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ydrogen evolution and
simultaneously converting high-concentration of
thiols into disulfides with excellent yield under
visible-light†

Shaosen Shi,a Huajing Li,a Yagang Zhang,a Yonghong Shi,b Nana Zhang,a Tian Li,a

Yating Zhang, a Qing Li,a Pengfei Duan *b and Yuangang Li *a

The simultaneous efficient utilization of photon-generated carriers to realize the selectively photocatalytic

oxidation of organics coupled with hydrogen evolution has gained ever-increasing attention in the energy

sector. A series of CdS/P25/Ni2P (SxOyP) was prepared, in which, S1O1P showed the highest activity. The

conversion, selectivity, and yield are 97.47, 100, and 97.47%, respectively. Moreover, in consideration of

the practical application of photocatalysis, the substrate concentration was expanded to 300 mM, which

significantly exceeded that of the usually reported benchmark for photocatalysis, and the rate of

hydrogen evolution could reach up to 16 697.86 mmol gcat
−1 h−1 under light irradiation for 3 h. Based on

the experimental data and analysis, a possible mechanism for this reaction was proposed. This paper

provides a strategy for making full use of photocarriers and explores the field of dual-function

photocatalytic systems, which will be inspirational for the development of photocatalysis technology.
Introduction

Solar-to-energy conversion is an alluring and sustainable tech-
nique to solve the energy crisis owing to its greenness and
sustainability.1–3 Hydrogen (H2) is known as the future energy
carrier on account of its high caloric value, extensive element
distribution, and pollution-free characteristics.4–6 Notably,
photocatalytic hydrogen production technology has recently
attracted extensive attention for its non-toxicity, solar-powering,
and inexhaustible availability, which is identied as a prom-
ising approach to harvesting and converting solar energy into
chemical compounds.7–10 Aer decades of development,
although the photocatalytic technology has become increas-
ingly mature, to date most of the reports on photocatalytic
hydrogen evolution have been achieved with the help of sacri-
cial agents.11–13 From theoretical considerations, only half of
the photo-generated charge carriers are used to produce useful
energy-intensive hydrogen, which suffers from the waste of
energy and produces a myriad of by-products (CO2, etc.),
limiting the increase in the economic value. Therefore, it is
desirable to explore an approach for simultaneously combining
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the oxidation and reduction capabilities of photocatalysts to
facilitate energy conversion.

Fortunately, the dual-function photocatalytic system has
provided an ideal way to solve this problem, wherein photo-
generated electrons and holes are simultaneously used to
reduce and oxidize reactants, respectively.14–16 Theoretically, the
dual-function photocatalytic systems canmaximize the usage of
solar energy and be extremely efficient.17,18Nevertheless, there is
still a big challenge in the dual-function photocatalytic system,
that is, mostly the concentration of substrates is still at the level
of a few millimoles under ambient temperature and pressure
and the yield is not satisfactory, which is far from the require-
ment of the large-scale practical applications.19,20 Thus, it is very
urgent to develop a photocatalysis system with high efficiency in
a high concentration of the substrate to meet the demand from
industrial production.

In recent years, coupling reactions, such as the formation of
the S–S bond,21,22 C–N bond,23,24 C–S bond,25 and C–C bond,26,27

have gained tremendous momentum owing to their great
signicance for the synthesis of pharmaceuticals and new
materials. Among them, the selective formation of disulde (S–
S) bonds by thiols is very important. Such reactions play an
important role in the formation of tertiary structures of
proteins, the vulcanization of rubber materials, and the devel-
opment of nano-bio materials.28,29 For example, L-cystine can be
achieved by the selective coupling of L-cysteine, which assists in
skin formation and has been employed as compound phar-
maceuticals for its inhibition of hepatitis, alopecia, and
This journal is © The Royal Society of Chemistry 2023
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leukopenia.30,31 A seemingly facile S–S coupling reaction is, in
reality, not facile at all. Current methods of synthesizing
disuldes require a large number of energy and oxidants,
resulting in a waste of energy and environmental pollution.32,33

Thus, it is meaningful to discover a green and efficient
approach for carrying out the S–S coupling reactions.

It is widely believed that the interaction between nano-
structured semiconductor photocatalysts and substrates has an
important effect on photocatalytic performance. Recently, CdS,
as a general semiconductor photocatalyst, has attracted exten-
sive attention on account of its simple preparation, narrow
band gap (∼2.4 eV), and wide light absorption range.34,35 There
is a strong interaction between CdS and thiols, for instance, L-
cysteine,36 mercaptoproic acid,37 and glutathione can modify
CdS,38 and the thiol ligand exchange can improve the surface
coordination of CdS, reduce the degree of catalyst agglomera-
tion and improve its photocatalytic performance.39 In solutions
at pH values near the pKa of the thiol groups, thiolates, which
can coordinate easily to cadmium(II) ions at the CdS surfaces,
are present.40 In addition, heterojunction structures have
expanded new avenues for both technological applications and
scientic research of photocatalysts, owing to their ability to
accelerate the transformation of photogenerated carriers and
broaden the light response range.41,42 Therefore, CdS was
selected as a major composite for this experiment to construct
heterojunction-structured photocatalysts to catalyze hydrogen-
producing and thiols-coupling simultaneously.

