, the
resulting mixture was transferred into a Teflon-lined
stainless autoclave of 100 mL capacity, which thereafter
was maintained at 100 °C for 5 h. After being cooled down
to room temperature naturally, the resulted products were
alternately washed for 3 times with deionized water and
ethanol absolute. Finally, the final products were dried at
60 °C for 6 h for further use.

1.3 Synthesis of the CuO

CuO was synthesized according to a previously reported
method™. Briefly, 0.6 g of Cu(NO;),. 3H,0 was resolved
in 25 mL deionized water (DW) and then 0.4 g of NaOH
solution in 25 mL of DW was dropped in this solution. The
mixture, after being stirred for 30 min, was transferred to a
stainless-steel autoclave and heated at 180 °C for 20 h. The
composed CuO nanoparticles were centrifuged at
4000 r/min for 5 min and dried at 70 °C overnight after
being washed by DW and ethanol for three times.
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1.4 Synthesis of the CdS-CuO Heterojunctions

The CdS-CuO heterojunctions were synthesized by wet
impregnation method. Initially, CdS and CuO were mixed
in absolute ethanol at a molar ratio of 1:2, 1:1, 2:1, 3:1
and 4:1. Then the mixture was ultrasonicated in a sealed
vial for 3 h at 40 °C. After that, it was centrifuged and was
dried in the lyophilizer overnight. The mixed powder of
CdS and CuO was thoroughly mixed by grinding for 30 min
to ensure that they were evenly mixed and calcined in a tube
furnace where nitrogen was introduced for 30 min to isolate
the air at 80 °C under N, condition for 2 h. The molar ratios
of CdS:CuO heterojunctions were set to be 1:2, 1:1, 2:1,
3:1, 4:1, based on which the obtained samples were
denoted as CdS-CuOl:2, CdS-CuOl:1, CdS-CuO2:1,
CdS-Cu03:1, CdS-CuO4:1.

1.5 Characterizations

Powder X-ray diffraction (XRD) patterns were collected
using a Rigaku D/max-gB X-ray diffractometer with Cu-Ka.
radiation (1 = 1.5406 A) at 293 K and the distribution of the
elements was detected by SEM equipped with energy
dispersive spectrometer (EDS). Transmission electron
microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images were obtained via a
JEOL JEM-2100 electron microscope. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using an
ESCALAB 250 instrument. All the spectra are obtained
after 284.8 eV calibration of C ls. Ultraviolet-visible
diffuse reflectance spectra (UV-vis DRS) were measured by
UV-3600 (Shimadzu). The lock-in amplifier-based surface
photovoltage (SPV) consists of a monochromatic light
source, a lock-in amplifier (SR830-DSP) with a light
chopper (SR540), and a 500 W Xe lamp (CHF-XM-500 W,
Global Xenon lamp power) serve as the light source. The
monochromatic light is provided by passing light from the
Xe lamp through a grating monochromator (Omni-5007,
Zolix). JES-FA300 (JEOL) was used for the
characterization of electron paramagnetic resonance (EPR)
with 300 W Xenon lamp at room temperature.

1.6 Photocatalytic H, evolution

The photocatalytic H, evolution was tested to evaluate
the  photocatalytic  activities of the CdS-CuO
heterojunctions. The photocatalytic H, evolution was tested
by MC-SPB10 (Magnesium catalytic tester, Beijing
Magnesium Richen Technology Co., Ltd.), using Na,S and
Na,SO; as sacrificial reagents to evaluate the photocatalytic
activities of CdS-CuO heterojunctions. Typically, 10 mg of
photocatalyst was dispersed in a 50 mL mixed aqueous
solution of 0.35 mol/L Na,S and 0.5 mol/L Na,SO; in a
photocatalytic reactor. Na,S and Na,SO; served as
sacrificial reagents to consume holes in the system. Then,
the reactor was vertically illuminated by using a 300 W

Xenon lamp as the light source. H, amounts were
quantitatively  analyzed via a  GC9790Plus gas
chromatograph equipped with a thermal conductivity
detector (TCD).

1.7 Photoelectrochemical characterization

Electrochemistry impedance spectroscopy (EIS) Nyquist
plots and transient photocurrent spectra were measured in
Na,SO, aqueous solution (0.1 mol/L) with a standard three-
electrode system (Pt plate, counter electrode; Ag/AgCl,
reference electrode; sample/ITO, working electrode).

1.8 DFT calculations

Density functional theory (DFT) calculation was
accomplished based on the CASTEP module in Materials
Studio software. Perdew-Burke-Ernzerhof (PBE) of the
exchange-correlation function was employed within the
generalized gradient approximation (GGA). Here, the
electronic energy was considered to be self-consistent when
the energy change was <10~ eV. A geometry optimization
was considered to be convergent when the force change was
<0.02 eV/A. For the model of CdS (220) and CuO (002)
slab, a plane wave basis was set with a cutoff energy of
500 eV and a Monkhorst-Pack grids of 7 x 7 x 1 k-point,
and the ultrasoft pseudopotential was used to approximate
the interaction between the atomic real and valence
electrons to accurately describe the hybridization and
transfer of valence electrons. Thus, geometric optimization
was carried out and the properties of the band structure and
density of states (DOS) were calculated.

For the CdS-CuO heterojunction model, a 1 x 1 x 2
supercell for CdS and 1 x 1 x 3 supercell for CuO was built
as the surface and a vacuum layer of 20 A was applied in
the z-direction to build the CdS-CuO heterojunction model.
The Monkhorst-Pack sampling scheme of the Brillouin zone
was adopted to generate the 2 X 3 x 1 k-point grids and the
kinetic energy cutoff of 400 eV was used, and the norm
conserving pseudopotential was used to approximate the
interaction between atomic real and valence electrons for
geometric optimization, and the band structure, density of
states (DOS) and EDD calculations were carried out.

