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A B S T R A C T

Solar-driven photocatalytic water splitting offers a promising route for sustainable hydrogen production. Herein, 
a ternary CdS/Pt/AgIn(WO4)2 photocatalyst was fabricated via hydrothermal synthesis followed by in situ 
photoreduction. The optimized CdS/Pt/AgIn(WO4)2 catalyst achieves a visible-light-driven hydrogen evolution 
rate of 6.54 mmol⋅g− 1⋅h− 1, approximately 30 and 5 times higher than those of pristine AgIn(WO4)2 nanotubes 
and CdS nanoparticles (CdS NPs), respectively. Combined structural characterizations and theoretical analyses 
confirmed the formation of a strongly coupled CdS/Pt/AgIn(WO4)2 interface. Interfacial Pt nanoparticles (Pt 
NPs) acted as electron mediators, facilitating directional electron transfer from CdS NPs to AgIn(WO4)2 and 
promoting charge separation. Density functional theory (DFT) calculations reveal that the hydrogen adsorption 
Gibbs free energy (ΔGH*) is close to the thermoneutral value, thereby reducing the thermodynamic barrier for 
hydrogen evolution. The synergistic effect of interfacial charge transfer and accelerated surface reaction kinetics 
significantly enhances the photocatalytic hydrogen evolution performance of the CdS/Pt/AgIn(WO4)2 hetero
structure. This study provides an effective strategy for developing high-performance CdS-based photocatalysts 
for solar hydrogen production.

1. Introduction

The persistent reliance on conventional fossil resources has resulted 
in increasingly severe energy challenges and environmental concerns. 
Compared with traditional thermocatalytic and electrocatalytic tech
nologies for hydrogen production, solar-driven semiconductor photo
catalytic water splitting is regarded as an environmentally friendly and 
carbon-neutral approach for sustainable hydrogen generation [1–6]. 
Among various photocatalytic materials, tungstate-based semi
conductors, such as Bi2WO6 [7,8], Ag2WO4 [9,10], and CoWO4 [11,12], 
have attracted considerable attention owing to their favorable opto
electronic properties and chemical stability. However, their relatively 
positive conduction-band positions generally restrict their reduction 
capability. In comparison, AgIn(WO4)2 possesses suitable band struc
tures and favorable photoelectric properties, together with a well- 
defined rectangular nanotube architecture, which provides abundant 
interfacial contact sites for coupling with other catalytic components 
and facilitates interfacial charge transfer [13]. These features make AgIn 

(WO4)2 a promising support for photocatalytic hydrogen evolution, 
although related studies remain relatively limited.

Meanwhile, cadmium sulfide (CdS), a typical II-VI semiconductor, 
has been extensively investigated for photocatalytic hydrogen evolution 
owing to its suitable band structure and diverse morphologies [14,15]. 
However, its practical application is restricted by severe photocorrosion 
and rapid recombination of photogenerated charge carriers, which lead 
to unsatisfactory photocatalytic activity and stability. To overcome 
these limitations, extensive efforts, including morphology regulation, 
elemental doping, cocatalyst decoration, and interface engineering, 
have been devoted to enhancing its photocatalytic performance 
[16–19].

Growing attention has been devoted to nanoscale structural and 
interfacial engineering as an effective strategy for regulating charge 
transfer and catalytic reaction kinetics. For example, Te/SnSe2 mixed- 
dimensional heterostructures were constructed to regulate interfacial 
charge redistribution and hydrogen-evolution kinetics, while highly 
dispersed NiB nanoclusters deposited on g-C3N4 were demonstrated to 
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promote charge separation and interfacial electron transfer. In addition, 
salt-assisted structural modulation of carbon nitride has been reported 
to enhance visible-light utilization and carrier dynamics. These studies 
highlight the significance of rational nanoscale architecture and inter
facial electronic regulation in improving catalytic performance [20–22].

Recent advances have further demonstrated that rational regulation 
of the local coordination environment and electronic structure of active 
sites provides an effective strategy for enhancing catalytic performance. 
For instance, Zhao et al. transformed the Co-O6 coordination configu
ration into coordinatively unsaturated Co-P4 atomic sites through se
lective phosphidation, thereby inducing significant charge 
redistribution and substantially improving photocatalytic hydrogen 
evolution activity [23]. In addition, Liu et al. demonstrated that partial 
disruption of coordination bonds in mixed-ligand MOFs could induce 
framework amorphization and generate abundant coordinatively un
saturated metal sites, highlighting the critical role of local structural 
regulation in optimizing catalytic activity [24]. These recent studies 
underscore the importance of active-site engineering, interfacial elec
tronic modulation, and charge redistribution in the rational design of 
high-performance catalysts.

Building on these advances, the construction of multicomponent 
photocatalytic systems with efficient interfacial charge-transfer path
ways has emerged as an effective strategy for further improving pho
tocatalytic performance [25,26]. In particular, integrating 
semiconductors with highly conductive electron mediators can establish 
intimate interfacial contact and facilitate directional migration of pho
togenerated carriers. Owing to their excellent electrical conductivity 
and favorable electron-transfer characteristics, noble-metal nano
particles, including Pt [27,28], Au [29,30], and Ag [31,32], have been 
widely employed as electron mediators or cocatalysts in heterogeneous 
photocatalytic systems. Such mediator-assisted architectures can pro
mote interfacial charge separation and provide efficient electron- 
transport channels, thereby suppressing undesirable carrier recombi
nation and enhancing photocatalytic reaction kinetics.