Based on the above ideas, in this study, CdS/P25/Ni2P (SxOyP)
photocatalysts with a heterojunction structure were successfully
prepared and characterized using a suite of techniques.
Wherein, Ni2P acts as a hydrogen production cocatalyst, and
P25 is a good semiconductor for heterojunction formation to
achieve high photocatalytic activity. The obtained photo-
catalysts are capable of efficient utilization of photogenerated
holes (h+) and electrons (e−) for the photocatalytic coupling of
thiols into disuldes paired with hydrogen production under
visible light. Under optimal conditions, the photocatalyst has
the ability to promote the couple reactions of a wide variety of
thiols with excellent yield. In addition, considering the practical
application of photocatalysis in the future, we carried out cycle
experiments and scale-up experiments. The results showed that
the photocatalyst has ultra-stability and achieved high conver-
sion aer the substrate concentration was amplied to as high
as 300 mM, which is one order of magnitude higher than the
usually reported benchmark. A possible mechanism for the
reaction was proposed. This article not only provides an effi-
cient strategy for the development of photocatalytic technology
but also contributes to the green synthesis of pharmaceuticals
and materials.

Experimental
Preparation of photocatalysts

The preparation of the photocatalyst process is shown in
Fig. S1.†

Synthesis of CdS. CdS nanowires were synthesized by
hydrothermal process on the basis of the reported method.43
This journal is © The Royal Society of Chemistry 2023
Firstly, 1.23 g CdN2O6$4H2O and 0.92 g CH4N2S were dispersed
in 30 mL ethylenediamine (EDA) and stirred for 1 h to ensure
the efficient dissolution of the lumps. Aer that, the solution
was transferred into a Teon-lined reactor and the reaction
temperature was conducted at 100 °C for 8 h. Then, the bright
yellow product was collected by centrifugation and repeated
washing with deionized water and ethanol to remove the
unreacted material. Finally, the product was dried at 60 °C in
a vacuum oven for 10 h and CdS nanowires could be obtained
aer grinding.

Synthesis of P25/Ni2P (PN). Firstly, 1.20 g P25 and 0.08 g
NiCl2$6H2O were mixed in 4 mL deionized water, followed by
magnetic stirring and sonication for 1 h, respectively. Then,
0.4 g NaH2PO2$H2O was added to the mixture and stirred for
1 h, and sonicated for 1 h. Subsequently, the precursor was
dried at 60 °C under vacuum for 10 h. It was transferred into
a tube furnace to be calcined at 200 °C for 1 h under Ar atmo-
sphere with a temperature increase rate of 5 °C min−1. Next, the
powder was respectively washed 3 times with deionized water
and ethanol. Finally, the obtained product was dried at 60 °C
under vacuum and the PN nanoparticles were obtained aer
grinding. The concentration of Ni2P in PN was 0.77%, which
was measured by X-ray photoelectron spectroscopy (XPS) and
the results are shown in Table S1.†

Synthesis of CdS/P25/Ni2P (SxOyP). First of all, 144 mg CdS
was added to 4 mL isopropanol and sonicated for 30 minutes.
Then, 80 mg PN was added to the mixture to continue sonica-
tion for 30 minutes. The mixture was ltered and dried under
vacuum at 60 °C. The dried powders were calcined at 200 °C for
1 h at a heating rate of 5 °C min−1 in a tube furnace under Ar
atmosphere. Subsequently, the powder was washed with
ethanol and deionized water 3 times, successively. Finally, the
obtained material was dried at 60 °C under vacuum and the
S1O1P can be obtained aer grinding. The concentration of Ni2P
in S1O1P was 0.41% (Table S1†). For comparison, other photo-
catalysts, such as S9O1P, S5O1P, S3O1P, S1O3P, S1O5P, and S1O9P,
were synthesized according to different molar ratios of Sx (CdS)
and OyP (PN).
Physicochemical characterization

X-ray diffraction (XRD) patterns were collected on a Bruker D8
Advance diffractometer with Cu Ka radiation at room temper-
ature and the scanning angle ranged from 10° to 90° of 2q at
a scan rate of 1.5° min−1. The Raman spectra of the samples
were recorded on a confocal Raman spectrometer (inVia Reex)
using an excitation wavelength of 532 nm. The morphology and
structure of the materials were observed using a Hitachi S-4800
scanning electron microscope (SEM) under an accelerating
voltage of 15 kV. An X-ray energy spectrometer (EDS) was used to
characterize the photocatalysts and study the distribution of
elements on the photocatalyst. The morphology and micro-
structure of the photocatalyst were analyzed using a Tecnai G2
F20 transmission electron microscope (TEM) and a high-
resolution transmission electron microscope (HRTEM) with
an acceleration voltage of 200 kV. The X-ray photon energy
spectrum (XPS) was measured using the Al Ka X-ray beam of the
J. Mater. Chem. A, 2023, 11, 2726–2736 | 2727
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Kratos Axis Ultra DLD system. The XPS data were tted with
CasaXPS soware, which was used to characterize the surface
chemical composition and valence of the samples. The prop-
erties of the photocatalysts were evaluated on a Shimadzu UV-
2600 with BaSO4 as a reectance standard to obtain the UV-vis
diffuse reectance spectroscopy (DRS). 1H NMR spectroscopy
was used to characterize the products; it was performed at 298 K
using a Bruker Avance III instrument operating at 400 MHz. The
pore size distribution and specic surface area of the photo-
catalysts were calculated by the Barrett–Joyner–Halenda (BJH)
and the Brunauer–Emmett–Teller (BET) methods, respectively.
The Mott–Schottky (MS), chronoamperometric curve (I–t), and
electrochemical impedance spectroscopy (EIS) were investi-
gated in a three-electrode system by the electrochemical work-
station (CHI 660E).
Evaluation of photocatalytic activity

