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Abstract

Efficient visible-light-driven hydrogen production in the absence of noble metal is one of the major challenges for
the application of photocatalytic water splitting. Herein, using cadmium sulfide (CdS) as a typical photocatalyst, we
report on the synthesis of composite photocatalyst (CdS/MN) with CdS nanoparticles attached on two-
dimensional (2D) layered molybdenum nitride (MN). The introduction of MN brings drastically enhanced
photocatalytic activity of CdS by more than eight times, with an optimized hydrogen-production rate of
~58.4 mmol-h™g" and an apparent quantum yield of 62.5%. Characterization results indicate the charge transfer
from CdS to MN for more efficient utilization of long-lived photogenerated electrons, with average lifetime of
photogenerated charge carriers in CdS and CdS/MN estimated as 3.40 and 4.63 ns, respectively, and that MN
could help to reduce the overpotential (280 mV) of hydrogen production reaction. Therefore, the excellent
photocatalytic performance is attributed to the cocatalytic effect of 2D MN that helps to facilitate the charge
separation and provides reactive sites for promoting hydrogen production reaction. This work provides an excellent
example of efficient photocatalytic systems consisting of earth-abundant elements.
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INTRODUCTION

Photocatalytic water splitting offers a sustainable approach to convert and store solar energy in the form of
hydrogen"~.. Since the initial discovery in 1972, extensive research has been conducted on various
photocatalysts for hydrogen production, such as TiO,"", SrTiO,”*, C,N,", cadmium sulfide (CdS)""**,
etc. CdS, in particular, has attracted significant research interest due to the narrow band gap for visible-light
utilization and the abundant elemental source for low-cost synthesis"”. Nevertheless, as a typical direct
bandgap semiconductor, CdS suffers from the fast recombination of photogenerated electrons and holes
that limits the photocatalytic efficiency. Therefore, charge separation and surface reaction of CdS
photocatalyst have been extensively investigated for improved hydrogen production. Strategies such as
coupling CdS with other semiconductor photocatalysts, including TiO,, to form heterojunctions"*',
establishing homojunctions of CdS with different crystal facets or phases to facilitate charge transfer via
suitable band alignment"*'”), and fabricating one-dimensional (1D) or two-dimensional (2D) structures to

18,19

reduce the distance of charge transfer from the bulk to the surface"*", have been developed.

Modification with cocatalysts provides an effective way to simultaneously accelerate charge separation and
boost surface reaction, especially for metal cocatalysts®. Since the fermi level of metal is generally lower
than that of semiconductor photocatalyst, photogenerated electrons could be efficiently extracted from the
bulk to the surface of photocatalyst, and then to the surface of metal cocatalyst, thus facilitating charge
separation”'. Additionally, the Gibbs free energy variation for hydrogen adsorption and desorption is
relatively low for metal cocatalyst, enabling easier proton reduction reaction and enhancing hydrogen
production compared to typical semiconductors”. Noble metals, such as Pt and Au, have been reported as
highly effective cocatalysts on CdS for photocatalytic hydrogen production®?*. Considering the cost
implications for the future large-scale application of photocatalytic hydrogen production, there is a pressing
need to explore efficient noble-metal free cocatalysts. Among them, 2D materials have garnered substantial
interest in catalysis due to their unique properties””, including abundant catalytic active sites from high
specific surface area and effective charge transfer and separation via minimized thickness. Recently, 2D
metal nitrides have been reported as efficient catalysts for hydrogen evolution reaction (HER)®,
demonstrating great potential as cocatalysts in photocatalytic water splitting.

Herein, we report on the fabrication of a novel photocatalyst composed of CdS and molybdenum nitride
(MN). Detailed characterization and theoretical analysis reveal that the introduction of 2D metallic MN not
only accelerates charge separation in CdS but also provides abundant reactive sites and lowers the
overpotential for HER. Given the photocatalytic performance of highly efficient hydrogen production, MN
is demonstrated as an excellent cocatalyst, with the corresponding mechanism elucidated. This work could
inspire the development of low-cost photocatalytic systems for efficient energy conversion.

EXPERIMENTAL

Chemicals

Sodium hydroxide, cadmium acetate, thioacetamide, MoO,, Na,MoO,, and lactic acid were analytical grade,
purchased from Sinopharm Chemical Reagent Co., Ltd, and were used without further purification. The
deionized water was used in experiments with a resistivity of 18.2 MQ-cm.

Synthesis of photocatalysts

CdS was synthesized by hydrothermal method. Sodium hydroxide, cadmium acetate, and thioacetamide
were dissolved in water and stirred for ten minutes. The resulting mixture was then transferred into a
Teflon-lined stainless autoclave and heated at 180 °C for 24 h. After naturally cooling to room temperature,
the as-obtained precipitate was collected and rinsed with water and ethanol by centrifugation. The sample
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was subsequently dried in a vacuum oven and designated as CdS.