In this study, a CdS/Pt/AgIn(WO4)2 ternary composite photocatalyst 
was successfully synthesized via a combined hydrothermal and photo
reduction deposition strategy, utilizing Pt nanoparticles (NPs) as an 
electron-conducting bridge. Systematic optimization demonstrated that 
AgIn(WO4)2 decorated with 15 wt% CdS and 4 wt% Pt NPs exhibits 
superior visible-light-driven photocatalytic performance, achieving a 
remarkable H2 evolution rate of 6.54 mmol⋅g− 1⋅h− 1. Furthermore, the 
integration of experimental characterizations with DFT calculations 
elucidates the origin of the enhanced photocatalytic performance: Pt 

NPs function as critical interfacial electron bridges, establishing a 
directional charge-transfer pathway between CdS NPs and AgIn(WO4)2. 
This configuration facilitates the efficient spatial migration and sepa
ration of photogenerated carriers, thereby significantly boosting the 
photocatalytic hydrogen evolution activity of the heterostructure.

2. Experimental

2.1. Synthesis of AgIn(WO4)2 rectangular nanotubes

AgIn(WO4)2 rectangular nanotubes were synthesized via a hydro
thermal method according to a previously reported procedure [33]. 
Typically, 85 mg of AgNO3 and 190 mg of In(NO3)3⋅4.5H2O were dis
solved in 25 mL of deionized water under continuous magnetic stirring. 
The resulting solution was then added dropwise into another 25 mL of 
aqueous solution containing Na2WO4⋅2H2O (330 mg) and stirred 
vigorously until a homogeneous suspension was obtained. Subsequently, 
the suspension was transferred into a 100 mL of Teflon-lined stainless- 
steel autoclave and maintained at 180 ◦C for 24 h to complete the hy
drothermal reaction. After naturally cooling to room temperature, the 
resulting precipitate was collected by centrifugation and repeatedly 
washed with deionized water and absolute ethanol to remove residual 
impurities. Finally, the product was dried at 140 ◦C for 4 h to obtain pure 
AgIn(WO4)2 powder.

2.2. Synthesis of Pt/AgIn(WO4)2 composites

In this study, Pt NPs were deposited onto AgIn(WO4)2 through a 
photodeposition approach [34]. Briefly, 0.09 g of the synthesized AgIn 
(WO4)2 powder was dispersed in 50 mL of deionized water using a 100 
mL beaker and subjected to ultrasonic treatment for 30 min to obtain a 
homogeneous suspension. Subsequently, the suspension was transferred 
into a photoreactor, followed by the sequential addition of 10 mL of 
methanol and 0.96 mL of H2PtCl6⋅6H2O aqueous solution (10 mg/mL). 
The photodeposition process was conducted at 25 ◦C under continuous 
magnetic stirring. Full-spectrum irradiation was provided by a 300 W Xe 
lamp without a cut-off filter for 3 h. After irradiation, the solid product 
was collected by vacuum filtration and repeatedly washed with deion
ized water and absolute ethanol. Finally, the obtained grayish-black 
product was vacuum-dried at 80 ◦C overnight to afford the Pt/AgIn 
(WO4)2 composite containing 4 wt% Pt NPs.

Additionally, a series of AgIn(WO4)2 nanotube samples with 
different Pt NPs loadings were synthesized by simply adjusting the 

Scheme 1. Schematic illustration of the fabrication process and structural configuration of the CdS/Pt/AgIn(WO4)2 nanocomposite prepared via hydrothermal 
synthesis combined with photodeposition.
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added volume of the H2PtCl6⋅6H2O precursor solution. According to the 
Pt NPs loading amount, these composites were designated as 2% Pt/ 
AgIn(WO4)2, 3% Pt/AgIn(WO4)2, 4% Pt/AgIn(WO4)2, and 5% Pt/AgIn 
(WO4)2, respectively.

2.3. Synthesis of CdS/Pt/AgIn(WO4)2 composite catalysts

Typically, 17 mg of the pre-synthesized Pt/AgIn(WO4)2 solid was 
uniformly dispersed in 100 mL of anhydrous ethanol under constant 

magnetic stirring at 80 ◦C for 30 min to obtain a homogeneous sus
pension. Subsequently, 240.0 mg of cadmium acetate dihydrate (Cd 
(CH3COO)2⋅2H2O) was directly added into the suspension. Meanwhile, 
70 mg of thioacetamide (TAA) was dissolved in 40 mL of deionized 
water to form an aqueous solution. The resulting TAA solution was then 
gradually introduced into the above cadmium-containing suspension 
under vigorous stirring. The mixture was subsequently maintained at 
80 ◦C with continuous stirring for 2 h. After the reaction, the precipi
tated solid was collected by centrifugation (or filtration) and repeatedly 

Fig. 1. TEM images of (a) CdS NPs, (b) AgIn(WO4)2, (c, d) 4% Pt/AgIn(WO4)2, (e) 15% CdS/AgIn(WO4)2, and (f) CdS/Pt/AgIn(WO4)2; (g-i) HRTEM images of Pt/ 
AgIn(WO4)2, CdS/AgIn(WO4)2, and CdS/Pt/AgIn(WO4)2; (j-q) Corresponding EDS elemental mappings.
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washed with excess deionized water followed by absolute ethanol. 
Finally, the collected product was vacuum-dried at 60 ◦C for 8 h to 
obtain the target CdS/Pt/AgIn(WO4)2 composite catalyst.