2 Results and discussion

2.1 Structure and morphology of the CdS-CuO
heterojunction

Figure 1(a) displays the overall preparation procedure, in
which CdS and CuO were initially prepared by
hydrothermal method, and afterwards the composite catalyst
was synthesized via grinding the CdS and CuO with ethyl
alcohol to integrate the two components evenly and
intimately. The crystal structures of the as-prepared samples
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CdS, CuO and CdS-CuO2:1 were characterized by X-ray 52.0° are assigned to the (111), (220) and (311) planes of
diffraction (XRD) as depicted in Figure 1(b). In the pattern the cubic CdS (PDF#75-1546), respectively!'** !,
of sample CdS, the prominent peaks at 26.5°, 43.9° and
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Fig. 1 (a) Schematic illustration of the synthesis of the CdS-CuO composites; (b) XRD patterns for CdS, CuO and CdS-CuO;
SEM image of (c¢) CdS, (d) CuO and (e) CdS-CuO2:1; (f—j) EDS mapping of the CdS-CuO2:1; and (k—m) TEM and
HRTEM images of the CdS-Cu0O2:1
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For sample CuO, the characteristic peaks at 35.5°, 38.6°
and 48.8° could be indexed to the (002), (111) and (202)
planes of the monoclinic CuO (PDF#89-2529)!. The XRD
patterns of sample CdS-CuO2:1 include the diffraction
peaks of both CdS and CuO, indicating the successful
fabrication of the composite catalyst™' 2,

The morphology and elemental distribution of the CdS-
Cu02:1 sample were studied by SEM, HRTEM and EDS
mappings. Figure 1(c) exhibits the microscopic structure of
CdS, which presents uniform nanospheres with the diameter
of 100-300 nm, and the image of CuO (Figure 1(d))
exhibits a 2D micro-chip morphology. As to the CdS-
CuO2:1 composite (Figure 1(e)), it is found that CdS
nanoparticles were evenly deposited on the CuO surface,
demonstrating a well interwoven states of CuO and CdS,
which is favored in forming heterojunctions®!. The EDS
elemental mapping as illustrated in Figure 1(f)—(g) reveals
that the involved elements, Cd, S, Cu and O, uniformly
distribute over the surface of CdS-CuO2:1, wherein the
atomic ratio of Cd and Cu is close to 2:1 (Figure SI,
Supporting Information), agreeing well with the initial
feeding. To obtain more detailed information, HRTEM
image was recorded as illustrated in Figure 1(k)—(m), in
which two sets of visible lattice fringes with the spacing of
0.25 and 0.20 nm fit well with the (220) and (002) crystal
planes of CdS and CuO. This observation indicates the
physical coalesce between CdS and CuO, and thus provides
a solid basis for IEF formation and efficient charge transfer™".

X-ray photoelectron spectroscopy (XPS) was adopted to
examine the surface chemical states and probe the electron

transfer in heterojunctions (Figure 28**!. For clarity, the
XPS survey spectra of CdS, CuO and CdS-CuO2:1 are
shown in Figure S2 (Supporting Information), in which the
elements Cd, S, Cu and O can be detected, consistent with
the EDS mapping (Figure 1(f)). Figure 2(a) shows the high-
resolution XPS profile of Cd 3d orbitals in CdS, in which
the peaks at 405.08 and 411.81 eV are ascribed to Cd 3ds,
and Cd 3d,, orbitals, respectively!'”. By contrast, the
corresponding peaks for Cd 3d in the CdS-CuO2:1
spectrum positively shift (~0.25 eV) to 405.33 and 412.06 eV.
The higher binding energies should be attributed to the
interfacial electron transfer to CuO. In the case of S 2p
spectra (Figure 2(b)), the peaks at 161.42 and 162.61 eV in
original CdS are respectively assigned to the S 2p;, and
S 2p,,, orbitals™*?. Notably, the two peaks of S 2p orbitals in
the spectrum of the CdS-CuO2:1 are also positively shifted
(~0.30 eV) to 161.70 and 162.91 eV, which agrees well
with the trend in the Cd 3d peaks, thus further
demonstrating the strong interaction between CdS and CuO.
Meanwhile, the core level Cu 2p spectrum reveals to be
doublet (Figure 2(c)), which locate at 933.70 and 953.47 eV,
respectively representing Cu 2p,, and Cu 2p,, orbitals™*?l. It
has been acknowledged that the appearance of two satellites
at ~942 and ~962 eV signifies the paramagnetic state of
Cu®™1. Herein, one can ascertain that the interaction
between CdS and CuO is responsible for the decrease of Cu
2p binding energies to 933.46 and 953.31 eV. Figure 2(d)
shows the O ls XPS spectra, in which the pure CuO are
fitted at 529.78 and 531.39 eV, corresponding to the lattice
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Fig. 2 High-resolution XPS spectra for (a) Cd 3d orbital and (b) S 2p orbital of the CdS and the CdS-CuO2: 1; High-resolution XPS
spectra for (¢) Cu 2p orbital and (d) O 1s orbital of the CuO and the CdS-CuO2:1
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Besides, the one of O, negatively shifts to 529.55 eV
after construction of the heterojunction with CdS. These
variations of binding energies not only confirm the strong
interaction between CdS and CuO, but also confirm that in
the composites of CdS and CuO, due to the difference in E,
electrons spontaneously diffuse from CdS to CuO¥ %,
Such electron transfer can effectively facilitate the electric
field at the interface of the CdS-CuO heterojunctions, which
is in compliance with the setting of the S-scheme

heterojunction**'2,

2.2 Photocatalytic
heterojunctions

activity of the CdS-CuO

The photocatalytic H, evolution performance was
evaluated by using Na,S and Na,SO; as sacrificial reagents
under light irradiation, and the results are shown in
Figure 3(a) and (b). It can be seen that the pristine CdS and
CuO exhibit low H, evolution performance, which were
4.55 and 3.21 mmol/(g-h) respectively. By contrast, the
CdS-CuO composite delivers greatly increased H, evolution
rates. Explicitly, the H, production is closely dependent to
the molar ratio of CdS and CuO. When the molar ratios of
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CdS and CuO is set as 1:2, the H, evolution rate reaches
13.13 mmol O 1s. Further increasing the proportion of CdS,
a volcanic trend is presented, and the maximum rate of
18.89 mmol O 1s is achieved with the molar ratio of 2:1
(CdS:CuO).

Based on the XPS analyses above, it is proposed that the
promoted photocatalytic activity can be ascribed to the
improved charge separation after the construction of
heterojunctions. The combination of CdS and CuO creates
an IEF, which allows the photogenerated electrons to drift
to the surface of CdS (higher reduction potential) driven by
the electric field force. Thus, the proton reduction on the
CdS surface is enhanced. In this case, the appropriate
proportion of CdS and CuO can guarantee both efficient
light excitation and transmission of electrons. Of note, by
comparing  with  previously  reported  CdS-based
photocatalysts, the PHE efficiency of this S-scheme
heterojunction catalyst (CdS-CuO2:1) is rather competitive
(Table S1, Supporting Information).