MN was synthesized by modified nitride treatment of the ball-milled mixture of MoO, and Na,MoO,
powders with a molar ratio of 1:1%°. The nitride treatment was conducted at 650 °C for 15 h with NH, gas.
The product was washed with deionized water by ultrasonication, then dried in a vacuum oven, and
designated as MN.

The composites of CdS and MN were synthesized by mixing a certain amount of MN aqueous suspension
and CdS aqueous suspension by ultrasonication. The resulting products were then subjected to
centrifugation, and dried in a vacuum oven. Composite photocatalysts of CdS with different weight
percentages of MN were fabricated, in which CdS/MN refers to that with 20 wt.% of MN during later
discussion.

Characterizations
The characterization details were provided in the Supplementary Materials.

Photocatalytic tests

Photocatalytic H, production experiments were conducted in a Pyrex glass cell with a side window for light
irradiation. A 300W Xenon lamp equipped with a cutoff filter (A > 420 nm) was used as the light source.
Typically, 4 mg of the photocatalyst was dispersed into 80 mL of lactic acid aqueous solution (20 v%), where
lactic acid served as the hole scavenger. After purging with argon gas to eliminate air, the dispersion was
irradiated under light with a constant stirring velocity at 25 °C. The evolved H, was analyzed by gas
chromatography with Ar as carrier gas, a 5A molecular sieve column and a thermal conductivity detector
(TCD).

The apparent quantum yield (AQY) was calculated according to:

2xXn(H2)XNgXxhxc
tXAXIXA (1)

AQY =100% x

Where n(H,) is the amount of H, produced, N, is Avogadro’s constant, / is Planck’s constant, ¢ is the speed
of light, ¢ is the irradiation time, 4 is the wavelength, I is the light intensity, and A is the irradiated area.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of CdS, MN and
CdS/MN are shown in Figure 1, Supplementary Figures 1 and 2. It could be observed from Figure 1A that
CdS is nanoparticles with size of 30~80 nm, while the morphology of as-prepared MN shown in
Supplementary Figure 1 is predominantly 2D layered nanosheet with hundreds of nanometers in size. TEM
and high-resolution TEM (HRTEM) images in Supplementary Figure 2 further support the layered
structure of as-prepared MN. Figure 1B reveals that both CdS and MN are present in the SEM image of
CdS/MN, in which CdS particles are tightly attached to the surface of 2D MN, with some CdS particles
wrapped inside the layers of MN. It should be noted that since only 20 wt% of MN is utilized in the CdS/
MN composite, self-aggregation of some CdS particles also occurs. A HRTEM image in Figure 1C provides
further evidence of the combination of CdS and MN. Lattice fringes with a distance of 0.25 nm
corresponding to the (110) facet of MoN,,*", and the (002) facet of hexagonal CdS with a lattice distance of
0.335 nm"” offer a clearer view of the intimate contact between CdS and MN for potential charge transfer.
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Figure 1. SEM images of (A) CdS, and (B) CdS/MN composite; (C) HRTEM and (D-G) elemental mapping images of CdS/MN. SEM:
Scanning electron microscopy; CdS/MN: cadmium sulfide/molybdenum nitride; HRTEM: high-resolution transmission electron
microscopy.

Additionally, elemental mapping images in Figure 1D-G demonstrate uniform dispersion of Cd, S, Mo, and
N, respectively, further confirming the good combination of CdS and MN.

Figure 2A and Supplementary Figure 3 show the X-ray diffraction (XRD) patterns of as-prepared CdS, MN
and CdS/MN. The diffraction pattern of CdS could be identified as hexagonal structure””, and MN exhibits
a similar XRD pattern with hexagonal Mo,N.. It is worth noting that the diffraction peaks of as-prepared
MN are shifted towards low angles and the calculated lattice constants are significantly different when
compared with standard Mo.N,, indicating the characteristics of 2D layered structure identified as
MoN, . The XRD pattern of the CAS/MN composite inherits the diffraction peaks of CdS, with relatively
weak peaks of MN also observed, as indicated by the arrows labeling (110) and (114) facets of MoN, ,, ruling
out other impurities during synthesis process. Besides, lattice constants and crystallite size are also
calculated [Supplementary Table 1], which indicate that the fabrication of composite has minimal influence
on the intrinsic properties of CdS.

Figure 2B presents the light absorption of as-prepared samples determined by ultraviolet-visible (UV-vis)
spectra. CdS exhibits a distinct absorption edge at ~550 nm, with an estimated band gap of ~2.3 eV (via
Kubelka-Munk method, as shown in Supplementary Figure 4)®. MN exhibits high absorption across the
wavelength region from 300 to 800 nm, originating from its metallic property”’. Consequently, the light
absorption in the long-wavelength region of CdS/MN is elevated, attributed to the presence of MN in the
composite.