2.4. Synthesis of CdS NPs

Following the aforementioned synthesis procedure for the CdS/Pt/ 
AgIn(WO4)2 system, a parallel synthesis was conducted without the 
addition of Pt/AgIn(WO4)2 components to obtain pristine CdS NPs as a 
reference sample. All reaction conditions and post-treatment procedures 
were maintained strictly identical [35].

2.5. Characterization and computational methods

Detailed information on the experimental characterization tech
niques and computational methods can be found in the Supporting 
Information.

3. Results and discussion

3.1. Materials synthesis and characterization

Scheme 1 illustrates the synthesis route and structural evolution of 
the ternary CdS/Pt/AgIn(WO4)2 heterostructured photocatalyst. 
Initially, stable AgIn(WO4)2 rectangular nanotubes were prepared using 
a hydrothermal approach, serving as the supporting framework for 
subsequent material growth. Then, Pt NPs were deposited onto the 
surface of AgIn(WO4)2 nanotubes through in situ photoreduction, 
resulting in the formation of the Pt/AgIn(WO4)2 binary intermediate. 
Based on this intermediate, CdS NPs were firmly grown onto the binary 
interface, thereby completing the construction of the ternary composite 

system. For comparison, a control sample (CdS/AgIn(WO4)2) was pre
pared by excluding the Pt loading step. From a mechanistic perspective, 
the incorporated Pt NPs play a pivotal role as electron connectors. That 
is, they function not only as efficient electron-transfer pathways but also 
as bridges that ensure intimate contact between CdS NPs and AgIn 
(WO4)2. This robust interfacial contact not only improves structural 
stability but also significantly accelerates the migration of photo
generated charges, ultimately leading to a remarkable enhancement in 
photocatalytic hydrogen evolution performance.

To gain deeper insight into the microstructural evolution of the 
composites, the as-prepared samples were systematically characterized 
by scanning electron microscopy (SEM) and transmission electron mi
croscopy (TEM). It was observed that pristine CdS NPs tended to 
aggregate into block-like structures (Fig. S1a), whereas pristine AgIn 
(WO4)2 exhibited a well-defined regular nanotube morphology with a 
smooth surface (Fig. S1b). Upon the construction of the CdS/AgIn 
(WO4)2 composite, the surface of the nanotubes became roughened, 
with a high density of CdS NPs uniformly anchored onto the tube walls 
(Fig. S1c). Such intimate interfacial contact increased the exposure of 
catalytic active sites and provided efficient pathways for the migration 
of photogenerated electrons.

Regarding the Pt/AgIn(WO4)2 intermediate, electron microscopy 
images revealed that Pt NPs were uniformly dispersed on the AgIn 
(WO4)2 nanotube support (Fig. S2a–c). Further structural characteriza
tion confirmed the intimate interfacial contact between Pt NPs and the 
nanotube support (Fig. S2d). Moreover, elemental mapping analysis 
demonstrated the homogeneous spatial distribution of Ag, In, W, O, and 
Pt throughout the entire composite, confirming the successful incorpo
ration of all constituent elements (Fig. S2e–j).

Fig. 1 presents the microstructural characteristics of the various 
samples. Pure CdS NPs (8–10 nm) exhibited a strong tendency to 

Fig. 2. (a) XRD patterns of the as-prepared samples; (b, c) UV–Vis diffuse reflectance spectra of the CdS/Pt/AgIn(WO4)2 composites.
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agglomerate, which could hinder the efficient separation of photo
generated charge carriers (Fig. 1a). In contrast, the AgIn(WO4)2 nano
tubes maintained an intact tubular structure with an average diameter of 
approximately 40–50 nm (Fig. 1b). After in situ photodeposition, Pt NPs 
(approximately 10–12 nm) were successfully deposited onto the nano
tube surfaces. Although slight agglomeration was observed in some re
gions with higher Pt loading, the overall distribution of Pt NPs remained 
highly uniform (Fig. 1c–d). For the control sample without Pt NPs, CdS 
NPs were also uniformly distributed on the surface of the nanotubes 
(Fig. 1e).

In the final ternary CdS/Pt/AgIn(WO4)2 system (Fig. 1f), the tubular 
framework of AgIn(WO4)2 nanotubes remained well preserved. The Pt 
NPs played a critical role as connectors in this architecture: some CdS 
NPs were directly attached to the nanotube walls, whereas others were 
grown with Pt NPs serving as nucleation sites, resulting in a dual- 
attachment configuration. Notably, the size of CdS NPs in the ternary 
system (8–10 nm) remained comparable to that of the previous samples, 
indicating that the in situ growth process did not significantly affect the 
particle morphology. Furthermore, based on the contrast variation in the 
electron microscopy images, it was clearly observed that the outer CdS 
NPs surrounded the internal Pt NPs, thereby achieving intimate inter
facial integration.