The durability of CdS-CuO2:1 sample for PHE
application was evaluated by the cycling H, evolution
experiments. Based on the results in Figure 3(c), no obvious
decrease on H, evolution can be observed even after four
cycles.
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Fig. 3 (a) Photocatalytic H, evolution rates for the CdS, CuO and CdS-CuO samples; (b) Comparison of the photocatalytic H,
evolution rates for CdS, CuO and CdS-CuO2:1; (c) Cycling photocatalytic H, evolution tests of the CdS-CuO2: 1 photocatalyst;
(d) XRD patterns of fresh and used CdS-CuO2:1
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The characterizations of the spent catalysts, including
XRD, SEM and XPS were also carried out to examine the
structural integrity of the used CdS-CuO2:1 in detail. The
XRD and SEM patterns before and after PHE (Figure 3(d)
and S3) also reveal no prominent change compared with
those of the fresh catalysts. Meanwhile, XPS (Figure S4,
Supporting Information) also confirms that the chemical
structure of sample CdS-CuO2:1 is well preserved. In
conclusion, the analyses above demonstrate that this S-
scheme heterojunction catalyst exhibits excellent stability
and superb photo-corrosion resistance.

2.3 S-scheme heterojunction band structure

To wunderstand the surface electron transportation
properties of the catalysts, surface photovoltage (SPV) is
employed. SPV signal arises when the photoinduced
electron-hole pairs are separated in space, and a stronger
photovoltage signal implies better charge transfer ability of
the photocatalyst. Whereas the negative photovoltage signal
elucidates photogenerated electrons that migrate towards the
surface™ %, The S-scheme heterojunctions are well known
to be high-efficiency on the charge transfer. Hence, the
photocatalytic mechanism of as-prepared heterojunctions
was further investigated through SPV (Figure 4(a)). As
suggested in Figure 4(a), an inversed photovoltage signal is
observed for CdS-CuO2:1, demonstrating the existence of

40 |-(a)
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—o— CdS-Cu02: 1
CdS
CuO

—140 L : L L

—120 -
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Wavelength/nm
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©_ cas
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an interfacial electric field, whereby the photoinduced
charge carriers can be separated rapidly and efficiently®™ %,
The strong signal centered ca. 475 nm also indicates a much
higher photogenerated electron transfer efficiency towards
the interface than that of pure CdS, which determines a
greatly improved PHE capability. Combined with the XPS
results, the successful fabrication of S-scheme heterojunctions
with CdS and CuO can be ultimately ascertained.

The optical properties and band structures are detected
via UV-vis DRS and valence band X-ray photoelectron
spectroscopy (VB-XPS) spectra. The UV-vis DRS spectra
in Figure 4(b) reveals that the pristine CdS presents strong
visible light response with the absorption edge at ~540 nm,
while CuO shows a wide absorption band from the
ultraviolet region to the visible region with the absorption
edge at 840 nm. Hence, the absorption edge of CdS-
CuO2:1 catalyst is red-shifted compared with that of CdS,
and further extends into the visible light region as expected,
which results in better light absorption. Figure 4(c)
illustrates the Tauc’s bandgap plots that are transformed
from the UV-vis DRS measurements. The energy bandgaps
(E,) of CdS, CuO and CdS-CuO2:1 are evaluated to be
2.06, 1.61 and 1.73 eV, respectively (Figure 4(c) and S5). It
has been well demonstrated that the band gap accounts for a
major factor affecting the PHE activities. A wide band gap
can provide a high light absorption intensity, but the
absorption range is limited.

(b)

Absorbance

CdsS
CuO
—— CdS-Cu02: 1

200 300 400 500 600 700 800 900
Wavelength/nm

(d)

——ds
132
b mm,“ff:: - - — D ;'\“ -
g
E CuO

-2 0 2 4 6 8 10 12 14
Binding energy/eV

Fig. 4 Photochemical properties of the catalysts: (a) SPV spectra of CdS, CuO and CdS-CuO2:1; (b) UV-vis DRS spectra of samples;
(c) Tauc’s energy bandgap of CdS and CuO; (d) VB XPS spectra of CdS and CuO
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Conversely, a narrow band gap sacrifices the light
absorption intensity to realize a wide light absorption
range® "), Therefore, the compromised E, of CdS-Cu02:1
is favorable to the light absorption, as well as the generation
of photoinduced carriers. The specific valence band
positions are determined through VB XPS spectra
(Figure 4(d)). The VB top positions (Eyg) of CdS and CuO,
are located at 1.32 and 1.44 eV versus the normal hydrogen
electrode (NHE), respectively. Thus, their conduction band
potentials (E¢g) can be estimated to be —0.74 and —0.17 eV
according to the equation of E, = Eyg — Ecp. Base on
previous reports, the CB and VB of oxidation-side
semiconductor in the S-scheme heterojunctions should be
lower than those of the reduction-side photocatalyst to
facilitate the formation of a directional driving force for the
photogenerated  electron-hole  pairs™*™®.  Hence, the
coordination of band structures between CdS and CuO are
energetically favorable for the construction of S-scheme
heterojunction as estimated!®*34%44],

EPR was carried out to validate the charge transfer
mechanism of this S-scheme heterojunction, and further
analysis the electric potentials of available € and h'. DMPO
was utilized as radical capture reagent of superoxide radical
(O;) and hydroxyl radical (-OH), which respectively
represents the reducibility and oxidizing ablility. As shown
in Figure 5(a) and (b), no signal of DMPO--O; (1:1:1:1
peak intensity) and DMPO--OH (1:2:2:1 peak intensity)
can be found in dark (dark, 0 min), indicating that there is
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g
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almost no valid ¢ or h" are produced. After irradiation for
2 min, the signal of DMPO--O, was readily detected in
pristine CdS, while no signal could be found in pristine
CuO, which can be attributed to the more positive Eqy of
CuO than that of O,/O; (—0.33 eV vs. NHE). As for -OH,
even though the production amount over both pristine
catalysts are relatively weak, one can find CuO performs
slightly better than CdS, indicating that the former can
produce more h*. By contrast, the signals of both -O; and
‘OH over CdS-CuO2:1 are much stronger, suggesting its
powerful charge transfer efficiency for the attractive PHE
performance. Assuming that the CdS-CuO catalyst is a type
Il heterojunction, there will be a contradiction that the
photogenerated ¢ in Ecz of CuO is not able to support the
formation of -O; radicals dominated by the potential of the
0,/0;. Instead, it explicable that the
photogenerated e is accumulated on the CB of CdS (the
highest reduction potential), while the photogenerated h”
transfers to the VB of the CuO (the highest oxidation
potential), which agrees well with the features of S-scheme
heterojunctions.

