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photocatalytic hydrogen evolution†

Cheng Guo,‡a Zongyi Huang,‡b Xinrui Long,a Yuchen Sun,a Pengfei Ma,c

Quanxing Zheng,c Hongliang Lu,c Xiaodong Yi b and Zhou Chen *a

The regulation of hollow morphology, band structure modulation of solid solution, and introduction of

cocatalysts greatly promote the separation of electron–hole pairs in photocatalytic processes, which is of

great significance for the process of photocatalytic hydrogen evolution (PHE). In this study, we con-

structed Zn1−xCdxS hollow solid solution photocatalysts using template and ion exchange methods, and

successfully loaded PdS quantum dots (PdS QDs) onto the solid solution through in situ sulfidation.

Significantly, the 0.5 wt% PdS QDs/Zn0.6Cd0.4S composite material achieved a H2 production rate of

27.63 mmol g−1 h−1 in the PHE process. The hollow structure of the composite material enhances pro-

cesses such as light reflection and scattering, the band structure modulation of the solid solution enables

the electron–hole pairs to reach an optimal exciton recombination balance, and the modification of PdS

QDs provides abundant sites for oxidation, thereby promoting the proton reduction and hydrogen evol-

ution rate. This work provides valuable guidance for the rational design of efficient composite PHE cata-

lysts with strong internal electric field.

1. Introduction

In recent years, there has been a growing recognition of the
detrimental environmental impact and energy crisis resulting
from the combustion of fossil fuels.1–3 As a response, renew-
able energy sources have gained significant importance,
especially in the pursuit of carbon peaking and carbon neu-
trality goals. Consequently, the demand for renewable energy
supply has substantially increased. Photocatalytic hydrogen
evolution (PHE) has emerged as a promising alternative to tra-
ditional fossil fuels.4,5 It harnesses clean solar energy and uti-
lizes water as the primary resource, thereby avoiding any sec-
ondary energy consumption.6 Furthermore, PHE does not
produce hazardous by-products or pollutants.7,8 The hydrogen
produced through this process serves as an energy carrier that,
when combined with oxygen from the air, produces pollution-
free water through a fuel cell device.9,10 As a results, the devel-
opment of nano-materials with modified structure of catalysts
could regulate the catalytic reaction pathways for efficient
hydrogen production, which has garnered significant
attention.11,12 This innovative approach of storing solar energy
as chemical energy exhibits immense potential for industrial
applications.13,14 By capitalizing on this method, solar energy
can be effectively converted into a sustainable and accessible
form of energy, contributing to the advancement of a greener
and more sustainable future.
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Sulfide metal semiconductors have gained prominence due
to their excellent reduction performance and visible light
response, attributed to their high potential and relatively
narrow bandgap in the conduction band. For examples,
CdS,15–18 ZnIn2S4,

19–23 and ZnS24,25 have been extensively
employed in water splitting to produce hydrogen energy. CdS,
a representative catalyst for PHE, necessitates sacrificial agents
due to its low valence band position, resulting in wastage.
Moreover, CdS is susceptible to photo-corrosion during photo-
catalysis, compromising its stability. To overcome these chal-
lenges, ZnS, with its wide bandgap, can form a solid solution
with CdS in any ratio, creating Zn1−xCdxS. This composite
allows for the adjustment of the CdS bandgap by varying the
Zn/Cd ratio. As a result, the stability and hydrogen production
performance of CdS have been significantly enhanced without
requiring co-catalysts. However, the industrial application of
Zn1−xCdxS is not yet fully realized, and several methods have
been explored to improve its performance, including co-cata-
lysts doping,26 vacancy formation,27 morphology engineering28

and heterojunction engineering.29 Nevertheless, these
approaches are complex and costly in terms of preparation.

Within the catalytic reaction system of solar-driven water
splitting, incorporating a hollow morphology in the catalyst
can effectively enhance the utilization of visible light and
improve the performance of the hydrogen evolution reaction
(HER). The preparation of hollow structure catalyst yields a
larger specific surface area, exposed more active site,15 and
enhanced light absorption through reflective and scattering
effect.30 Consequently, the efficiency of photocatalysis is
greatly enhanced. Furthermore, the well-defined separation
space within the hollow catalyst minimizes side reactions
during the photocatalytic process, thereby enhancing the
overall stability of the photocatalytic reaction.