HRTEM analysis (Fig. 1g–h) further confirms the formation of strong 
interfacial coupling among the components. The lattice fringes with 
spacings of 0.23 and 0.19 nm can be assigned to the (111) plane of Pt 
[36,37] and the (312) plane of AgIn(WO4)2, respectively, while the 
spacings of 0.33 and 0.29 nm correspond to the (111) plane of CdS 
[38,39] and the (020) plane of AgIn(WO4)2, respectively. At the heter
ointerface (Fig. 1i), Pt NPs act as interfacial bridges connecting CdS NPs 
with the AgIn(WO4)2 nanotube framework, thereby establishing a 
continuous electron-transport pathway responsible for the enhanced 
catalytic performance. EDS elemental mapping (Fig. 1j–q) and quanti
tative analysis (Fig. S3a–b) reveal the homogeneous distribution of Ag, 
In, W, O, Cd, S, and Pt without obvious elemental segregation, con
firming the successful construction of the multicomponent 
heterostructure.

Furthermore, to evaluate the practical durability of the composite 
material under realistic operating conditions, comprehensive post- 
reaction characterizations were performed on the catalyst after multi
ple photocatalytic cycling tests (Figs. S4 and S5). Electron microscopy 
observations (Fig. S4a–c) demonstrate that, even after repeated use, the 
material maintains an intact one-dimensional tubular structure without 
obvious morphological collapse or particle aggregation. Meanwhile, 
distinct lattice fringes can still be clearly observed in the HRTEM images 
(Fig. S4d), indicating the excellent preservation of the crystal lattice 
structure during the photocatalytic process. Corresponding elemental 
mapping (Fig. S4e–l) and EDS analysis (Fig. S5a–b) further reveal that 
the spatial distribution and relative contents of the constituent elements 
in the recycled material remain nearly unchanged compared with the 
fresh samples. Overall, these comprehensive post-reaction character
izations confirm that the CdS/Pt/AgIn(WO4)2 composite exhibits 
excellent structural stability and robust cycling durability in terms of 
morphological retention, interfacial integrity, and chemical 
composition.

X-ray diffraction (XRD) analysis was conducted to investigate the 
crystal structures of the as-prepared composites (Fig. 2a). The diffraction 
pattern of pristine AgIn(WO4)2 is in excellent agreement with the stan
dard diffraction card, indicating its high crystallinity. Pure-phase CdS 
NPs exhibit characteristic diffraction peaks at 2θ ≈ 26.5◦, 44.0◦, and 
52.0◦, which can be indexed to the (002), (110), and (112) crystal planes 
of hexagonal CdS [40,41], respectively. No additional impurity peaks 
are detected, confirming the high phase purity of the synthesized sam
ples. In the binary Pt/AgIn(WO4)2 system, no obvious diffraction peaks 
corresponding to Pt are observed, which may be attributed to the ul
trasmall size, low loading amount, and peak broadening effect of Pt NPs. 
In contrast, the CdS/AgIn(WO4)2 composite displays the characteristic 

diffraction peaks of both components, with the diffraction intensities of 
AgIn(WO4)2 increasing with its increasing mass fraction. This confirms 
the successful in situ growth of CdS NPs while maintaining the structural 
stability of the AgIn(WO4)2 substrate. For the ternary CdS/Pt/AgIn 
(WO4)2 system, Pt-related diffraction signals remain undetected, likely 
due to the ultrasmall size and effective encapsulation of Pt NPs by the 
outer CdS layer. The main diffraction peaks of AgIn(WO4)2 show no 
obvious shift compared with those of the pristine substrate, suggesting 
that heterogeneous nucleation does not significantly alter its intrinsic 
crystal lattice. Meanwhile, the stable CdS diffraction peak at 2θ ≈ 26.5◦

further confirms its successful incorporation into the composite struc
ture. Furthermore, the post-cycling XRD patterns (Fig. S6) exhibit no 
peak shifts or newly generated secondary phases, demonstrating the 
excellent structural stability of the composite during the photocatalytic 
reaction.

Raman spectroscopy (Fig. S7) further provides insights into the 
interfacial interactions among different components [42,43]. Pure CdS 
NPs exhibit a pronounced Raman band at approximately 300 cm− 1. 
Although this characteristic band is retained in the ternary composite, 
its intensity is significantly reduced, indicating enhanced electronic 
coupling and stronger interfacial interactions between CdS NPs and AgIn 
(WO4)2. These results are consistent with the XRD analysis and further 
confirm the formation of strongly coupled heterointerfaces, which 
facilitate efficient charge separation and rapid carrier transport.

In the photocatalytic H2 evolution, optical absorption plays a 
fundamental role in determining solar energy conversion efficiency. To 
elucidate the origin of the enhanced photocatalytic performance, 
UV–Vis diffuse reflectance spectroscopy (UV–Vis DRS) was employed to 
investigate the optical absorption characteristics of the as-prepared 
samples (Fig. 2b–c) [44,45]. Pristine AgIn(WO4)2 exhibits strong UV 
absorption with an absorption edge at approximately 315 nm but 
limited visible-light response, whereas CdS NPs display a broad visible- 
light absorption region with an absorption edge of 500–520 nm. The 
CdS/AgIn(WO4)2 composite demonstrates enhanced visible-light har
vesting accompanied by a slight red shift of the absorption edge, sug
gesting improved interfacial coupling and extended utilization of solar 
light.