TPR and EIS results are depicted in Figure 5(c) and (d) to
identify the efficiencies of charge separation and transfer.
Similarly, CdS-CuO2:1 presents the smallest semicircle
and higher photo-current density compared to the two
counterparts of single component, which implies a lower
potential barrier for the photo-generated carrier separation

and transfer at the S-scheme heterojunction interface!® ",

(b)
CdS-Cu02: 1

is more

‘OH
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Fig. 5 (a) 5,5-dimethyl-1-pyrroline N-oxide (DMPO)--0; EPR; (b) DMPO--OH EPR; (c) transient photocurrent response;
(d) EIS Nyquist plots spectra of CdS, CuO and CdS-Cu02:1
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2.4 DFT calculations

DFT calculations based on the Materials Studio is
considered as an effective approach for unveiling the
detailed mechanisms during PHE"?. F irstly, the models are
established and verified to ensure the accuracy of the whole
simulation® !, Figure 6(a) and (b) display the bandgap of
CdS and CuO, which are calculated to be 2.26 and 1.642 eV
respectively, and well coincided with the aforementioned
experimental results. Meanwhile, both of them exhibit
direct-bandgap semiconductor features, consistent with
previous literature® ", Since the accuracy of models are
verified, density of states (DOS) for CdS and CuO can be
further calculated as shown in Figure 6(d) and (e). Clearly,
the conduction band minimum (CBM) of CdS mainly
consists of the p orbitals of S, while the valence-band
maximum (VBM) is composed of the d orbitals of Cd and
the p orbitals of S. The CBM of CuO is mainly contributed
by the s orbitals of O, while its VBM is originated from the
d orbitals of Cu and the s and p orbitals of O. Figure 6(c)
provides the energy band structures of the CdS-CuO
catalyst. The bandgap is calculated to be 1.748 eV, which
matches well with the experimental results (1.73 eV). From
the profiles of CdS-CuO heterojunction in Figure 6(f), it is
observed that the O 2s orbitals comprise the majority of the
VBM, while the Cd 3d mainly contributes to the CBM of
the heterojunction. Hence, it could be concluded that the e~
from the CB of CuO transfers to CdS while the h* from the
VB of CdS transfers to the CuO, which is consistent with
the conclusions drawn by EPR (Figure 5(a) and (b)). In
addition, more dense band distribution near the Fermi level
can be found in the heterojunction than those of the single
semiconductors, evidencing the formation of hybridized
orbitals***™** This  hybridization causes bonding
resonances near Fermi levels in CdS-CuO heterojunction

and facilitates the electrons moving easily through the
interface of the heterojunction, thus giving rise to high-
efficiency electron transfer in CdS-CuO. This enhancement
serves as another major factor to improve the photocatalytic
activity, which is in complement to the band structureresults
(Figure 2) and the SPV characterizations (Figure 4(a)).

2.5 Charge transfer mechanism

As evidenced previously, an IEF was generated at the
interface by combining two semiconductors with different
E*3% The work function (®), defined as the energy
difference between the vacuum and Fermi levels, can
precisely evaluate the electron transfer capacity within
heterojunctions™®, It can be obtained via the formula
@ = E,—FE;, where E,.  and E; represent the energy of
vacuum level (assumed as 0 eV) and Fermi level™'],
Figure 7(a) reveals the work function of CdS (5.42 eV) and
CuO (7.02 eV). The difference of E; between CdS and CuO
(1.6 eV) permits a powerful driven force for the electron
transfer from CdS to CuO, and thus generates an IEF
pointing from CdS to CuO. To further analyze the electron
transport properties based on the band structures of the
CdS-CuO heterojunction, the EDD located at the interface
was simulated and shown in Figure 7(b). Obviously, the
electron cloud around CuO region (yellow) is much more
enriched than that in the CdS region (blue), indicating the
electron transferring from CdS to CuO in the composite!™.
An asymmetric charge distribution is formed at the
interfacial region. Electron depletion and accumulation
separately occur in CdS and CuO, which are in good
agreement with the results obtained from the XPS
experiments as discussed above (Figure 2), confirming the
formation of IEF between CdS and CuO.
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Fig. 6 Calculated band structures of (a) CdS, (b) CuO and (c) CdS-CuO heterostructure; Calculated DOS of (d) CdS, (e) CuO
and (f) CdS-CuO heterostructure
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electric field; (d) Schematic for S-scheme heterojunction between CdS and CuO

Moreover, tovisualize the charge transfer between CdS
and CuO, Figure 7(c) presents the electron transfer curve
along the z-direction of the vacuum layer, which can
directly reflect the change of the charge density at the
heterojunction interface. The accumulation and the
depletion of electrons are intuitively exhibited by positive
and negative values. Obviously, 0.47 e is transferred from
CdS to CuO after the construction of heterojunction, owing
to their different work functions™***!, By virtue of the
noticeable electron transmission, the CuO region becomes
nucleophilic (Figure 7(b) yellow region), while the CdS
region is electrophilic (Figure 7(b) blue region). Thus, the
result further validates the occurrence of charge transfer
between CdS and CuO, as well as the existence of the
interfacial electric field. This, in turn, leads to a remarkable
efficiency in the transfer of photogenerated electrons to the
surface of CdS during the photocatalytic reaction.** 3473771,

In this case, the charge transfer mechanism is well
unraveled and coincides with the above experimental and
calculation  results. The excellent photocatalytic
performance of this CdS-CuO composite relies on the
formation of S-scheme heterojunction. The overall reaction
mechanism is proposed, as depicted in Figure 7(d). At the
interface, electrons transfer to the CdS from CuO after the
combination and generated an IEF pointing from CdS to

CuO. Under the action of Coulombic attraction, the VB of
CdS at the interface bends upward, and the CB of CuO
bends upward. This enables the photogenerated electrons
and photogenerated holes, to be effectively separated and
transferred to the surface of CdS and the surface of CuO,
which have higher reduction and oxidation potentials. As a
result, highly efficient photocatalytic hydrogen evolution is
achieved.

3 Conclusion

In summary, the metal sulfide/oxide, CdS and CuO, were
utilized to construct heterojunctions for PHE. A series of S-
scheme heterojunctions have been successfully designed
and fabricated through simple physical combination
method. By adjusting the proportion of CdS and CuO, these
semiconductors were uniformly and intimately
assembled to generate the heterojunctions, which exhibit
greatly improved PHE efficiency (maximum 18.89 mmol/(h-g),
4.15 times higher than that of CdS). Via the results of XRD,
HRTEM and XPS, the existence of electron transfer
between CdS and CuO is explicitly confirmed.
Comprehensive characterizations, including UV-vis DRS,
TPR and SPV, demonstrate that the build-in field locates

two
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between the highest occupied molecular orbital of CdS and
the valence band (VB) of CuO, symbolizing the successful
fabrication of the S-scheme heterojunction. With the aid
ofEPR analyses, the charge transfer mechanism is further
discussed. The energy band structures and electron density
difference calculations based on the DFT confirm that the
enrichment and directional transfer of photoexcited e and
h” between CdS and CuO are induced by the IEF, which
further contributes to the efficient PHE rate and high
stability of the as-prepared photocatalysts. This work
replenishes the photo-catalysis mechanism of S-scheme
heterojunctions and explores the design of efficient and
stable PHE photocatalysts.