Photocatalytic hydrogen evolution and conversion of thiols into
disuldes was carried out using photocatalytic reaction equip-
ment (Merry Change, MC-SPH20-A) and the temperature of this
reaction was controlled at 8 °C by using a cooling system. To
ensure that the reaction occurred in a closed vacuum environ-
ment, the solution was degassed using a vacuum pump for 30
minutes. A 300 W Xe lamp (CEL-HXF300, Beijing China
Education Au-light Co., Ltd) equipped with a 400 nm cutoff
lter (l $ 400 nm) was used as a light source in this system.
Generally, 50 mg of the samples were dispersed in a 50 mL
solution with 1.5 mmol, 3.0 mmol, 15 mmol, and 30 mmol
thiols (c = 30, 60, 300, and 600 mM). The generated H2 during
the experimental process was quantied and analyzed using the
online gas chromatograph (GC 7920, Beijing China Education
Au-light Co., Ltd) using N2 as the carrier gas. Besides, the
products were characterized by 1H NMR spectroscopy. The
conversion, selectivity, and yield of thiols were calculated with
the following eqn (1)–(3):

Conversion ð%Þ ¼ Ni �Nr

Ni

� 100% (1)

Selectivity ð%Þ ¼ 2Nd

Ni �Nr

� 100% (2)

Yield ð%Þ ¼ 2Nd

Ni

� 100% (3)

where Ni is the initial concentration of thiols; Nr and Nd are the
concentrations of residual thiols and the corresponding disul-
des at a certain time aer the photocatalytic reaction,
respectively.
Results and discussion
Catalysts characterization

The crystal phase and crystallographic structure of S1O1P and
corresponding precursors were characterized using X-ray
diffraction (XRD) patterns. As shown in Fig. 1a, the primordial
CdS has characteristic diffraction peaks at 2q = 25.8°, 26.9°,
28.9°, 37.3°, 44.1°, 45.5°, and 52.4° that could be indexed as
2728 | J. Mater. Chem. A, 2023, 11, 2726–2736
(100), (002), (101), (102), (110), (103) and (112) facets, respec-
tively, suggesting that the XRD peaks of CdS can be assigned to
a hexagonal phase (JCPDS No. 41-1049).44 In addition, as for
P25, the peaks at 2q = 25.8°, 38.4°, 48.4°, 54.3°, 55.6°, and 63.1°
can be ascribed to the (101), (103), (200), (105), (211) and (204)
planes (JCPDS No. 21-1272),45 respectively, while for Ni2P, the
peaks at 2q = 40.8°, 44.9°, 47.8°, 54.4°, and 55.2° are consistent
with the (111), (201), (210), (300) and (211) planes (JCPDS No.
03-0953),46 respectively. The positions of the diffraction peaks of
S1O1P are consistent with the characteristic diffraction peaks of
CdS and P25, indicating that the composition process of S1O1P
did not change the crystal structure of the precursors. It is
notable that no characteristic diffraction peaks of Ni2P were
found in S1O1P, which can be ascribed to the high dispersion or
the low loading amount of Ni2P. Moreover, the S1O1P exhibited
relatively good crystallinity, which can be conducive to
promoting its photocatalytic ability.

Raman spectroscopy was used to further investigate the
structures of S1O1P and its precursors. As shown in Fig. 1b, the
Raman spectrum of P25 showed peaks at 399, 519, and
639 cm−1, which can be assigned to Eg, B1g, and A1g modes,47

respectively. Ni2P decorated P25 sample showed a scattering
pattern identical to that of the original P25, indicating that the
loading of Ni2P was low and the deposition of Ni2P had no
impact on the P25 structure. It was observed that for the
prepared CdS, Raman data indicated two dominant peaks,
indicating the longitudinal optical (LO) phonon mode at
approximately 303 cm−1 (1LO) and its overtone (2LO) at about
606 cm−1, which indicated the typical CdS hexagonal phase and
is consistent with the XRD results.48 It can be observed that
S1O1P contained ve peaks, corresponding to the characteristic
peaks of PN and CdS, respectively, and the positions were
basically the same, which can be attributed to the successful
combination of PN and CdS.

The microstructures and morphology of the samples were
observed using the scanning electron microscope (SEM) and
transmission electron microscope (TEM) (Fig. 1c–j). As shown
in Fig. 1c, the SEM image of the original CdS showed a porous
network structure consisting of crisscrossed nanowires and its
surface was smooth. The structure of CdS nanowires can be
further conrmed from the TEM image (Fig. 1g), and a width of
ca. 10 nm was determined. The SEM and TEM images of P25
nanospheres are shown in Fig. 1d and h, respectively, showing
the average size to be about 25 nm. Fig. 1e presents the
microscopic structure of S1O1P prepared by a simple calcination
method with CdS and PN. It can be noted that S1O1P still had
a porous network structure of CdS nanowires and PN nano-
spheres were uniformly dispersed on the surface, facilitating
the migration of reactants and products. The TEM image of the
as-prepared S1O1P shown in Fig. 1i demonstrates that the
photocatalyst is composed of CdS nanowires and PN nano-
spheres, in accordance with the SEM results (Fig. 1e). In addi-
tion, to further clarify the element distribution of S1O1P, the
energy dispersive spectroscopy (EDS) mapping was carried out.
Fig. 1f shows that the sulfur (S), cadmium (Cd), oxygen (O),
titanium (O), phosphorus (P), and nickel (Ni) elements are
uniformly located in the photocatalyst. Furthermore, two lattice
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD patterns of P25, Ni2P, S1O1P and CdS; (b) Raman spectra of P25, PN, S1O1P and CdS; SEM images of (c) CdS, (d) P25, (e) S1O1P and (f)
energy dispersive spectrometer elemental mapping of S1O1P; TEM images of (g) CdS, (h) P25, (i) S1O1P and (j) HRTEM image of S1O1P.
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fringes can be observed from the HRTEM image of S1O1P
(Fig. 1j) and the distance between the two adjacent fringes are
about 0.314 and 0.290 nm, respectively, corresponding to the
(110) crystal plane of CdS (JCPDS No. 41-1049) and the (001)
crystal plane of P25 (JCPDS No. 21-1272). These above results
show that S1O1P was successfully prepared with a porous
network structure, which is conducive to further improving the
photocatalytic performance.