Incorporating Pt NPs into the ternary system further optimizes the 
optical properties, leading to enhanced long-wavelength absorption 
(600–800 nm) with increasing Pt NPs loading. This indicates that Pt NPs 
contribute not only to the improvement of spectral response but also to 
the subsequent efficient separation and directional migration of photo
generated charges. Overall, these results demonstrate that the CdS/Pt/ 
AgIn(WO4)2 heterojunction achieves enhanced broadband light ab
sorption, thereby improving light harvesting capability and providing 
favorable conditions for suppressing charge recombination and pro
moting efficient photocatalytic hydrogen production.

N2 adsorption-desorption measurements were conducted to investi
gate the pore structures of the as-prepared photocatalysts [46,47]. All 
samples exhibit typical type IV adsorption-desorption isotherms with 
well-defined hysteresis loops (Fig. S8a-d), indicating the presence of 
mesoporous structures. The Brunauer-Emmett-Teller (BET) specific 
surface areas calculated from Fig. S8e are 13.5, 20.5, 17.2, and 18.6 m2 

g− 1 for pristine AgIn(WO4)2, CdS NPs, the binary composite, and the 
ternary composite, respectively. Compared with the pristine substrate, 
the increased specific surface areas of the composites provide more 
exposed active sites and alleviate mass-transfer limitations, thereby of
fering a favorable structural basis for efficient photocatalytic H2 
evolution.

Furthermore, the average pore diameters of AgIn(WO4)2, CdS NPs, 
and the corresponding composites are 11.8, 14.1, 16.2, and 15.2 nm, 
respectively (Fig. S9). The coupled systems exhibit more developed 
porous networks, which can facilitate reactant diffusion at the solid- 
liquid interface. Notably, the slight decrease in pore diameter 
observed for the ternary composite may be attributed to the partial 
occupation of intrinsic pore channels by deposited Pt NPs. Overall, the 
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optimized textural properties of the CdS/Pt/AgIn(WO4)2 composite 
provide a favorable microenvironment for enhanced photocatalytic 
performance (detailed parameters are summarized in Table S1).

To precisely characterize the elemental composition, surface chem
ical states, and bonding environments of the CdS/Pt/AgIn(WO4)2 pho
tocatalytic composites, X-ray photoelectron spectroscopy (XPS) analysis 
was performed [48,49]. Fig. S10 presents the survey-scan XPS spectra of 
the as-prepared catalysts, in which the characteristic signals of the 
constituent elements are clearly identified. These elemental signals are 
consistently observed in pristine CdS NPs, the AgIn(WO4)2 support, as 
well as the corresponding binary and ternary composite samples. This 
observation confirms the successful incorporation and distribution of 
different components within the composites, which is consistent with 
the results obtained from energy-dispersive spectroscopy (EDS) and XRD 
analyses. The agreement among multiple characterization techniques 
further supports the successful construction of the target catalytic sys
tem and provides a reliable basis for subsequent investigation of inter
facial interactions.

Fig. S11 presents the high-resolution C 1s XPS spectra of AgIn 
(WO4)2, CdS NPs, and the corresponding composite samples. All binding 
energies were calibrated using the adventitious C 1s peak as a reference. 
The C 1s spectra exhibit similar peak positions with only negligible 
variations after composite formation and light irradiation, indicating the 
reliability of the energy calibration process.

Fig. 3 presents the high-resolution XPS spectra of the Ag 3d, In 3d, W 
4f, Cd 3d, and S 2p regions of the catalysts. The Ag 3d peaks located at 
approximately 367.7 and 373.7 eV are assigned to the Ag 3d5/2 and Ag 

3d3/2 orbitals, respectively. After composite formation and light irradi
ation, these peaks exhibit a slight positive shift toward higher binding 
energies, suggesting that the local electronic environment of Ag be
comes relatively electron-rich and participates in the interfacial charge 
redistribution process (Silver is a unique element where electron 
enrichment leads to an increase in the Ag 3d binding energy.). For the In 
3d spectra, the signals centered at ~445.1 eV (3d5/2) and ~452.7 eV 
(3d3/2) shift noticeably toward lower binding energies after irradiation, 
indicating electron accumulation around the In atoms. Similarly, the W 
4f peaks located at 35.7 eV for W 4f7/2 and 37.8 eV for W 4f5/2 shift 
toward lower binding energies, further confirming electron enrichment 
around W atoms. Collectively, these results demonstrate that AgIn 
(WO4)2 acts as an electron acceptor, effectively capturing photo
generated electrons under illumination.

Conversely, the characteristic Cd 3d signals centered at ~405.1 eV 
for Cd 3d5/2 and ~411.9 eV for Cd 3d3/2 shift toward higher binding 
energies after irradiation. Meanwhile, the S 2p peaks located at 161.5 
and 162.7 eV, corresponding to S 2p3/2 and S 2p1/2, respectively, exhibit 
similar positive shifts in binding energy. These positive shifts indicate 
electron depletion around both Cd and S species, suggesting the 
migration of electrons away from CdS NPs under light irradiation.