Quantum dots have garnered significant attention in the
field of PHE due to their remarkable photophysical and photo-
chemical properties. These nanoscale semiconductor particles
exhibit a wide light response range, enabling them to convert
near-infrared light into short-wavelength light, effectively excit-
ing valence band electrons in luminescent catalysts and facili-
tating the efficient utilization of visible light.31 The ability of
quantum dots to undergo multi-exciton generation is particu-
larly advantageous, as it greatly enhances the quantum
efficiency of photocatalysis.32 Furthermore, quantum dots
possess small particle size and large specific surface area, pro-
viding a wealth of active sites for catalytic reactions. Many
common photocatalysts have been modified with quantum
dots with different morphology33 and electronic structure34,35

to achieve a good photocatalytic performance. This approach
aims to achieve a synergistic effect, leveraging the strengths of
both materials and enabling the attainment of higher
efficiency in the HER. These advancements hold promise for
further advancements in the field of PHE.

Based on the aforementioned research, we have successfully
developed a novel photocatalyst, namely a hollow hexagonal
prism-shaped PdS QDs/Zn1−xCdxS composite, employing a
series of processes including sulfidation, ion exchange, and

in situ sulfidation, starting from a hexagonal prism ZnO. By
creating a solid solution, we have effectively controlled the
band gap of ZnS, which is too wide, and CdS, which is too
narrow. This approach not only reduces the energy required
for electron transitions in the valence band but also mitigates
the recombination of electron–hole pairs, thereby enhancing
the overall efficiency of the photocatalytic process. The unique
hollow structure of the catalyst provides a larger surface area
and increased number of active sites, further promoting
efficient photocatalytic reactions. Additionally, through the
introduction of PdS quantum dots, we have significantly
improved the photocatalytic performance of Zn1−xCdxS. This
modification facilitates the rapid separation of electron–hole
pairs, thus accelerating the kinetic process of photocatalytic
reactions. The results of our study demonstrate remarkable
outcomes. Under visible light conditions (with a wavelength of
420 nm < λ < 800 nm), the PHE activity of the 0.5 wt% PdS
QDs/Zn0.6Cd0.4S photocatalyst reached an impressive value of
27.63 mmol g−1 h−1, which is 6 and 963 times higher than
that of ZnS and Zn0.6Cd0.4S, respectively. Furthermore, the
stability of the photocatalyst has also been improved, adding
to its practical viability. These findings of this research high-
light the significant potential of utilizing adjustable band gap
solid solutions, as well as the construction of hollow structures
and incorporation of quantum dots, to synergistically enhance
the photocatalytic activity of PHE. These advancements pave
the way for the development of more efficient and sustainable
photocatalytic systems in the future.

2. Results and discussion
2.1 The structure of synthesized solid solution materials

Herein, we demonstrate a template-based and ion exchange
approaches to synthesize hollow Zn1−xCdxS solid solution, and
then decorated the PdS quantum dots on its surface to form com-
posite nanomaterials (Fig. 1a). Firstly, hexagonal ZnO template
was synthesized successfully and we can observe that these nano-
particles’ particle size were approximately near 500 nm (Fig. 1b).
Then hollow ZnS was obtained by anion exchange in the presence
of sulfur source under hydrothermal condition. Obviously, the
hollow morphology of ZnS was maintained and the particle size
decreased fractionally (Fig. 1c). By controlling the ratio of Zn and
Cd sources, we can get the hollow Zn0.6Cd0.4S solid solution by
anion exchange (Fig. 1d). We then decorated PdS QDs on the
surface of Zn0.6Cd0.4S solid solution (Fig. 1e). As showed in
Fig. 1f, some black dots can be easily observed which were PdS
QDs. These QDs were approximately 3 nm, which confirmed the
quantum dots morphology of PdS.

Nevertheless, to further examine the microstructure of
0.5 wt% PdS QDs/Zn0.6Cd0.4S, high-resolution TEM (HRTEM)
was employed. As shown in Fig. 1g, the lattice spacing of
0.27 nm corresponds to the (002) plane of Zn0.6Cd0.4S, which
existed lattice distortion after Cd2+ ion was mixed no ZnS lat-
tices. And the lattice spacing of 0.26 nm corresponds to the
(211) plane of PdS (PDF#25-1234). Subsequently, the corres-
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ponding selected area electron diffraction (SAED) pattern in
displays two sets of diffraction fringes, proving more evidence
about two phases of Zn0.6Cd0.4S and the decorated PdS
(Fig. 1h). Additionally, element mappings spectroscopy (EDX)
result confirmed that Cd, Zn, S signals were distributed evenly
on the surface of Zn0.6Cd0.4S solid solution (Fig. S1†). As show
in Fig. 1i, Pd signal was also detected which confirmed PdS
QDs were decorated successfully and the hollow morphology
was not destroyed.