Acknowledgments

Thank for Beijing China Education AuLight Technology
(CEAuLight) Co., Ltd.

Declaration of Competing Interest
The authors declare no conflict of interest.
References

[1] CUI C, ZHAO X, SU X, et al
donor—acceptor covalent organic polymer/Znln,S, Z-scheme

Porphyrin-based

heterostructure  for efficient photocatalytic  hydrogen
evolution[J]. Adv Funct Mater, 2022, 32(47): 2208962.

[2] TANG L, LIN Q, JIANG Z, et al. Nanoscaling and
heterojunction for photocatalytic hydrogen evolution by
bimetallic metal-organic frameworks[J]. Adv Funct Mater,
2023, 33(22): 2214450.

[3] PAN X, WANG X, ZHANG Z, et al. S-scheme y-Ga,0,/CdS
heterojunction with good photocatalytic overall water splitting
performance[J]. J Alloys Compd, 2025, 1013: 178595.

[4] XIAOY, YAO B, CAO M, et al. Super-photothermal effect-
mediated fast reaction kinetic in s-scheme organic/inorganic
heterojunction hollow spheres toward optimized photocatalytic
performance[J]. Small, 2023, 19(23): 2207499.

[51 YIN W, SU K, HE P, et al. Constructing S-scheme
NiCo0,0,/Zn,In,S; heterojunction photocatalyst for boosted
hydrogen evolution performance[J]. Fuel, 2025, 395: 135228.

[6] ZHANG C, LIANG Q, WANG Y, et al. Construction of Z-
scheme heterojunction CoS/CdS@g-C;N, hollow sphere with
spatical charge separation for enhanced photocatalytic
hydrogen production[J]. Appl Surf Sci, 2023, 626: 157214.

[71 WEIY, QIN H, DENG J, et al. Semiconductor photocatalysts
for solar-to-hydrogen energy conversion: Recent advances of
CdS[J]. Curr Anal Chem, 2021, 17(5): 573-589.

[8] WANG J, ZHU Q, LIAO Y, et al. Efficient enhancement of
photocatalytic hydrogen evolution of CdS nanorods by Nano-
CuO[J]. J Alloys Compd, 2021, 883: 160832.

[9] PRASAD C, MADKHALI N, WON J S, et al. CdS based

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

./ J Fuel Chem Technol, 2026, 54(1), 20250108 (11 of 14)

heterojunction for water splitting: A review[J]. Mater Sci Eng
B, 2023, 292: 116413.

KUMAR S G, KAVITHA R, NITHYA P M. Tailoring the
CdS surface structure for photocatalytic applications[J]. J
Environ Chem Eng, 2020, 8(5): 104313.

ALFAIFI M Q, AHMAD I, ALASSMY Y A, et al
Fabrication of CdS/Nb,Os S-scheme heterojunction with
increased photocatalytic H, generation performance under
simulated sunlight irradiation[J]. Int J Hydrog Energy, 2025,
106: 958—968.

CHEN L, XIE X, SU T, et al. Co;0,/CdS p-n heterojunction
for enhancing photocatalytic hydrogen production: Co-S
bond as a bridge for electron transfer[J]. Appl Surf Sci,
2021, 567: 150849.

LU H, LIU Y, ZHANG S, et al. Clustered tubular S-scheme
ZnO/CdS heterojunctions for enhanced photocatalytic
hydrogen production[J]. Mater Sci Eng B, 2023, 289:
116282.
LUAN X, YU Z, ZI J, et al. Photogenerated defect-transit
dual S-scheme charge separation for highly efficient
hydrogen production[J]. Adv Funct Mater, 2023, 33(42):
2304259.
YUAN M, SURIYAPRAKASH J, SHAN L, et al. Carrier
explicit dynamic of
CdS/BiVO,/H,0 and optimized photocatalytic hydrogen
evolution performances[J]. J Colloid Interface Sci, 2024,
658: 571-583.
XIE H, WANG K, XIANG D, et al. Construction of dual S-
scheme heterojunction based Co,Sy; QDs coupling with

confinement activated solvent

NiS/CdS concave cubic derived from prussian blue analog
for enhanced photocatalytic hydrogen evolution[J]. Adv
Sustain Syst, 2024, 8(3): 2300362.

RAN Y, CUI Y, ZHANG Y, et al. Assembly-synthesis of
puff pastry-like g-C;N,/CdS heterostructure as S-junctions
for efficient photocatalytic water splitting[J]. Chem Eng J,
2022,431: 133348.

GOGOI D, SHAH A K, RAMBABU P, et al. Step-scheme
heterojunction between CdS nanowires and facet-selective
assembly of MnO,-BiVO, for an efficient visible-light-
driven overall water splitting[J]. ACS Appl Mater
Interfaces, 2021, 13(38): 45475-45487.

GAO G, YANG G, DOU M, et al. The construction of 3D
hierarchical CdS/NiAl-LDH photocatalyst
hydrogen evolution[J]. Int J Hydrog Energy, 2023, 48(6):
2200-2210.

PENG J, SHEN J, YU X, et al. Construction of LSPR-
enhanced 0D/2D CdS/MoOs;._, S-scheme heterojunctions for
visible-light-driven photocatalytic H, evolution[J]. Chin J
Catal, 2021, 42(1): 87-96.

ZULFIQAR S, LIU S, RAHMAN N, et al. Construction of
S-scheme MnO,@CdS heterojunction with
structure as H,-production photocatalyst[J]. Rare Met, 2021,
40(9): 2381-2391.

LIU Q, HE X, TAO J, et al. Oxygen vacancies induced
effect for

for efficient

core—shell

plasmonic realizing broad-spectrum-driven


https://doi.org/10.1002/adfm.202208962
https://doi.org/10.1002/adfm.202214450
https://doi.org/10.1016/j.jallcom.2025.178595
https://doi.org/10.1002/smll.202207499
https://doi.org/10.1016/j.fuel.2025.135228
https://doi.org/10.1016/j.apsusc.2023.157214
https://doi.org/10.2174/1573411016666200106103712
https://doi.org/10.1016/j.jallcom.2021.160832
https://doi.org/10.1016/j.mseb.2023.116413
https://doi.org/10.1016/j.mseb.2023.116413
https://doi.org/10.1016/j.jece.2020.104313
https://doi.org/10.1016/j.jece.2020.104313
https://doi.org/10.1016/j.ijhydene.2025.02.032
https://doi.org/10.1016/j.apsusc.2021.150849
https://doi.org/10.1016/j.mseb.2023.116282
https://doi.org/10.1002/adfm.202304259
https://doi.org/10.1016/j.jcis.2023.12.093
https://doi.org/10.1002/adsu.202300362
https://doi.org/10.1002/adsu.202300362
https://doi.org/10.1016/j.cej.2021.133348
https://doi.org/10.1021/acsami.1c11740
https://doi.org/10.1021/acsami.1c11740
https://doi.org/10.1016/j.ijhydene.2022.10.099
https://doi.org/10.1016/S1872-2067(20)63595-1
https://doi.org/10.1016/S1872-2067(20)63595-1
https://doi.org/10.1007/s12598-020-01616-w

ZHAO Haiting et al.: S-scheme unidirectional transmission of CdS-CuO... ...