X-ray photoelectron spectra (XPS) were recorded to investigate the surface chemical state of as-prepared
photocatalysts, and the results are shown in Figure 2C and D, and Supplementary Figure 5. As shown in
Figure 2C, two peaks located at 405.4 and 412.2 eV correspond to the 3d,, and 3d,, orbitals of Cd*,
respectively™, which are typical results for CdS photocatalyst. It is worth noting that these two peaks
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Figure 2. (A) XRD patterns and (B) UV-vis spectra of as-prepared CdS, MN and CdS/MN composite; (C) XPS spectra of Cd 3d orbitals
of CdS and CdS/MN; (D) XPS VB spectrum of MN. XRD: X-ray diffraction; UV-vis: ultraviolet-visible; CdS/MN: cadmium
sulfide/molybdenum nitride; XPS: X-ray photoelectron spectra; VB: valence band.

exhibit a significant shift toward higher binding energy in CdS/MN composite compared to CdS, and a
similar shift is observed in S 2p orbitals [Supplementary Figure 5A]. Correspondingly, the peaks of Mo 3d
orbitals in Supplementary Figure 5B exhibit a shift toward lower binding energy in CdS/MN composite
compared to MN (the intensity of Mo 3d signals from CdS/MN were multiplied by 5 for better
comparison). These results indicate possible electron transfer from CdS to MN within CdS/MN
composite™. The valence band (VB) spectrum analysis of MN in Figure 2D further supports this
phenomenon, as the minimum VB band position of MN from XPS test is below zero (estimated as
-0.42 eV), indicating the metallic character of MN that could facilitate the extraction of electrons from CdS

for more efficient charge separation”'.

Photoluminescence (PL) spectra were recorded and the results are presented in Figure 3A. CdS exhibits an
intense PL emission peak, and significantly lowered emission is observed on CdS/MN, indicating that the
recombination of photogenerated charge carriers in CdS is greatly suppressed upon the introduction of
MN". Time-resolved PL (TRPL) was further tested to investigate the charge-transfer kinetics of CdS/MN
composite. As shown in Figure 3B and Supplementary Table 2, the average lifetime of photogenerated
charge carriers in CdS and CdS/MN is 3.40 and 4.63 ns, which demonstrates that the formation of CdS/MN
composite promotes more efficient utilization of long-lived photogenerated electrons for HER™.

Electrochemical impedance spectroscopy (EIS) curves in Figure 3C, represented by the Nyquist plot of CdS
and CdS/MN, reveal a smaller arc radius for CdS/MN compared to CdS (fitted parameters in
Supplementary Table 3). This further indicates the reduced charge transfer resistance and efficient charge
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Figure 3. (A) PL spectra, (B) TRPL spectra, (C) EIS spectra and (D) LSV curves of CdS and CdS/MN composite. PL: Photoluminescence;
TRPL: time-resolved photoluminescence; EIS: electrochemical impedance spectroscopy; LSV: linear sweep voltammetry; CdS/MN:
cadmium sulfide/molybdenum nitride; RHE: reversible hydrogen electrode.

separation in the CdS/MN composite photocatalyst"*. Linear sweep voltammetry (LSV) curves in Figure 3D
demonstrate a shift of onset potentials toward lower values for CdS/MN compared to CdS, indicating that
the hydrogen production reaction could occur at relatively lower overpotentials on CdS/MN>*. Therefore,
it is revealed that MN could serve as cocatalyst in CdS/MN composite photocatalyst during photocatalytic
reaction for hydrogen production.

The photocatalytic activity of as-prepared samples was evaluated by hydrogen production test, and the
results are displayed in Figure 4A. Pure CdS exhibits relatively low activity, with a hydrogen production rate
of ~7.2 mmol h™-g" under illumination of visible light (. > 420 nm). Significantly, the introduction of MN
could bring dramatic enhancement in photocatalytic activity. The optimized hydrogen production
performance of CdS/MN reaches ~58.4 mmol-h™-g" by loading 20 wt% MN, which is more than eight times
that of pure CdS. Further increment of MN content leads to a slight decrease in photocatalytic hydrogen
production, which could be ascribed to the less photogenerated charge carriers resulting from the potential
shielding effect of MN on the light absorption of CdS and the further decreased proportion of CdS content
in CdS/MN composite™. It is worth noting that no activity is detected for MN, hence demonstrating that
MN serves as effective cocatalyst in the CdS/MN composite photocatalyst. Figure 4B illustrates the AQY of
CdS/MN for photocatalytic hydrogen production along with the light absorption of CdS and CdS/MN. The
trends of AQYs for different wavelengths closely align with the absorption curve of CdS. Although MN
exhibits light absorption beyond 550 nm, it does not provide electrons that drive photocatalytic reaction,
further confirming the cocatalytic effect of MN in CdS/MN composite photocatalyst. Notably, the highest
AQY of CdS/MN is determined as ~62.5% @450 nm (see Supplementary Table 4 for details), demonstrating
efficient photocatalytic hydrogen that surpasses most reported AQY values from CdS modified with earth-
abundant cocatalyst [Supplementary Table 5] and CdS composited with 2D metal oxides [Supplementary