In addition, the actual ratio of Zn and Cd in Zn1−xCdxS
were measured utilizing energy dispersive X-ray (EDX) analysis
and the results were showed in Table S1.† It can be seen that
the ratio was close to the theoretical results.

The XRD pattern of the ZnO sample displays typical diffrac-
tion peaks, confirming the successful preparation of hexagonal
prism-shaped ZnO crystals with high crystallinity (Fig. S2†).
The primary peaks of hexagonal ZnO (PDF#36-1451) are situ-
ated at approximately 31.7°, 34.4°, and 36.2°, which corres-
pond to the (100), (002), and (101) crystal planes, respectively.
In Fig. 2a, three sharp diffraction peaks at 28.5° (111), 47.5°
(220), and 56.3° (311) can be attributed to ZnS (PDF#99-0097)
with no other diffraction peaks observed after vulcanization,
indicating the product is pure ZnS. As the Cd2+ ions continu-

ously exchanged with Zn2+, the intensities of these three diffr-
action peaks in Zn0.6Cd0.4S gradually weaken, while the
appearance of three new diffraction peaks at 26.507° (002),
47.839° (103), and 51.824° (112) can be attributed to CdS
(PDF#41-1049). This also indicates the successful synthesis of
Zn1−xCdxS solid solution through Cd2+ and Zn2+ exchange,
rather than simple physical mixing. The slight shift of the
28.5° (111) diffraction peak can be attributed to lattice distor-
tion caused by the incorporation of Cd2+ into the ZnS lattice.
Further, PdS QDs were loaded onto the surface of Zn0.6Cd0.4S,
and their X-ray diffraction was almost unaffected by the
amount of PdS QDs loaded (Fig. S3†), indicating that the PdS
QDs loading did not alter the phase structure of Zn0.6Cd0.4S.

The response of Zn1−xCdxS to light of different wavelengths
was detected by UV-vis-DRS spectroscopy. In Fig. 2b, except for
ZnS which shows the strongest light response near 300 nm, all
other samples exhibit the strongest light response at around
500 nm, and the absorption band shifted towards the infrared
region with the increase of Cd2+ ions. From Fig. 2c, it is clearly
observed that the color transformation of Zn1−xCdxS samples
from white to orange as the content of Cd2+ increased, which
confirmed that the introduction of Cd2+ in the solid solution
structure enhanced the photonic response to visible light.

Fig. 1 (a) Schematic illustration of the synthesis of PdS QDs/Zn1−xCdxS hollow particles. SEM image of hexagonal (b) ZnO. TEM images of (c) ZnO,
(d) Zn0.6Cd0.4S, and (e, f ) 0.5 wt% PdS QDs/Zn0.6Cd0.4S. (g) HRTEM image and (h) selected area electron diffraction pattern of 0.5 wt% PdS QDs/
Zn0.6Cd0.4S. (i) Corresponding EDX elemental mapping images of the 0.5 wt% PdS QDs/Zn0.6Cd0.4S sample.
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Besides, X-ray photoelectron spectroscopy (XPS) was
applied to investigate the chemical states and elemental
chemical composition of these samples further. From Fig. 3a,
it’s easily to be seen that the full scan spectrum of 0.5 wt%
PdS QDs/Zn0.6Cd0.4S had contained the characteristic peaks of
Zn, Cd and S elements. The Zn 3d spectra of ZnS (Fig. 3b)
exhibit two peaks at 1046.37 and 1023.43 eV, corresponding to
Zn 2p1/2 and Zn 2p3/2 respectively.36 Cd 3d spectra of CdS
(Fig. 3c) showed two peaks with binding energy at 405.15 and
411.87 eV, which attributed to Cd 3d3/2 and Cd 3d5/2 individu-
ally.37 And S 2p spectra (Fig. 3d) can be fitted to two peaks

whose binding energy is 162.52 and 161.34 eV, which corre-
sponded to S 2p1/2 and S 2p3/2.

38 It’s obviously that the bind
energy of Cd 3d3/2 and Cd 3d5/2 of Zn0.6Cd0.4S solid solution
shifted to higher binding energy. Similarly, the binding energy
of Zn 3d5/2 and Zn 3d3/2 still shifted towards higher. These
changes of binding energy meant that electron transfer from S
to Zn and Cd sites due to the solid solution formed. After the
Zn0.6Cd0.4S was loaded by PdS QDs, the spectra of element Pd
was detected (Fig. 3e) which identified the presence of PdS.
Two peaks of Pd are situated at 341.93 and 336.66 eV, which
corresponded to Pd 2p3/2 and Pd 2p1/2, respectively.