To further investigate the surface chemical composition and
element valence, S1O1P and the precursors were examined by
XPS. The results are shown in Fig. S2.† Fig. S2a† is the full XPS
spectra of samples and it can be seen from the gure that the
prepared S1O1P showed characteristic peaks of Ni 2p, O 1s, Ti
2p, Cd 3d, S 2p, and P 2p. The spectrum of S1O1P is the
superimposition of CdS and PN spectra, reecting the
successful combination of PN nanoparticles and CdS nano-
wires, and further proving the above conclusion. The high-
resolution spectra of Cd, S, Ti, O, Ni, and P are shown in
Fig. S2b–g.†

The high-resolution XPS peaks of Cd 3d (Fig. S2b†) are
located at 411.9 and 405.2 eV, corresponding to Cd 3d5/2 and Cd
3d3/2 of Cd

2+, respectively. The binding energy of Cd 3d in the
prepared S1O1P is 0.7 eV lower than that in pristine CdS. The
spectrum of S 2p in CdS (Fig. S2c†) can be deconvolved into two
peaks centered at 162.4 and 161.1 eV, which belong to S 2p1/2
and S 2p3/2 of S2−,49 respectively. Compared with the original
CdS, the binding energy of the S 2p peak in S1O1P is also
reduced by 0.7 eV, in accordance with the results of Cd 3d. Both
the shis of Cd 3d and S 2p to the lower binding energy in S1O1P
suggest there is a strong interaction between CdS and PN.
This journal is © The Royal Society of Chemistry 2023
Meanwhile, the XPS spectra of Ti 2p peaks (Fig. S2d†) at 458 and
463.5 eV and O 1s peaks (Fig. S2e†) at 532.6, 531.3, and 530.3 eV,
respectively, can be attributed to P25. The Ni 2p peaks (Fig. S2f†)
at 873 and 855.6 eV and P 2p peak (Fig. S2g†) at 133.5 eV can be
assigned to Ni 2p3/2, Ni 2p1/2 and P 2p1/2, respectively, corre-
sponding to Ni2P.50 To sum up, the XPS analysis corroborates
the presence of P25 and Ni2P in S1O1P, showing that the
chemical character of each component has not changed
signicantly aer the combination.

The specic surface area is one of the most important factors
to determine photocatalytic activity. The adsorption–desorption
curves and pore size distribution of the samples are shown in
Fig. 2a. It can be observed that all the photocatalysts correspond
to type III adsorption–desorption isotherms, meaning that they
all have adsorption interactions and porous structures. The
specic surface area and pore volume of the four samples were
calculated, as shown in Table S2.† The specic surface area of
S1O1P is 113.55 m2 g−1, which is between that of the CdS and
PN, indicating that PN nanoparticles are uniformly distributed
on the surface of CdS. Furthermore, the specic surface areas of
P25 and PN are 50.44 and 55.09 m2 g−1, respectively, which
indicates that the loadings of Ni2P cannot change the structure
of P25. These characteristics are conducive to the uniform
distribution of the photocatalyst nanoparticles, which can
improve the photocatalytic performance.

The optical properties of the prepared SxOyP samples and
precursors were studied using a UV-vis diffuse reectance
spectrometer (DRS). Fig. 2b clearly shows that the strong
absorption of PN is in the range of 320–385 nm, reecting that it
mainly absorbs UV light.
J. Mater. Chem. A, 2023, 11, 2726–2736 | 2729
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Fig. 2 (a) N2 adsorption–desorption and pore size distribution plots
(inset) of S1O1P and its precursors; (b) UV-vis DRS spectra, (c) (ahy)1/2

versus hy curves and (d) Mott–Schottky of the photocatalysts.
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The light absorption range gradually expands from the UV-
light to the visible-light region with the increase of the CdS in
SxOyP, which can be attributed to the narrow band gap of CdS.
The specic band gaps (Eg) of the photocatalysts were calculated
using the Kubelka–Munk formula. The specic calculation
process is shown in ESI Note 1† and the results are shown in
Fig. 2c. The band gap of the hydrothermally prepared CdS is
2.40 eV by calculation, which is consistent with the reported
value.39 In addition, the Eg of S1O1P is 2.17 eV, which is smaller
than that of CdS, indicating that more visible light can be
absorbed. Meanwhile, the Mott–Schottky experiments were
conducted to explore the at-band potential (E) of S1O1P and
its precursors. As shown in Fig. 2d, it can be found that the
slopes of the four sample curves are all positive, indicating that
all the photocatalysts are n-type semiconductors. The E of the
photocatalysts was calculated by eqn (4).