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[33]

[36]

[37]

photocatalytic H, evolution over an S-scheme CdS/W O,
heterojunction[J]. ChemNanoMat, 2021, 7(1): 44—49.

GUY N, ATACAN K, OZACAR M. Rational construction
of p-n-p CuO/CdS/CoWO, S-scheme heterojunction with
influential separation and directional transfer of interfacial
photocarriers for boosted photocatalytic H2 evolution[J].
Renew Energy, 2022, 195: 107—-120.

HUAN T N, ROUSSE G, ZANNA S, et al. A dendritic
nanostructured copper oxide electrocatalyst for the oxygen
evolution reaction[J]. Angew Chem Int Ed, 2017, 56(17):
4792-4796.

WANG F, XIAO L, CHEN J, et al. Regulating the electronic
structure and water adsorption capability by constructing
CuO
photocatalytic hydrogen evolution[J]. ChemSusChem, 2020,
13(21): 5711-5721.

SENOBARI S, NEZAMZADEH-EJHIEH A. A
comprehensive study on the photocatalytic activity of

carbon-doped hollow spheres for efficient

coupled copper oxide-cadmium sulfide nanoparticles[J].
Spectrochim Acta Part A, 2018, 196: 334—343.

ZHENG Y, CHEN Y, GAO B, et al. Phosphorene-based
heterostructured photocatalysts[J]. Engineering, 2021, 7(7):
991-1001.

WANG J, WANG Z, DAI K,
inorganic—organic S-scheme photocatalysts[J]. J Mater Sci
Technol, 2023, 165: 187-218.

WU X, CHEN G, WANG J, et al. Review on S-scheme
heterojunctions for photocatalytic hydrogen evolution[J].
Acta Phys Chim Sin, 2023, 0: 2212016.

MAO L, DENG H, LI M, et al. Manipulating interface built-
in electric fields for efficient spatial charge separation in
hematite-based photoanodes[J]. Sci China Mater, 2023,
66(2): 603-613.

LI H, LI R, JING Y, et al. S-scheme heterojunction/single-

atom dual-driven

et al. Review on

charge transport for photocatalytic
hydrogen production[J]. ACS Catal, 2024, 14(10): 7308—
7320.

XU F, MENG K, CHENG B, et al. Unique S-scheme
heterojunctions in self-assembled TiO,/CsPbBr; hybrids for
CO, photoreduction[J]. Nat Commun, 2020, 11(1): 4613.

LI T, TSUBAKI N, JIN Z. S-scheme heterojunction in
photocatalytic hydrogen production[J]. J Mater Sci Technol,
2024, 169: 82—-104.

ZHANG L, ZHANG J, YU H, et al. Emerging S-scheme
photocatalyst[J]. Adv Mater, 2022, 34(11): 2107668.
WANG Z, LIN Z, SHEN S, et al. Advances in designing
heterojunction photocatalytic materials[J]. Chin J Catal,
2021, 42(5): 710-730.

DU J, AHMAD I, ASHRAF I M, et al. Advancements in
dual S-scheme heterojunction systems for photocatalytic
applications: A mini-review[J]. Int J Hydrog Energy, 2025,
100: 1361-1384.

ZHANG Y, CAO Q, CHEN X, et al. Rational design of s-
scheme heterojunction based-polymeric carbon nitride for
reduction  reaction

enhanced photocatalytic  oxygen

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

/J Fuel Chem Technol, 2026, 54(1), 20250108 (12 of 14)

performance[J]. ChemCatChem, 2024, 16: 10.

NIE C, WANG X, LU P, et al. Advancements in S-scheme
heterojunction materials for photocatalytic environmental
remediation[J]. J Mater Sci Technol, 2024, 169: 182—198.
YANG X, YANG Y, WANG B, et al. Synthesis and
photocatalytic property of cubic phase CdS[J]. Solid State
Sci, 2019, 92: 31-35.

YU H, ZHONG W, HUANG X, et al. Suspensible cubic-
phase CdS nanocrystal photocatalyst: Facile synthesis and
highly efficient H,-evolution performance in a sulfur-rich
system[J]. ACS Sustainable Chem Eng, 2018, 6(4):
5513-5523.

ZUO G, MA S, YIN Z, et al. Z-scheme modulated charge
transfer on InVO,@ZnIn,S, for durable overall water
splitting[J]. Small, 2023, 19(19): 2207031.

LIU T, YANG K, GONG H, et al. Visible-light driven S-
Mn,,Cd, sS/CoTiO;
photocatalytic hydrogen evolution[J]. Renew Energy, 2021,
173: 389-400.

LIJ,L1Y, CHEN M, et al. Construction of polynary systems
by coupling Cd/CdS with magnetic recyclable CuO/Fe,0,/
CuFe,0, nanocomposite for enhancing photo-Fenton
degradation of antibiotics[J]. J Environ Chem Eng, 2023,
11(5): 111089.

ZHU J, BI Q, TAO Y, et al. Mo-modified ZnIn,S,@NiTiO;
S-scheme heterojunction with enhanced interfacial electric

scheme heterojunction for

field for efficient visible-light-driven hydrogen evolution[J].
Adv Funct Mater, 2023, 33(15): 2213131.

LI C, LIU X, HUO P, et al. Boosting H , production over
Cq-mediated NH,-MIL-125(T1)/Zn,sCd, 5
heterojunction via enhanced interfacial carrier separation[J].
Small, 2021, 17(39): 2102539.

DOLALI S, DEY R, DAS S, et al. Cupric oxide (CuO) thin
films prepared by reactive d. c. magnetron sputtering

S S-scheme

technique for photovoltaic application[J]. J Alloys Compd,
2017, 724: 456—464.

GUO F, FENG C, ZHANG Z, et al. A room-temperature and
ppb-level NO, sensor based on n-CdS/p-CuO heterojunction
modified with rGO nanosheets[J]. Sens Actuators B Chem,
2022,364: 131898.