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202508/cs4056-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202508/cs4056-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202508/cs4056-SupplementaryMaterials.pdf

Guan et al. Chem. Synth. 2025, 5, 70 | https://dx.doi.org/10.20517/cs.2024.56 Page 7 of 10

A ZU’ B s {10
= 60 58.4 60k =% Y
©
€ 48.3 476 408 |
£ E]
S 451 451 ot
[0]
o < Jo6 g
S 325 = °e
S 30t 5ot &
i3] 226 < 104§
3 2
2 45f 15} <
|72 1°2
I .

0k - - - -] - - 0 0 L S s 0.0
0 2 5 10 20 30 100 300 400 500 600 700 800
Percentage of MN / wt% Wavelength / nm

Figure 4. (A) Photocatalytic hydrogen production rates of CdS/MN composites with different weight percentages of MN, in which
4 mg composite photocatalyst was used; (B) AQY of CdS/MN composites. O wt% refers to CdS, 20 wt% refers to CdS/MN and 100
wt% refers to MN mentioned in the main text. CdS/MN: Cadmium sulfide/molybdenum nitride; AQY: apparent quantum yield.

Table 6]. Besides, cyclic test for photocatalytic hydrogen production [Supplementary Figure 6] and SEM
images after photocatalytic reaction [Supplementary Figure 7] demonstrate the excellent stability of as-
prepared CdS/MN composite photocatalyst.

Calculation based on density functional theory (DFT) was conducted and the results are shown in Figure 5,
Supplementary Figures 8 and 9, and Supplementary Table 7. As shown in Figure 5A and B, the work
functions of CdS and MN are calculated as 6.41 and 6.92 eV, respectively, which also supports the electron
extraction from CdS and MN as discussed above. The spatial differential charge distribution at the interface
of CdS and MN in Figure 5C also suggests the interfacial charge transfer from CdS to MN. The charge
redistribution is clarified via the plane-averaged charge potential along the direction parallel to the interface
of CdS and MN [Figure 5D], indicating the electron deficit on the Cd atom layer of CdS near the interface
while electron excess on the Mo atoms on the MN side, with the generation of Mo-S bond when
heterojunction is constructed. The theoretical analysis further supports the experimental results
demonstrating the cocatalytic effect of MN for photocatalytic hydrogen production”®.

The Mott-Schottky curve [Supplementary Figure 10] and ultraviolet photoelectron spectrum (UPS,
Supplementary Figure 11) were recorded, and the band diagram of CdS and MN [Supplementary Figure 12]
indicates the lower fermi level of MN than CdS, which is consistent with the as-calculated results of work
functions. Based on the photocatalytic hydrogen-production activity and the previous characterization and
analysis, a possible mechanism has been proposed and is depicted in Figure 6. Due to the metallic character
of MN, a Schottky junction is formed between CdS and MN with intimate contact. Upon light irradiation,
photogenerated charge carriers are excited in CdS photocatalyst, and the electrons in the conduction band
(CB) of CdS are extracted and transferred to MN with a lower Fermi level. In this way, the recombination of
electrons and holes in CdS is inhibited, thus facilitating charge separation and lengthening the lifetime of
carriers. Additionally, the introduction of MN helps to reduce the overpotential of hydrogen production
reaction. The electrons transferred to MN could rapidly reduce the protons in the reaction solution,
promoting efficient hydrogen production. As such, excellent photocatalytic hydrogen activity could be
achieved with the assistance of cocatalytic effect provided by MN.

CONCLUSIONS

In this work, composite photocatalysts consisting of CdS and 2D MN were prepared for photocatalytic
hydrogen production under visible-light irradiation. The 2D layered MN is found to serve as a cocatalyst
that helps to facilitate charge separation and provides reactive sites for promoting hydrogen production
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Figure 6. Proposed mechanism of CdS/MN for photocatalytic hydrogen production. CdS/MN: Cadmium sulfide/molybdenum nitride.

reaction. Consequently, the composite photocatalysts exhibit greatly improved photocatalytic activity, with
a hydrogen production rate of 58.4 mmol-h™-g" and AQY of 62.5%. The cocatalytic effect of 2D MN
surpasses most reported noble-metal-free cocatalysts; hence, this work provides useful guidance on the
designing of photocatalytic systems with low-cost and earth-abundant elements. Future advancement based
on this research could be expected by utilizing the infrared-light absorption capability of MN via
photothermal catalysis for efficient hydrogen production.
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