39 The Cd

Fig. 2 (a) XRD patterns (b) UV–vis DRS absorption plots of Zn1−xCdxS solid solution samples. (c) Digital photographs of Zn1−xCdxS solid solution
samples.

Fig. 3 XPS spectra of (a) full spectrum, (b) Zn 2p, (c) Cd 3d, (d) S 2p and (e) Pd 3d in ZnS, CdS, Zn0.6Cd0.4S and 0.5 wt% PdS QDs/Zn0.6Cd0.4S (these
details of binding energy are shown in Table S2†).
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characteristic peaks shifted towards higher binding energy
while other elements’ characteristic peaks showed a very
slightly changes, which indicated that PdS was successfully
loaded and modified the electron structure of Zn0.6Cd0.4S.

2.2 Photocatalytic performance

These samples were subjected to PHE performance test under
visible light (420 nm < λ < 800 nm) irradiation with lactic acid
as the sacrificial agent. Fig. 4a showed that hollow ZnS nano-
particles exhibited the worst PHE activity, which is due to the
wider band gap of ZnS and the difficulty of electron–hole sep-
aration. For Zn0.8Cd0.2S and Zn0.6Cd0.4S solid solutions, the
PHE performance is improved because the band gap was
reduced and the electron–hole separation efficiency was
improved. Zn0.6Cd0.4S has the highest PHE performance, and
the hydrogen evolution rate is 4.38 mmol g−1 h−1. With the
increase of CdS content, the PHE performance of Zn1−xCdxS
solid solution decrease, because the band gap width of the
solid solution decreased gradually, and the electron hole
tended to recombine after photoexcited separation.
Subsequently, PdS QDs were loaded on the surface of
Zn0.6Cd0.4S solid solution, which further enhanced the photo-
catalytic activity of Zn0.6Cd0.4S. As shown in Fig. 4b. The
sample with 0.5 wt% PdS QDs loading has the highest activity,
and the hydrogen evolution rate reached 27.63 mmol g−1 h−1.
The obvious reason for the significant increase of PHE activity
is that PdS QDs increased the electron hole transport rate and
hindered the photoetching. With the increase of PdS QDs
loading, the hydrogen evolution rate began to decrease, which
was mainly due to the excessive loading of PdS QDs covering
the active sites of proton reduction, resulting in the decrease
of the oxidation reaction rate and the hydrogen evolution rate.

The hydrogen evolution rate of 0.5 wt% PdS QDs/Zn0.6Cd0.4S is
6 times of that of Zn0.6Cd0.4S without loading and 963 times of
that of pure ZnS, which proved the effectiveness of the band
gap control and quantum dot loading photocatalyst strategy.
Furthermore, we compared the hydrogen evolution perform-
ance of 0.5 wt% PdS QDs/Zn0.6Cd0.4S with other sulfide based
photocatalysts and found it to be at an advanced level (as
shown in Fig. 4c and Table S3†).

The cyclic stability test of 0.5 wt% PdS QDs/Zn0.6Cd0.4S cata-
lyst proved that the catalyst had good reusability while main-
taining the original PHE performance. As shown in Fig. 4d,
under the same PHE test conditions as the above samples, the
hydrogen evolution rate of the four cycles test was maintained
at about 22 mmol g−1 h−1, showing a slight decrease, which is
mainly due to the consumption of lactic acid sacrificial agent
during the reaction process, the concentration decreases, and
the oxidation end reaction rate decreases. The XPS spectrum
(Fig. S4†) of the photocatalyst collected after 4 cycles of testing
did not change in chemical state significantly, indicating that
the photocatalytic stability was good. Finally, we conducted
reaction kinetics tests on 0.5 wt% PdS QDs/Zn0.6Cd0.4S, and
Fig. 4e showed that the hydrogen production showed a linear
relationship over a period of up to 8 hours, and univariate
linear regression analysis was performed to fit the actual
hydrogen gas production. It was observed that the fitted values
closely approximated the actual values, with a coefficient of
determination (R2) of 0.9880, confirming that the catalyst can
be applied to long-term photocatalytic processes.