In summary, the light-induced XPS binding-energy shifts provide 
experimental support for the directional electron migration from CdS 
NPs to AgIn(WO4)2 under illumination. Specifically, the positive shifts of 
the Cd 3d and S 2p peaks indicate electron depletion in CdS NPs, 
whereas the negative shifts of the In 3d and W 4f peaks suggest electron 
accumulation in AgIn(WO4)2. These opposite binding-energy shifts 

Fig. 3. XPS spectra of AgIn(WO4)2, CdS NPs, CdS/AgIn(WO4)2 and CdS/Pt/AgIn(WO4)2: (a) Ag 3d, (b) In 3d, (c) W 4f, (d) Cd 3d, and (e) S 2p.
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further verify the proposed interfacial electron-transfer direction, which 
is further supported by the subsequent band-structure and work- 
function analyses. Such directional charge migration promotes the 
spatial separation and interfacial transport of photogenerated carriers, 
thereby contributing to the enhanced photocatalytic performance of the 
composite system.

3.2. Photocatalytic performance evaluation of CdS/Pt/AgIn(WO4)2

To evaluate the photocatalytic activity of the CdS/Pt/AgIn(WO4)2 
composites, hydrogen evolution reactions were conducted under visible- 
light irradiation (λ > 420 nm). Fig. 4a compares the photocatalytic H2 
evolution performances of different samples. Pristine AgIn(WO4)2 and 
CdS NPs exhibit relatively low hydrogen evolution rates (HERs) of 0.22 
and 1.40 mmol⋅g− 1⋅h− 1, respectively. In contrast, the optimized 15% 
(4% Pt/AgIn(WO4)2)/CdS NPs composite achieves an outstanding HER 
rate of 6.54 mmol⋅g− 1⋅h− 1, exhibiting superior H2 evolution perfor
mance compared with the control samples and representative photo
catalysts reported in the literature (Fig. S12 and Table S2). This 
remarkable enhancement can be attributed to the constructed hetero
junction architecture, which facilitates efficient charge separation and 
suppresses the recombination of photogenerated carriers.

To further optimize the Pt NPs loading, the photocatalytic H2 evo
lution performances of 15% (Pt/AgIn(WO4)2)/CdS NPs composites with 
different Pt NPs contents were systematically evaluated (Fig. S13), and 
4 wt% Pt NPs was determined to be the optimal loading. The contents of 
CdS NPs and Pt NPs play crucial roles in regulating the photocatalytic H2 
evolution performance. At a relatively low CdS NPs content, insufficient 
visible-light absorption and limited photogenerated carrier generation 
restrict the photocatalytic activity. Increasing the CdS NPs content en
hances visible-light harvesting and promotes interfacial charge separa
tion and migration. However, excessive CdS NPs loading may induce 
particle aggregation and partially cover the catalytic surface, thereby 
weakening effective interfacial contact and accelerating charge recom
bination. Similarly, insufficient Pt NPs loading cannot provide sufficient 

electron-transfer pathways and catalytic sites for efficient interfacial 
charge migration, whereas excessive Pt NPs loading may result in par
ticle aggregation and partial shielding of the photocatalyst surface, 
reducing light utilization and the availability of active sites. Therefore, 
appropriate CdS NPs and Pt NPs contents are essential for balancing 
light harvesting, interfacial charge transfer, and surface reaction ki
netics, ultimately achieving optimized photocatalytic H2 evolution 
performance.

Furthermore, ICP-OES analysis was conducted to verify the chemical 
composition of the optimal samples (Tables S3 and S4). The results 
demonstrate that the experimentally determined molar ratios of the 
constituent elements are consistent with the theoretical feeding ratios, 
confirming the successful incorporation of Pt NPs and CdS NPs into the 
AgIn(WO4)2 framework.

Fig. 4b shows that the cumulative H2 yield increases linearly with 
irradiation time, and the optimized composite maintains the highest 
hydrogen evolution rate, indicating its continuous contribution to 
photogenerated electron utilization during the reaction. Comparative 
experiments using different sacrificial agents (Fig. 4c) reveal that lactic 
acid delivers the highest HER rate (6.54 mmol⋅g− 1⋅h− 1), outperforming 
CH3OH, TEOA, and Na2S/Na2SO3, and thus acts as an efficient electron 
donor for the photocatalytic hydrogen evolution reaction. Furthermore, 
Fig. 4d and Table 1 demonstrate that the composite possesses a broad 
visible-light response, achieving a maximum apparent quantum effi
ciency (AQE) of 9.13% in the wavelength range of 400–450 nm.

Regarding recyclability, pristine CdS NPs suffer from severe photo
corrosion and continuous activity decay during repeated cycling tests, 
whereas the CdS/Pt/AgIn(WO4)2 composite maintains stable 

Fig. 4. (a, b) Photocatalytic hydrogen evolution activities of the CdS/Pt/AgIn(WO4)2 system; (c) H2 evolution performance of CdS/Pt/AgIn(WO4)2 different 
sacrificial reagents; (d) Apparent quantum efficiency of CdS/Pt/AgIn(WO4)2; (e) Recycling photocatalytic H2 evolution performance of CdS/Pt/AgIn(WO4)2.

Table 1 
Detailed data used for AQE calculation of CdS/Pt/AgIn(WO4)2.

Wavelength (nm) 320 350 400 420 450
AQE (%) 0.33 0.73 1.07 1.20 1.33
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photocatalytic performance with negligible activity loss after five cycles 
(Fig. 4e). This comparison demonstrates that the introduction of Pt NPs 
and AgIn(WO4)2 effectively suppresses the photocorrosion of CdS NPs 
and improves the structural stability of the composite. In summary, the 
CdS/Pt/AgIn(WO4)2 composite benefits from its well-designed hetero
junction architecture and the cocatalytic role of Pt NPs, enabling effi
cient interfacial charge transfer. Electrons preferentially accumulate on 
AgIn(WO4)2, while holes remain on CdS NPs, thereby simultaneously 
enhancing photocatalytic activity and long-term stability.