RHE = 0.059 × pH + 0.197 + Ag/AgCl (4)

The E of S1O1P, CdS, PN, and P25 were−0.36,−0.31,−0.25,
and −0.10 eV vs. RHE, respectively. As the bottom of the CB is
more negative by 0.1 V than E for many n-type semi-
conductors,51 the CB values are −0.46, −0.41, −0.35 and
−0.20 eV vs. RHE for S1O1P, CdS, PN, and P25, respectively. The
reduction potential of H+ to H2 is ca. 0 V (vs. RHE) and the CB
potential of S1O1P is more negative than the reduction potential
of H+. The above results display that the photocatalytic H2

evolution over S1O1P can be achieved thermodynamically under
light irradiation, which is consistent with the experimental
results.
Catalytic performance

The photocatalytic performance of S1O1P and other samples
was tested using a dual-function photocatalytic system under
the irradiation of a 300 W Xe lamp (AM 1.5G), in which, the
released protons were reduced to hydrogen by photogenerated
2730 | J. Mater. Chem. A, 2023, 11, 2726–2736
electrons and thiols were selectively oxidized to disuldes by
photogenerated holes. Herein, mercaptopropionic acid (MPA)
as a representative of thiols was used to explore the optimal pH
and photocatalyst formula for the reaction.

The photocatalytic performance of the S1O3P under different
pH is shown in Fig. 3a. An increase in the H2 amount can be
observed with irradiation time at different pH. As can be seen,
under light illumination for 4.5 h, the rate of hydrogen evolu-
tion is slow when pH = 3 (no NaOH added), and the total
amount of hydrogen production is only 2.5 mL, which is far less
than the theoretical yield (16.8 mL). The above result may be
caused by the dissolution of the photocatalyst in the acidic
solution. In order to verify the above speculation, the hydrogen
evolution performance at various pH values was observed. It is
clear that the rate of hydrogen evolution can be substantially
improved by the increase in pH. As shown in Fig. S3,† under
light illumination for 4.5 h, the evolution amounts of H2 are
10.2, 15.1, 15.3, 15.4, and 15.9 mL for pH = 5, 6, 7, 8, and 9,
respectively. However, as the pH value increases continuously,
the total amount of hydrogen production displays a downward
trend when pH = 10, indicating that the –SH of MPA (pKaSH =

10.84, 25 °C) was ionized at high pH.52 To prove the assumption,
the pH of the system was turned up to 12. The rate of H2

evolution dropped dramatically and the released hydrogen was
only 6.9 mL, which can be attributed to the inhibition of
hydrogen evolution under strongly basic conditions. Addition-
ally, the conversions of MPA at different pH are shown in Table
S3.† It can be observed that the conversions at pH = 3, 5, 6, 7, 8,
9, 10, and 12 are 15.13, 60.85, 89.96, 91.27, 91.55, 94.49, 87.06,
and 41.50%, respectively. Therefore, the optimal pH value is 9
for this experimental system and other samples were explored
for the optimal photocatalyst as described in the following
experiments.

Fig. 3b displays the dependence of the photocatalytic
performance on the photocatalyst formula under pH = 9. A
linear increase of H2 amount can be seen with irradiation time
over the prepared CdS and P25. The experiments with the
prepared CdS and PN show that the H2 evolution amounts in
4.5 h were only 5.39 and 0.34 mL, respectively, which are far
below the theoretical value. The low efficiency of photocatalysis
is due to the serious recombination of the photogenerated
carriers. As far as the photocatalysis performance of a series of
CdS/P25/Ni2P (SxOyP) photocatalysts with a heterojunction
structure was evaluated. The rate of hydrogen evolution is fast
over all the SxOyP. Under the light illumination for 4.5 h, the
total amounts of H2 evolution were 14.02, 15.49, 15.59, 16.29,
15.87, 15.22, and 12.47 mL (Fig. S4†) and the conversions of
MPA were 83.43, 92.24, 92.82, 97.01, 94.49, 90.62 and 74.27%
(Table S4†) for S9O1P, S5O1P, S3O1P, S1O1P, S1O3P, S1O5P, and
S1O9P, respectively. All the results demonstrate that S1O1P is the
best photocatalyst for the photocatalytic transformation of MPA
to 3,3′-dithiodipropanoic acid coupled with the H2 production
among the prepared samples. The excellent photocatalytic
activity of S1O1P can be attributed to the formation of the het-
erojunction with CdS and PN, which can expand the absorption
of light and accelerate the transport of carriers. Furthermore,
there was hardly any H2 produced in the absence of light and
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The effects of (a) pH and (b) the formula of photocatalysts on H2 evolution during the conversion of MPA to 3,3′-dithiodipropanoic acid; (c)
1H NMR spectra of liquid-phase products at different reaction periods; (d) comparison of hydrogen production under the irradiation of a 300 W
Xe lamp with and without a cutoff filter (l $ 400 nm); (e) photocatalytic hydrogen evolution coupled with different thiols to corresponding
disulfides; (f) H2 evolution coupled with the conversion of high-concentration MPA to 3,3′-dithiodipropanoic acid; (g) five-consecutive pho-
tocatalytic tests. Photocatalyst: 50 mg S1O1P, pH = 9, 8 °C.
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photocatalyst, which conrmed that light and photocatalyst are
indispensable for this system. Based on the above experimental
results and analysis, it is demonstrated that the optimal
condition of this system is pH = 9 and the optimal formula of
photocatalyst is S1O1P. Under these optimal conditions, the
substrates are almost completely transformed within 3 h, and
the rate of H2 evolution could reach 4999.98 mmol gcat