ZHANG X, ZHANG M, LUO C, et al. Cs;Bi,Bry/BiOCI S-
scheme heterojunction photocatalysts with solid built-in
field for polystyrene microplastics
degradation[J]. Appl Catal B: Environ Energy, 2025, 371:
125288.

SU P, YU J, DENG P, et al. 0OD/ID Cd0.5Zn0.5S/

VO2Construction of S-scheme heterojunctions and Study on

electric efficient

theirvisible light catalytic Hydrogen evolution performance
[1]. J Liaocheng Univ (Nat Sci Ed), 2024, 37(5): 123-131.
ZHANG D, ZHANG D, ZHAO F, et al. Synergistic
enhancement of photocatalytic hydrogen evolution in Znln,
S,/CuWO, via an S-scheme heterojunction and the
photothermal effect[J]. J Mater Chem A, 2024, 12(48):
33546-33558.

ZHONG W, XU J, ZHANG X, et al. Charging d-orbital


https://doi.org/10.1002/cnma.202000536
https://doi.org/10.1016/j.renene.2022.05.171
https://doi.org/10.1002/anie.201700388
https://doi.org/10.1002/cssc.202001884
https://doi.org/10.1016/j.saa.2018.02.043
https://doi.org/10.1016/j.eng.2021.06.004
https://doi.org/10.1016/j.jmst.2023.03.067
https://doi.org/10.1016/j.jmst.2023.03.067
https://doi.org/10.3866/PKU.WHXB202212016
https://doi.org/10.1007/s40843-022-2194-3
https://doi.org/10.1021/acscatal.4c00758
https://doi.org/10.1038/s41467-020-18350-7
https://doi.org/10.1016/j.jmst.2023.04.049
https://doi.org/10.1002/adma.202107668
https://doi.org/10.1016/S1872-2067(20)63698-1
https://doi.org/10.1016/j.ijhydene.2024.12.421
https://doi.org/10.1016/j.jmst.2023.06.011
https://doi.org/10.1016/j.solidstatesciences.2019.04.004
https://doi.org/10.1016/j.solidstatesciences.2019.04.004
https://doi.org/10.1021/acssuschemeng.8b00398
https://doi.org/10.1002/smll.202207031
https://doi.org/10.1016/j.renene.2021.03.146
https://doi.org/10.1016/j.jece.2023.111089
https://doi.org/10.1002/adfm.202213131
https://doi.org/10.1002/smll.202102539
https://doi.org/10.1016/j.jallcom.2017.07.061
https://doi.org/10.1016/j.snb.2022.131898
https://doi.org/10.1016/j.apcatb.2025.125288
https://doi.org/10.1039/D4TA06654E

ZHAO Haiting et al.: S-scheme unidirectional transmission of CdS-CuO... ...

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

electron of ReS,,, cocatalyst enables splendid alkaline
photocatalytic H, evolution[J]. Adv Funct Mater, 2023,
33(36):2302325.

LI S, RONG K, WANG X, et al. Design of carbon quantum
Dots/CdS/Ta;Ns S-scheme heterojunction nanofibers for
efficient photocatalytic antibiotic removal[J]. Acta Phys-
Chim Sin, 2024, 40(12): 2403005.

JIANG T, XIE T, CHEN L, et al. Carrier concentration-
dependent electron transfer in Cu,0/ZnO nanorod arrays and
their photocatalytic performance[J]. Nanoscale, 2013, 7:
2535-3084.

BI L, GAO X, ZHANG L, et al. Enhanced photocatalytic
with
separation efficiency and charge transfer efficiency[J].
ChemSusChem, 2018, 11(1): 276-284.

ZHANG R, WANG H, LI Y, et al. Investigation on the
photocatalytic hydrogen evolution properties of Z-scheme
Au NPs/CulnS,/NCN-CN, composite photocatalysts[J]. ACS
Sustainable Chem Eng, 2021, 9: 7286—7297.

BI L, ZHANG R, ZHANG K, et al. Sulfidization of platinum
nickel bimetal-decorated g-C;N, for photocatalytic hydrogen

hydrogen evolution of NiCoP/g-C;N, improved

production: Photogenerated charge behavior study[J]. ACS
Sustain Chem Eng, 2019, 7(17): 15137-15145.

WANG Z, WANG Z, ZHU X, et al. Photodepositing CdS on
the active cyano groups decorated g-C;N, in Z-scheme
manner promotes visible-light-driven hydrogen evolution[J].
Small, 2021, 17(39): 2102699.

WANG K, LI Y, LI J, et al. Boosting interfacial charge
separation of BasNb,O,s5/g-C;N, photocatalysts by 2D/2D
nanojunction towards efficient visible-light driven H,
generation[J]. Appl Catal B: Environ, 2020, 263: 117730.

LI P, ZHOU Z, WANG Q, et al. Visible-light-driven
nitrogen fixation catalyzed by Bi;O; Br nanostructures:
Enhanced performance by oxygen vacancies[J]. ] Am Chem
Soc, 2020, 142(28): 12430-12439.

MOON H S, HSIAO K, WU M, et al. Spatial separation of
cocatalysts on Z-scheme organic/inorganic heterostructure
hollow spheres for enhanced photocatalytic H, evolution and
in-depth analysis of the charge-transfer mechanism[J]. Adv
Mater, 2023, 35(4): 2200172.

ZHANG M, ZHAO F, FENG K, et al. Construction of
Co,Sey/TiO,
efficient hydrogen production[J]. J Alloys Compd, 2023,
963: 171302.

CHEN Q, KE Q, ZHAO X, et al. Enhanced catalytic activity
for methanol synthesis from CO, hydrogenation by doping
indium into the step edge of Rh(211): A theoretical study[J].
Mol Catal, 2023, 542: 113123.

S-scheme heterojunction photocatalyst for

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

/J Fuel Chem Technol, 2026, 54(1), 20250108 (13 of 14)

LI Y, BAHAMON D, SINNOKROT M, et al. Insights into
the mechanisms of H,S adsorption and dissociation on CdS
surfaces by DFT-D3 calculations[J]. Int J Hydrog Energy,
2023, 48(26): 9700-9712.

MINIBAEV R F, BAGATUR’YANTS A A, BAZHANOV
D 1. First principles investigation of the structure and
electronic properties of CdS/CdSe/CdS and CdS/CdTe/CdS
quantum wells using a slab approximation[J]. 2010, 5:
191-197.

ZHOU Z, HAN F, GUO L, et al. Understanding divergent
behaviors in the photocatalytic hydrogen evolution reaction
on CdS and ZnS: A DFT based study[J]. Phy. Chem Chem
Phys, 2016, 18(25): 16862—16869.