2.3 Photocatalytic mechanism

The optical and electrochemical properties of the samples
were characterized to further confirm the influence of

Fig. 4 H2 evolution for the samples (a) with different ratios of Zn1−xCdxS and (b) different PdS QDs ratios loading on Zn0.6Cd0.4S. (c) Comparison of
different sulfides of H2 evolution rate by photocatalysis (see ESI Table S3† for details). (d) Photocatalytic stability of the 0.5 wt% PdS QDs/Zn0.6Cd0.4S
sample for H2 evolution. (e) Generation of H2 photocatalyzed by 0.5 wt% PdS QDs/Zn0.6Cd0.4S as a function of reaction time (The yellow line rep-
resents the univariate linear regression results of hydrogen production at different reaction times for comparation of authentic results).
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Zn1−xCdxS solid solution and PdS QDs cocatalyst on the separ-
ation and transfer of photogenerated carriers in PdS QDs/
Zn1−xCdxS. The interfacial charge transfer behavior was
studied by electrochemical characterization. Fig. 5a indicated
that the photocurrent density of all four samples experiences a
sharp increase and decrease under periodic visible light
irradiation conditions, highlighting that these catalysts
possess stable photo-induced carrier separation character-
istics. As expected, Zn0.6Cd0.4S exhibited improved photo-
response after bandgap tuning, while 0.5 wt% PdS QDs/
Zn0.6Cd0.4S can be attributed to the higher photocurrent
density achieved by PdS QDs loading on Zn0.6Cd0.4S, which
captured more photons and accelerates charge transfer.
Furthermore, EIS measurements were conducted to observe
the interface carrier transfer behavior and efficiency. As pre-
sented in Fig. 5b, the size relationship of the arc radius of the
EIS Nyquist curve of the sample followed this order: ZnS > CdS >
Zn0.6Cd0.4S > 0.5 wt% PdS QDs/Zn0.6Cd0.4S (the value of Rct was
displayed in Table S4†). This indicated that the formation of a
solid solution of 0.5 wt% PdS QDs/Zn0.6Cd0.4S in ZnS and CdS
altered the electron transfer channel, and the modification of
PdS QDs significantly reduced the charge transfer resistance. The
electron transfer ability of the four samples was evaluated
through linear scanning voltammetry (LSV) (Fig. 5c). Zn0.6Cd0.4S
required far less overpotential than ZnS and CdS to achieve the
same current density. This indicated that the construction of the
Zn1−xCdxS solid solution enhances the charge transfer rate of the
photocatalyst and promotes the transfer of holes and photogene-
rated electrons as compared to pure monobasic sulfide.
Additionally, we observed that the overpotential required for
0.5 wt% PdS QDs/Zn0.6Cd0.4S was smaller, suggesting that PdS
quantum dots as co-catalysts can effectively open up the charge
transfer channel and achieve high PHE activity.

In the PL spectrum (Fig. 5d), the photocatalysts exhibited
strong PL signals around 535 nm under the excitation of
380 nm UV light. Among them, ZnS showed the strongest PL
signal, indicating that ZnS had the highest rate of photo-
induced electron–hole recombination. However, in Zn0.6Cd0.4S
and 0.5 wt% PdS QDs/Zn0.6Cd0.4S, the PL signals decrease,
suggesting that bandgap tuning and the introduction of co-cat-
alysts improved the efficiency of charge separation and trans-
fer. To better analyze the electron transfer kinetics quantitat-
ively, we conducted time-resolved photoluminescence (TRPL)
characterization for better comparison, as shown in Fig. 5e.
The average PL lifetime (τavg) of ZnS was the maximum at
29.01 ns, while Zn0.6Cd0.4S and 0.5 wt% PdS QDs/Zn0.6Cd0.4S
reached lower values of 17.00 ns and 14.04 ns, respectively,
indicating that bandgap tuning and the introduction of co-cat-
alysts facilitate the transport of electron–hole pairs.40 This con-
clusion was consistent with the PL results.

In order to investigate the photocatalytic hydrogen evol-
ution process of PdS QDs/Zn1−xCdxS, the electron spin reso-
nance (ESR) technique was used with DMPO as a radical sca-
venger to detect reaction intermediates. In Fig. 5f, after
5 minutes of visible light irradiation, the signal of •OH was
detected in all samples of DMPO–water solution.41 It is worth
noting that both Zn0.6Cd0.4S and 0.5 wt% PdS QDs/Zn0.6Cd0.4S
generated significant •OH signals, indicating that they can
produce photo-generated holes capable of oxidizing •OH.