3.3. Charge-carrier separation and migration efficiency

To elucidate the charge-separation and transport behaviors in the 
CdS/Pt/AgIn(WO4)2 composite system, photocurrent and optical 
response measurements were performed. As shown in Fig. 5a, the 
transient photocurrent (TPC) [50] response of the composite is signifi
cantly higher than those of pristine CdS NPs and AgIn(WO4)2 nanotube. 
The composite exhibits rapid and reproducible photocurrent switching 
behavior under light irradiation, demonstrating that the heterojunction 
architecture effectively promotes the spatial separation and migration of 
photogenerated carriers. The EIS Nyquist plots [51] in Fig. 5b reveal that 
the composite possesses the smallest arc radius among the investigated 
samples, indicating reduced interfacial charge-transfer resistance and 

more efficient electron transport, which is favorable for the photo
catalytic reaction. Furthermore, the photoluminescence (PL) spectra 
[52] (Fig. 5c) show that the composite exhibits weaker emission in
tensity than pristine CdS NPs, suggesting suppressed radiative recom
bination of photogenerated electron-hole pairs. Time-resolved 
photoluminescence (TRPL) measurements [53] (Fig. 5d) further 
demonstrate that the average fluorescence lifetime increases from 7.18 
ns for pristine CdS NPs to 24.0 ns for the 15% (4% Pt/AgIn(WO4)2)/CdS 
NPs composite. The reduced steady-state PL emission intensity and 
prolonged TRPL decay lifetime together indicate inhibited carrier 
recombination and prolonged survival of photogenerated charge car
riers in the composite.

Combined with the enhanced photocurrent response and decreased 
interfacial charge-transfer resistance, these results confirm the improved 
charge separation and transport capability of the CdS/Pt/AgIn(WO4)2 
heterostructure. These findings highlight the important role of the het
erojunction interface and Pt NPs in facilitating efficient charge migra
tion and separation. Overall, the CdS/Pt/AgIn(WO4)2 composite 
achieves enhanced charge separation and interfacial transport while 
suppressing undesirable carrier recombination, thereby contributing to 
its superior photocatalytic H2 evolution performance.

Fig. 5. (a) Transient photocurrent response; (b) EIS Nyquist plots; (c) Photoluminescence spectra; and (d) Time-resolved photoluminescence spectra of CdS/Pt/AgIn 
(WO4)2 system.
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Fig. 6. (a, b) Kubelka-Munk conversion plots of the CdS/Pt/AgIn(WO4)2 system; (c, d) XPS valence band spectra of the prepared samples; (e) Band structure diagram 
of the composite.

Q. Zhou et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 547 (2026) 181451 

9 



3.4. Theoretical analysis and charge-transfer mechanism

According to the UV–Vis DRS results, the band gaps were determined 
using the Kubelka-Munk function [54], as shown in Fig. 6a–b. The op
tical band gaps (Eg) of AgIn(WO4)2 and CdS NPs were estimated to be 
approximately 3.12 and 2.43 eV, respectively. Combined with the 
valence-band XPS spectra presented in Fig. 6c–d, the valence band (VB) 

positions of AgIn(WO4)2 and CdS NPs were determined to be 2.52 and 
1.48 eV, respectively. The VB potentials relative to the normal hydrogen 
electrode (NHE) were further converted according to the following 
equation: EVB, NHE = Φ + EVB, XPS - 4.44 (where Φ = 4.5 eV represents the 
spectrometer work function), giving values of 2.58 and 1.54 eV for AgIn 
(WO4)2 and CdS NPs, respectively. Furthermore, based on the equation 
Eg = EVB - ECB, the conduction band (CB) edge potentials of AgIn(WO4)2 

Fig. 7. (a–d) Schematic configurations of H* adsorption sites on different catalysts; (e) Gibbs free energy diagram for the hydrogen evolution reaction over 
the catalysts.

Fig. 8. Calculated electrostatic potentials of (a) CdS NPs, and (b) AgIn(WO4)2; (c) Schematic representation of the band alignment between CdS NPs and AgIn 
(WO4)2; (d) Schematic illustration of the type-II charge separation and migration pathway in the CdS/Pt/AgIn(WO4)2 system; (e) Electron-transfer process in the 
CdS/Pt/AgIn(WO4)2 system.
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and CdS NPs were calculated to be − 0.54 eV and − 0.89 eV, respectively. 
Based on these calculated parameters, the band alignment diagram 
shown in Fig. 6e was constructed. The obtained band configuration 
clearly indicates the formation of a type-II heterojunction [55].