ZHUO Q, ZHANG Y, FU Z, et al. First-principles study of
photocatalytic mechanism and charge transfer of PtS,/MoSe,
S-scheme heterojunction[J]. Appl Surf Sci, 2022, 600:
154038.

LUAN L, SUN K, ZHANG D, et al. First-principles study on
the electronic structure and photocatalytic property of a
novel two-dimensional ZrS,/InSe heterojunction[J]. RSC
Adv, 2023, 13(16): 11150-11159.

WANG K, XING Z, MENG D, et al. Hollow
MoSe,@Bi,S;/CdS core-shell nanostructure as dual Z-
scheme heterojunctions with enhanced full spectrum
photocatalytic-photothermal performance[J]. Appl Catal B:
Environ, 2021, 281: 119482.

LI Q, YANG S, LIU R, et al. Synergetic effect of the
interface electric field and the plasmon electromagnetic field
in Au-Ag alloy mediated Z-type heterostructure for
photocatalytic hydrogen production and CO, reduction[J].
Appl Catal B: Environ, 2023, 331: 122700.

KONG Z, ZHANG D, LIU J. Interfacial lattice relaxation
and S-Zn charge channel engineering in Cd,¢Zn,;S/ZnWO,
S-scheme heterojunction photocatalysts[J]. Nano Energy,
2025, 138: 110890.

ZHAO Z, WANG Z, ZHANG I, et al. Interfacial chemical
bond and oxygen vacancy-enhanced In,0O; /CdSe-DETA S-
scheme heterojunction for photocatalytic CO, conversion[J].
Adv Funct Mater, 2023, 33(23): 2214470.

YIN J, JIN J, YIN Z, et al. The built-in electric field across
FeN/Fe;N interface for efficient electrochemical reduction of
CO, to CO[J]. Nat Commun, 2023, 14(1): 1724.

XU Q, ZHANG L, CHENG B, et al. S-scheme
heterojunction photocatalyst[J]. Chem, 2020, 6(7): 1543~
1559.

ZHANG D, TAN G, WANG M, et al. The formation of
direct Z-scheme Ag/BiOCI/AglIO; heterojunction and its
degradation stability[J]. Appl Surf Sci, 2020, 530: 147228.


https://doi.org/10.1002/adfm.202302325
https://doi.org/10.3866/PKU.WHXB202403005
https://doi.org/10.3866/PKU.WHXB202403005
https://doi.org/10.3866/PKU.WHXB202403005
https://doi.org/10.1002/cssc.201701574
https://doi.org/10.1021/acssuschemeng.1c01234
https://doi.org/10.1021/acssuschemeng.1c01234
https://doi.org/10.1021/acssuschemeng.9b04153
https://doi.org/10.1021/acssuschemeng.9b04153
https://doi.org/10.1002/smll.202102699
https://doi.org/10.1016/j.apcatb.2019.05.032
https://doi.org/10.1021/jacs.0c05097
https://doi.org/10.1021/jacs.0c05097
https://doi.org/10.1002/adma.202200172
https://doi.org/10.1002/adma.202200172
https://doi.org/10.1016/j.jallcom.2023.171302
https://doi.org/10.1016/j.ijhydene.2022.12.094
https://doi.org/10.1039/C6CP02599D
https://doi.org/10.1039/C6CP02599D
https://doi.org/10.1016/j.apsusc.2022.154038
https://doi.org/10.1039/D2RA08000A
https://doi.org/10.1039/D2RA08000A
https://doi.org/10.1016/j.apcatb.2020.119482
https://doi.org/10.1016/j.apcatb.2020.119482
https://doi.org/10.1016/j.apcatb.2023.122700
https://doi.org/10.1016/j.nanoen.2025.110890
https://doi.org/10.1002/adfm.202214470
https://doi.org/10.1038/s41467-023-37360-9
https://doi.org/10.1016/j.chempr.2020.06.010
https://doi.org/10.1016/j.apsusc.2020.147228

ZHAO Haiting et al.: S-scheme unidirectional transmission of CdS-CuO... ... /J Fuel Chem Technol, 2026, 54(1), 20250108 (14 of 14)

CdS-CuO B4R S IR GG ELEU TR

R, A AE*, % M, Eh4E, Eus
(P BEDL 25 T R R 2F R R 5 R 8 24 B, 10T T BH 110134)

O E LA ST SRR E AR R Y A2 SRS N AT RS S . AEARTESE T, CuO AR S — R g 5
W B A T8 i I BB ) 2 SR, A R 32K S CdS 45 A, M3 T S-scheme 57 i 45, H i AL H (CdS-Cu0O2: 1) F= 45K
ik 18.89 mmol/(g-h), 4l CdS A 4.15 i, 4 CuO Ay 5.88 fiF . i id X S H F BETE (XPS) S 28 41 AT WL 18 Iz 5t W it
R TS S BUREA S5 A HEA , I B 1 % B (SPV) FlE P % 354R (EPR) 6 B CdS-Cu02: 1 78 5% B R S 2E B T3 %%
FIRJF A T R Y CdS (151, DA A R B AL B R CuO T, FFA S S A F A RS AS AL o a5 F A
FEOY 5 AU T CdS-CuO 5 i 4% 5 1 Ak Y i far 43 A5 & PR, FLAE FL i AR s T i CdS #E 17 CuO B AL LY. A B
HIZEA T, CdS-CuO B A S B F B 45 ()6 A 3 7 40 8 MR B s R AR 2 2 71, dhmi e FH e =2k . AN
B A SRR S B S R4S 3248 T —Flopi A0SR mE, B 76 SCI i sk A & (B RE R AL 77

KR OUIALHTE; CdS-CuO s BT 4h; B 75 154 ; 1 s 3%; DFT 1157

FE4ZES: TKI1 XERFRIREE: A

(E=RERNE

AT BE (2000), B AT AR, BF9E 7 16 M
et Ab 24 K 7= A, Z4232Hht@163.com,



mailto:Z4232Hht@163.com

	1 Materials and method
	1.1 Materials
	1.2 Synthesis of CdS
	1.3 Synthesis of the CuO
	1.4 Synthesis of the CdS-CuO Heterojunctions
	1.5 Characterizations
	1.6 Photocatalytic H2 evolution
	1.7 Photoelectrochemical characterization
	1.8 DFT calculations

	2 Results and discussion
	2.1 Structure and morphology of the CdS-CuO heterojunction
	2.2 Photocatalytic activity of the CdS-CuO heterojunctions
	2.3 S-scheme heterojunction band structure
	2.4 DFT calculations
	2.5 Charge transfer mechanism

	3 Conclusion
	Acknowledgments
	Declaration of Competing Interest
	参考文献