−1 h−1.
The experimental supernatants were collected aer centri-

fugation and examined by liquid UV-vis. The results are shown
in Fig. S5.† Only one peak can be observed in the substrate
(MPA), but two peaks are seen in supernatants aer photo-
catalytic reactions. This phenomenon can be explained by the
appearance of new chemicals. In order to gure out the specic
structure and concentration of products, 1H NMR technique
was adopted. The idiographic calculation process and results
are shown in ESI Note 2.† Compared with the 1HNMR spectra of
MPA and product, two characteristic peaks at d = 2.51 and
2.73 ppm of MPA disappeared and two new peaks at d = 2.94
and 2.60 ppm appeared, corresponding to the generation of 3,3′-
dithiodipropanoic acid.22 The concentration of 3,3′-dithiodi-
propanoic acid was 14.6 mmol L−1 from the calculation, which
This journal is © The Royal Society of Chemistry 2023
is close to the theoretical value (15.0 mmol L−1). The conversion
of MPA was 97.47% determined by the 1H NMR measurement,
which is consistent with 97.01% calculated by the evaluated
hydrogen as the standard. As shown in Fig. 3c, it is clear that the
content of MPA decreased continuously as the reaction time
increased and only two peaks of 3,3′-dithiodipropanoic acid
were produced during the whole reaction process. Aer per-
forming calculations using eqn (1)–(3) according to the 1H NMR
spectra, the conversion, selectivity, and yield were 97.47, 100
and 97.47%, respectively.

To evaluate the activity of S1O1P under visible light, a 400 nm
cut-off lter (l $ 400 nm) was employed to lter out UV light. A
comparison of hydrogen production under the irradiation of
a 300 W Xe lamp with and without the cutoff lter is shown in
Fig. 3d. It can be seen that the hydrogen production increases
rapidly at rst and remains unchanged aer reaching the
maximum at 3 h without the cutoff lter. The reason for this
phenomenon is that the substrate concentration is high at the
beginning and the reaction speed is fast, however, with the
consumption of reactants and the accumulation of products,
the reaction gradually tends to cease. The total amount of H2
J. Mater. Chem. A, 2023, 11, 2726–2736 | 2731
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evolved with a 400 nm cut-off lter is consistent with that from
the original experiment under the light illumination aer 3.5 h.
Nevertheless, the rate of hydrogen production before 3.5 h was
slower with the lter than that without the lter, which can be
attributed to the absence of UV light in the latter case. The
S1O1P still has excellent photocatalytic performance under
visible light based on the above experiment and analysis.

In order to learn the universality of S1O1P, the photocatalytic
hydrogen evolution coupled with selective transformations of
various thiols to corresponding disuldes was examined. As
shown in Fig. 3e, the total amounts of H2 produced were 16.30,
15.56, 15.46, and 15.90 mL for MPA, 3-mercapto-1-propanol
(MP), L-cysteine, and glutathione, respectively. The plots of
hydrogen evolution with different substrates are shown in
Fig. S6† and an increase in the H2 amount can be observed with
the irradiation time. The plots of hydrogen evolution with MPA
andMP are parallel as their structures are similar. However, it is
worth noting that the rates of hydrogen evolution with L-
cysteine and glutathione are relatively slow, probably because of
their large molecular mass and complex structures, increasing
steric hindrance and hampering the reaction progress. In
addition, the products were tested by 1H NMR and the results
are shown in ESI Note 2.† It can be observed that all the
structures of the products are consistent with corresponding
disuldes. As shown in Table 1, the corresponding product
yields and conversions of MPA, MP, L-cysteine, and glutathione
were 14.62, 14.01, 14.28 and 13.95 mmol L−1 and 97.47, 92.62,
95.20, and 92.03%, respectively, from the 1H NMR spectra.
These results indicate that the prepared S1O1P sample
possesses excellent universality for photocatalytic H2-evolution
and converting thiols into disuldes.

Although this reaction system showed excellent yield at the
current concentration (30 mM), it was far from the require-
ments for the industrial application and unfavorable for further
large-scale practice. Therefore, the concentration of MPA was
increased to explore the photocatalytic hydrogen evolution and
thiol coupling at high concentrations. In this part of the
experiments, a 300 W Xe lamp with an AM 1.5G lter (simulated
sunlight) was adopted as a light source. Fig. S7† shows the plot
of hydrogen production versus the reaction time when the initial
Table 1 Substrate scope for the conversion of thiols into disulfidesa

Entry Substrate
Yield (mmol
L−1)

Conversions
(%)

1 MPA 14.62 97.47
2 MP 14.01 92.62
3 L-Cysteine 14.28 95.20
4 Glutathione 13.95 92.03

a Conditions: substrate (15 mmol) and S1O1P (50 mg) in 50 mL reaction
solution under a 300 W Xe lamp, pH = 9, 8 °C. Calculate with 1H NMR
spectra: conversions (%) = (product produced)/15.

2732 | J. Mater. Chem. A, 2023, 11, 2726–2736
concentration was expanded to 60 mM. As the reaction time
increases, the total amount of hydrogen production increased,
and the rate of hydrogen evolution slows down. The conversions
are 99.28% under light illumination for 9 h (Table S5,† entry 3).
This result shows that it is possible to achieve 100% yield at
a high concentration. Hence, the initial concentration of MPA
was increased by a factor of 10 to 300 mM. As shown in Fig. 3f,
an increase in H2 amount can be observed with irradiation time.
Under the light illumination for 8.5 and 18 h, the total amount
of H2 evolved were 106.86 and 121.02 mL and the conversion
reached 65.54% and 82.36%, respectively (Table S5,† entry 4
and 5). Satisfyingly, the conversion of MPA was 83.81% under
the light illumination for 22 h (Table S5,† entry 6), which can be
conrmed from the 1H NMR spectrum of high-concentration
liquid phase products. As shown in Fig. S8,† the characteristic
peaks of the product at d = 2.94 and 2.60 ppm and the char-
acteristic peak of the interior label (CH3OH, 0.12 M) can be
observed, resulting in the concentration and conversion of the
product to be 12.59 mM and 83.93%, respectively. The above
results have shown that the selectivity of this photocatalytic
reaction is 100% at high concentrations and the stoichiometry
is the same as that at the low concentration. The above results
could be promising for the feasibility of large-scale photo-
catalytic synthesis under solar irradiation. However, when the
initial concentration was expanded to 600 mM, the plot of
hydrogen production versus reaction time was the same as that
with 300 mM (Fig. S9†), which could be due to the inadequate
photocatalysts. The rate of hydrogen evolution under different
concentrations of MPA is shown in Fig. S10.† Under the light
illumination for 3 h, the rates of H2 evolution were 4999.98,
9007.32, 16 697.86, and 13 950.18 mmol gcat