According to the Kubelka–Munk (KM) equation,42 the band
gap energy of Zn1−xCdxS was calculated (Fig. S5a and 5b†), and
it was found that the band gap energy of Zn1−xCdxS gradually
decreased with the increase of Cd2+ ions and affected fraction-
ally by decorating PdS QDs (Fig. S5c†). To further characterize
the band structure of Zn1−xCdxS, the valence band (VB) spectra
of Zn1−xCdxS obtained from XPS were used to calculate the VB

Fig. 5 (a) Transient photocurrent density under visible light (420 nm < λ < 800 nm) illumination, (b) electrochemical impedance spectra (EIS) (the
inset is the equivalent circuit used to fit the data), (c) LSV plots, (d) photoluminescence (PL) emission spectra of CdSNS and obtained composites, (e)
time-resolved PL and (f ) electron spin resonance (ESR) spectra of 5,5-dimethyl-1-pyrroline N-oxide (DMPO)-•OH.
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position (Fig. S5d†), and it was observed that the valence band
of Zn1−xCdxS became more negative with the increase of Cd2+

ions, approaching that of pure CdS. Based on the equation:
EVB = ECB + Eg,

43 the conduction band energy of Zn1−xCdxS was
obtained and these energies were summarized in Fig. 6a,
revealing a transition in the band structure of Zn1−xCdxS from
ZnS-type to CdS-type. The band structure data of 0.5 wt% PdS
QDs/Zn0.6Cd0.4S were also measured (Fig. S5e†), and compared
with Zn0.6Cd0.4S, it can be concluded that the presence of a
small amount of PdS QDs did not significantly affect the band
structure of Zn0.6Cd0.4S.

In order to analyze the influence of PdS modification on
the band structure of Zn0.6Cd0.4S in more depth, density func-
tional theory (DFT) calculations were used to analyze the
density of states (DOS) and partial density of states (PDOS) of
0.5 wt% PdS QDs/Zn0.6Cd0.4S and Zn0.6Cd0.4S. In Fig. 6b, it can
be clearly observed that there was a band gap between the
energy levels of the two samples, and the electron density of

states at the Fermi level was positive, indicating that both
samples exhibited semiconductor properties. From 0.5 wt%
PdS QDs/Zn0.6Cd0.4S, a small peak appears at 0 eV, which is
mainly contributed by the Pd orbitals, which introduced an
occupied state above the valence band of Zn0.6Cd0.4S with an
additional contribution from S orbitals,44 indicating that the
introduction of PdS is conducive to the generation of more
electrons. After PdS modification, the overall curve shifted to
the left, which was beneficial for enhancing the reduction
potential and thus enhancing the hydrogen evolution capa-
bility. As a result, a strong internal electric field will be formed
between the PdS and the Zn1−xCdxS solid solution, which can
enhance the dynamic transfer ability of photogenerated elec-
tron and hole pairs. Therefore, the PdS acted as a hole scaven-
ger to facilitate the transfer of holes to the surface of PdS,
thereby enhancing the oxidation rate of lactic acid in photoca-
talysis. On the other hand, this accelerates the migration of
photo-generated electrons to the surface of Zn0.6Cd0.4S, result-
ing in an increased hydrogen evolution rate (Fig. 6c).

3. Conclusions

In summary, a PdS QDs/Zn1−xCdxS solid solution photocatalyst
had been constructed by combining ion exchange and in situ
sulfidation methods. This structure had been proven to be an
intermediate phase in the transformation from ZnS to CdS,
and it possessed an optimal band structure for efficient elec-
tron–hole pair separation and suppression of recombination.
A series of catalysts which had different ratio of Zn/Cd and
amount of PdS QDs were tested for photocatalytic hydrogen
evolution, and the results showed that 0.5 wt% PdS QDs/
Zn0.6Cd0.4S exhibited the best photocatalytic hydrogen evol-
ution performance, which was 6 times higher than Zn0.6Cd0.4S
and 963 times higher than ZnS. Through a series of optical
and electrochemical characterizations, it was demonstrated
that the formation of the Zn0.6Cd0.4S solid solution effectively
enhanced the separation of photogenerated charge carrier.
PdS QDs acted as a co-catalyst with an internal electric field
that facilitated the migration of photogenerated holes from
Zn0.6Cd0.4S to PdS QDs and accelerated electron transfer rate
and hydrogen evolution rate. The synthetic route provided a
theoretical basis for the further development of solid solution
materials with hollow structures as photocatalysts and sulfur-
based co-catalyst modifications.
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