DFT calculations were conducted to elucidate the electron-transfer 
pathways and photocatalytic reaction kinetics within the catalytic sys
tem. As shown in Fig. 7a–e, the Gibbs free energy of hydrogen adsorp
tion (ΔGH*) was calculated by constructing hydrogen adsorption 
models. As a critical descriptor for evaluating photocatalytic hydrogen 
evolution activity, a ΔGH* value approaching zero represents an opti
mized hydrogen adsorption strength and favorable catalytic kinetics. 
Compared with pristine AgIn(WO4)2, CdS NPs, and the CdS/AgIn(WO4)2 
binary composite, the CdS/Pt/AgIn(WO4)2 ternary composite exhibits a 
ΔGH* value closest to the ideal thermoneutral value of zero, demon
strating its favorable thermodynamic characteristics for surface 
hydrogen evolution. Furthermore, these results reveal that Pt NPs act as 
efficient electron-transfer mediators within the heterostructure, facili
tating electron migration from CdS NPs to AgIn(WO4)2 and lowering the 
reaction energy barrier, thereby improving the overall photocatalytic 
hydrogen evolution performance [56,57].

To further elucidate the charge-transfer behavior and 
heterojunction-induced mechanisms in the CdS/Pt/AgIn(WO4)2 system, 
theoretical calculations involving electrostatic potential distribution, 
band alignment, and photogenerated carrier migration were performed 
[58]. Based on the energy-level parameters shown in Fig. 8a and b, the 
work functions of CdS NPs and AgIn(WO4)2 were calculated to be 4.94 
and 5.61 eV, respectively, revealing a pronounced Fermi-level difference 
between the two semiconductor components. Due to the larger work 
function and lower Fermi level of AgIn(WO4)2, electrons spontaneously 
migrate from CdS NPs toward AgIn(WO4)2 upon intimate interfacial 
contact, inducing interfacial charge redistribution and establishing a 
favorable charge-transfer pathway within the ternary heterostructure. 
Band alignment analysis (Fig. 8c) further demonstrates that the CdS/Pt/ 
AgIn(WO4)2 system exhibits a typical type-II band alignment, in which 
Pt NPs function as electron-transfer mediators to accelerate directional 
electron migration and facilitate the spatial separation of photo
generated carriers. Accordingly, the proposed photogenerated-carrier 
migration pathway in the CdS/Pt/AgIn(WO4)2 system is illustrated in 
Fig. 8d.

Under photoirradiation, electron-hole pairs are generated in both 
semiconductors. The electrons in the conduction band (CB) of CdS NPs 
migrate toward the CB of AgIn(WO4)2 through the Pt NPs cocatalyst, 
participating in H+ reduction, while the photogenerated holes are 
rapidly consumed by the lactic acid sacrificial agent. This type-II het
erojunction configuration enables efficient directional carrier migration 
and spatial charge separation, thereby suppressing electron-hole 
recombination and enhancing photocatalytic hydrogen evolution per
formance. Further electronic structure analysis (Fig. 8e) reveals distinct 
electron accumulation and depletion regions at the CdS/Pt/AgIn(WO4)2 
interface, confirming the role of Pt NPs as electron-transfer mediators 
and active sites that accelerate interfacial charge migration. Based on 
the calculated results, the transferred electron quantity reaches 
approximately 3.89 e, providing direct evidence of strong electronic 
coupling among CdS NPs, Pt NPs, and AgIn(WO4)2, which effectively 
promotes the separation of photogenerated electron-hole pairs.

In addition, Fig. S14 illustrates the charge-density difference profile 
of the CdS/Pt/AgIn(WO4)2 system along the z-axis. The profile demon
strates pronounced charge-density variations at the interface, where 
positive and negative values represent electron accumulation and 
depletion regions, respectively. These distinct charge redistribution 
features are mainly concentrated at the interfaces among CdS NPs, Pt 
NPs, and AgIn(WO4)2, confirming substantial interfacial electron rear
rangement, which is essential for facilitating directional charge transfer.

4. Conclusion

Herein, a CdS/Pt/AgIn(WO4)2 ternary composite photocatalyst was 
successfully constructed by employing tubular AgIn(WO4)2 as the sup
porting matrix through the integration of hydrothermal treatment and in 
situ photoreduction deposition. The introduction of CdS NPs enhances 
visible-light harvesting, while the interfacially distributed Pt NPs pro
mote directional electron transfer from CdS NPs to AgIn(WO4)2. The 
optimized CdS/Pt/AgIn(WO4)2 sample exhibits outstanding photo
catalytic hydrogen evolution performance, achieving a hydrogen evo
lution rate of 6.54 mmol⋅g− 1⋅h− 1, which is approximately 30 and 5 times 
higher than those of pristine AgIn(WO4)2 nanotubes and CdS NPs, 
respectively. Comprehensive experimental characterizations combined 
with theoretical calculations reveal the enhanced photocatalytic 
pathway within the ternary system. Strong interfacial coupling among 
the three components establishes an efficient charge-transfer network, 
in which Pt NPs act as critical electron-conducting bridges to facilitate 
directional electron migration and charge separation while suppressing 
electron-hole recombination. Furthermore, the active sites of Pt NPs 
exhibit a Gibbs free energy of hydrogen adsorption (ΔGH*) close to the 
thermoneutral value, enabling favorable H* adsorption and reducing the 
thermodynamic barrier for hydrogen evolution. The synergistic contri
butions of structural coupling, charge-transfer regulation, and acceler
ated surface reaction kinetics collectively account for the enhanced 
photocatalytic performance of the CdS/Pt/AgIn(WO4)2 composite. This 
work provides an effective design strategy for developing efficient and 
durable CdS-based multicomponent photocatalysts for solar-driven 
hydrogen production.
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