−1 h−1 when the
concentrations of MPA were 30, 60, 300, and 600 mM, respec-
tively. Among them, the maximum hydrogen production rate
was obtained when the concentration of MPA was 300 mM,
which is higher than that from most of the previously reported
literature (Table S6†). Meanwhile, the apparent quantum yields
(AQY) were calculated and detailed procedures are shown in ESI
Note 3.† As shown in Table 2, a signicant decrease in AQY can
be observed by increasing the concentration of MPA from 30 to
300 mM, the tendency being similar to the rate of hydrogen
evolution. It should be noted that the maximum AQY value was
3.92% when the concentration of MPA was 300 mM, indicating
that S1O1P exhibited high photon utilization. Furthermore, an
analogical experiment of 300 mMMP was held, and the result is
Table 2 AQY of H2 evolution coupling the conversion of thiolsa

Entry Substrate
Concentration
(mM)

Volume of
H2 (mL) AQY (%)

1 MPA 30 15.93 1.11
2 MPA 60 30.26 2.11
3 MPA 300 56.11 3.92
4 MPA 600 46.87 3.28
5 MP 300 54.71 3.82

a Conditions: S1O1P (50 mg) in 50 mL reaction solution under a 300 W
Xe lamp, pH = 9, 8 °C, under light irradiation for 3 h.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The electrochemical tests of S1O1P and precursors for (a)
chronoamperometric curves (I–t) and (b) EIS Nyquist plots; (c) EPR
signals from a solution containing MPA (30 mM), S1O1P (1 mg mL−1)
and DMPO (20 mM) at pH = 9.0 before and after the irradiation of
300 W Xe lamp for 10 min; (d) GC characterization for produced
hydrogen: employing D2O as the solvent.
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shown in Fig. S11.† The plot of the hydrogen production versus
reaction time is similar to Fig. 3f and the total amount of H2

evolution reaches 124.4 mL under the light illumination for
20 h (Table S5,† entry 14). Aer calculation, the rate of H2

evolution realizes to 16 282.83 mmol gcat
−1 h−1 and AQY is 3.82%

under light irradiation for 3 h. The above result shows the
feasibility of photocatalysis to achieve high-concentration of
thiol conversion coupled with hydrogen production, making
a contribution to the practical application of photocatalytic
technology.

Besides the photocatalytic activity, the stability of a photo-
catalyst also is a vital property. To evaluate the stability of S1O1P,
the cycle experiments were carried out 5 times with 50 mg
S1O1P. As shown in Fig. 3g, the conversion of MPA was 82.39%
aer 5 cycles, indicating that the photocatalyst still has excellent
photocatalytic ability. In order to further explore the reason for
the decrease in photocatalytic activity, XRD was employed to
detect the used S1O1P. As shown in Fig. S12,† the characteristic
peaks of S1O1P are disappeared, indicating that the crystal
structure has been destroyed. Therefore, it is reasonably
considered that the reason for the decreased activity is due to
the damaged catalyst structure. There are two main factors
affecting the stability of CdS. On the one hand, CdS is not stable
at low pH, which can react with acids to form cadmium salts
and release hydrogen sulde. On the other hand, as a semi-
conductor photocatalyst, CdS can produce holes (h+) to undergo
oxidation reactions under light irradiation. However, S2− will be
oxidized if the holes are not consumed in time and accumulate
continuously, affecting the stability of CdS. Considering the
experimental conditions, it is believed that the decreased
activity of S1O1P is mainly due to the photocorrosion of CdS.
Despite the photocorrosion of CdS existing in the experiment,
S1O1P revealed good stability in 5 cycles of photocatalytic thiol
conversion coupled with hydrogen production. In the next step,
we will adopt some methods to improve the photocatalytic
stability of S1O1P.
Reaction mechanism

To explain why the S1O1P photocatalyst exhibits excellent pho-
tocatalytic performance, the photoelectric chemistry experi-
ments including chronoamperometric curve (I–t) and
electrochemical impedance spectroscopy (EIS) were performed.
The detailed steps of electrochemical testing are shown in ESI
Note 4† and the results are shown in Fig. 4a and b. The quick
separation of photon-generated carriers produced by S1O1P can
be studied from the I–t curve. As shown in Fig. 4a, S1O1P
exhibits the best photoelectric response capability and the
largest photocurrent density among the samples. It is generally
accepted that the photo-generated carriers are produced by the
light excitation of the photocatalyst. Then, the photogenerated
holes are captured by MPA and the production of H2 is achieved
by the photogenerated electrons. Moreover, S1O1P also showed
an extremely sensitive photocurrent response (Fig. S13†). Thus,
the S1O1P can generate abundant photogenerated hole–electron
pairs and accelerate their transfer process. The charge transfer
resistance on the photocatalyst could be represented by the
This journal is © The Royal Society of Chemistry 2023
radius on the EIS Nyquist plots, thus, electrochemical imped-
ance spectroscopy (EIS) was implemented to study the charge
transfer and separation efficiency of photogenerated carriers. As
shown in Fig. 4b, S1O1P exhibits the smallest semicircle among
the samples in the Nyquist plots and the promotion effect can
be partly attributed to the reduction in the interface charge
transfer resistance between CdS and PN. Besides, the charge
transfer resistances (Rct) of S1O1P and other samples were
calculated. The results are shown in Table S7,† and the Rct of
S1O1P is 5205 U, which is far less than those of other photo-
catalysts. Based on the above discussion, we can draw
a conclusion that the separation and transfer of light-generated
carriers on S1O1P are themost efficient, which is consistent with
the experimental results.

In order to further investigate the reaction mechanism of the
photocatalytic process, the electron paramagnetic resonance
(EPR) spin trapping technique was utilized to monitor the
reaction intermediates.53,54 The tested EPR signals of the pho-
tocatalytic system containing MPA (30 mM), S1O1P (1 mg mL−1)
and DMPO (20 mM) at pH = 9.0 are shown in Fig. 4c. Aer
irradiation with a 300W Xe lamp for 10 min, the spin adducts of
sulfenyl radicals with DMPO were successfully detected and the
characteristic peaks (labeled with and D) stand for the
adducts of sulfenyl radicals (RSc) and hydrogen radicals (Hc)
with DMPO, respectively.55,56 However, no signal can be
observed in the dark, conrming that this reaction indeed goes
through the photocatalytic transformation of MPA to 3,3′-
dithiodipropanoic acid through a radical pathway including
both RSc and Hc radicals under light illumination.

Isotope labeling is an advanced method for tracking the
movement and change of substances.57 The chemical and bio-
logical properties of the nuclides and their compounds used by
isotope labeling are identical to the chemical and biological
properties between the corresponding ordinary elements and
J. Mater. Chem. A, 2023, 11, 2726–2736 | 2733
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their compounds present in nature, only with different nuclear
physical properties. Therefore, isotope labeling can be used as
a marker to make labeled compounds to explore the source of
an element in the target product.58 When the reaction was
conducted in H2O, there was a positive peak signal of H2 pre-
sented at 0.48 minutes on a gas chromatograph (GC) (Fig. S14†)
retention prole. In the controlled experiment, D2O was used
instead of H2O as the reaction solvent. The result of the GC
retention curve is shown in Fig. 4d, from which a negative peak
signal at a similar retention time is observed. It is reported that
the negative signal is attributed to D2.59 It becomes obvious
from the gure that D2 is the gaseous product instead of H2 with
D2O as the solvent, indicating that the source of the H element
in the released H2 is from the solvent H2O. Similar phenomena
were observed by others.22,59

Based on the above experimental analysis, a feasible mech-
anism for the photocatalytic transformation of MPA into 3,3-
dithiodipropanoic acid coupled with H2 evolution by S1O1P
under light irradiation is proposed in Scheme 1. Firstly, S1O1P
can be excited by light irradiation, and generate electron–holes
pairs simultaneously. The h+ is produced on the VB of CdS and
the e− is transferred to the CB of CdS. The photoinduced e− is
injected from the CB of CdS to that of P25, then, the electrons
are transferred from P25 to Ni2P nanoparticles due to the lower
reduction potential of Ni2P. Meanwhile, the photogenerated
holes migrate from the VB of P25 to CdS, which are the active
sites for the oxidation reaction. Ultimately, the photogenerated
electrons accumulated on the outer surface of Ni2P, and the
photogenerated holes gathered at the surface of CdS, which is
conducive to the efficient separation of the photo-generated
charge carriers. In the presence of MPA, there is an ionization
balance between MPA and MPA−, as shown in Scheme 1.
Besides, due to the interaction between CdS and thiols, the
obtained MPA− are easily adsorbed and bind to the surface of
S1O1P through Cd–S bonds to form S1O1P/thiolate conjugates.
The excited state of the S1O1P is subsequently reductively
quenched by the bound Cd–S species, thereby, producing MPAc
radicals, conrmed by EPR, which couple to form the 3,3-
Scheme 1 Reaction mechanism of photocatalytic transformation of
thiols into disulfides coupled with H2 evolution over S1O1P under
visible light irradiation.

2734 | J. Mater. Chem. A, 2023, 11, 2726–2736
dithiodipropanoic acid on the surface of CdS. Finally, the
products are released into water, then, additional MPA− will
bind to the vacant active sites and repeat the reaction cycle. On
the other hand, the H+ from the water ionization is reduced into
Hc radicals (also proved by the EPR experiment) by e− on the
surface of Ni2P, which is nally coupled to generate H2 and be
released to surroundings. Thus, the presence of heterogeneous
structures can improve the utilization of photogenerated elec-
tron–hole pairs and promote the efficiency of the photocatalytic
synergistic reaction.

Conclusion

In summary, SxOyP photocatalysts were synthesized by a simple
hydrothermal and calcination method and showed excellent
photocatalytic activity and chemical stability. It is remarkable
that the photogenerated carriers are effectively utilized for the
photocatalytic transformation of thiols to corresponding
disuldes coupled with hydrogen production. Under optimal
conditions, S1O1P has the ability to promote the couple reac-
tions with excellent yield, and the reasons are considered from
the formation of the heterojunction, the interaction of the
substrate with a photocatalyst, and so on. Moreover, for real-
izing industrialization and practical applications, the concen-
tration of thiol was increased tenfold and the conversion was
still satisfactory, indicating the feasibility of photocatalytic
synthesis. This work achieved important breakthroughs in
photocatalytic synthesis, providing signicant theoretical and
experimental support by performing the synthesis of pharma-
ceuticals and preparation of new materials in a way.
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