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ABSTRACT: Facilitating charge separation and increasing surface active sites have . ' M
always been the goals of photocatalysis. Herein, we synthesized a Ni-doped ; ot T8y ( i
Zn,3Cd,,S hollow sphere photocatalyst with a facile one-step hydrothermal method. & M
Energy-dispersive spectroscopy mapping showed the high dispersion of Ni ions in the Fs W /@) W

ZnCdy,S hollow spheres. The experimental results confirmed that Ni doping
reduced the band structure of the substrate, suppressed the recombination of photo-
induced electrons and holes, and provided more reactive sites. Therefore, the
photocatalytic activity had been greatly improved. As a consequence, the detected
photocatalytic H, evolution rate increased up to 33.81 mmol-h™'-g”™! over an optimal
Ni doping (S wt %) of Zny5Cd,,S hollow spheres, which was 20.87-fold higher than
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that of pure CdS. Elemental mapping showed that the Zn element was mainly &: R SIS R PP N
distributed in the outermost layer of the hollow spheres; this might be the critical e 50 > Castyt 1

factor that enabled Ni-doped Zn,Cd,_,S to maintain excellent stability. o .

1. INTRODUCTION range of light,"> and is widely explored as a good substrate

material to composite with other materials.'®'” However, CdS
has some limitations; it is unstable during the reaction and is
prone to undergo photocorrosion, with poor reusability.'® In
comparison with CdS, ZnS has better stability, but it can
absorb light only in the ultraviolet region. Based on this
feature, many researchers have complexed zinc sulfide and
cadmium sulfide to establish a hybrid structure with improved
hydrogen production activity and enhanced stability. For the
combination of these two components into an effectively
integrated catalyst system, various forms have been explored.

Environmental problems and energy crisis are becoming
increasingly more severe; therefore, it is imperative to discover
novel, renewable, and environmentally friendly energy
sources. In 1972, Fujishima and Honda discovered that
TiO, can be excited by ultraviolet light to produce H,,> and
hydrogen is clean energy with high energy density, which can
greatly alleviate dependence on fossil fuels.” Therefore,
research on converting solar energy into chemical energy to
reduce water to generate H, has drawn immense attention.™”

Materials suitable for semiconductor photocatalytic H, 3 .
. . . .\ For example, Wang et al, via a facile self-assembly route,
evolution from water splitting must satisfy several conditions:

they have a suitable band gap and suitable redox potential and syn.thesizeg ZI}S_CdS alloys, u.sed for degradation of rhod-
meet the thermodynamic requirements.’ amine B.”” Xie et al. synthesized a ZnS—CdS core—shell

. . i - Ivoth 1 meth
Over the past few years, a multitude of semiconductor structure via a one-step solvothermal method to generate H,,

. _1- _1 20
materials that could fulfill the requirements of the hydrogen ?lt da tr};ate ulII) to t7h9 2, H glozlh_ ng—.S Zlh;ng le:' al. us.e;ﬁ
evolution reaction (HER) have been extensively developed, yarothermaty synthesized 2n SOUd soutions, WI_I
such as oxides (TiO,), sulfides (CdS-based’), oxynitrides W_h]l(zigl the hydroger'l evolution coulq reach 11.42 mmol-h™-
(TaON®), metal-free materials (g—C3N49’10), etc. Unfortu- 8 1.' d Clo?p arﬁd WIt.h othec;‘ coinp osﬁtfff?fp es, the Zn,Cd,S
nately, hardly any single material can meet all of the SOUC sotution Aas umque acvantages. . .
requirements of photocatalytic hydrogen production, and As reported in thze; literature, C2%l§7has various 7 orphologlezsg,
there are always various defects, such as a wide band gap 1 such as nanofibers,™ nanoplates, ™" nanowires, ™ nanorods,

narrower corresponding range of light, responsiveness only to
ultraviolet light,'” the fast recombination speed of photo- Received:  December 11, 2020
generated carriers,'> or the need for noble metals as Accepted: March 9, 2021
cocatalysts.” Published: May 21, 2021

To solve the above problems, a lot of research has been
carried out. Taking a classical CdS catalyst as an example, the
CdS band structure is 2.40 eV, with a wider corresponding
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etc.; thus, numerous studies have been devoted to the
influence of morphology and structure on activity. In addition
to the above-mentioned strategy, the introduction of
cocatalysts is also a universally used method to increase
photocatalytic activity. In 1983, Nakabayashi et al. supported a
Pt cocatalyst on TiO, as the active site for hydrogen
production,® improved the photocatalytic hydrogen produc-
tion activity, and opened a new era of cocatalysts. The Fermi
level of a semiconductor photocatalyst is higher than the Fermi
level of noble metals, and thus electrons migrate from the
semiconductor to the metal and an excess negative charge will
be created on the metal surface, forming a metal-hydrogen
bond with hydrogen atoms, thereby boosting the photo-
catalytic performance by delaying the electron and hole pair
recombination.’” The generally used noble-metal promoters
are Pd,” Pt*® Ay,>>*° Ag,3'4 etc. However, because of their
scarcity and high price, noble metals are not suitable for
practical application. Research has found that the noble-metal-
free Ni metal can also improve photocatalytic activity.”>***°
Various methods have been introduced for synthesizing
cocatalysts, such as the MOF template method, the photo-
deposition method, the hydrothermal method, and so on.

Herein, a noble-metal-free Ni-doped Zn,Cd,_.S hollow
sphere catalyst was successfully synthesized via a facile one-
step hydrothermal method. We first explored the optimized
ratio of Zn and Cd in Zn,Cd,_,S (x = 0, 0.20, 0.50, 0.80, 1)
and determined that Zn,3Cd,,S (denoted ZCS) had the
optimal photocatalytic H, generation activity (7.25 mmolh™-
g~ '). After further modification by Ni doping (S wt %), the
hydrogen generation rate of ZCS reached up to 33.81 mmol-
h_l-g_l, which is also 4.66 times and 20.87 times higher than
those of ZCS and pure CdS, respectively. Combined with the
experimental results, we proposed a possible photo-induced
catalytic mechanism for Ni-doped Zn,Cd,_,S.

2. RESULTS AND DISCUSSION

2.1. Phase Purity and Crystallographic Structure
Analysis. The phase purity and crystallographic structure of
the samples were examined by powder X-ray diffraction (XRD)
analysis. As depicted in Figure 1, the characteristic peaks of all
samples can be well assigned to the standard diffraction
diagrams of CdS (JCPDS Card No. 47-1179) and ZnS
(JCPDS Card No. 65-0309). It could be clearly seen that all
samples had a peak that was slightly shifted to a large angle

relative to the standard card. According to the previously
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Figure 1. XRD patterns of the samples Zn,3Cd,,S, 1 wt % Ni-doped
ZnysCdy,S, 3 wt % Ni-doped Zny3Cdy,S, S wt % Ni-doped
Zn,3Cdy,S, and 7 wt % Ni-doped Zn;Cd,,S.

reported literature, the ionic radius of Cd** (0.97 A) is larger
than that of Zn** (0.74 A). This thus implies the doping of
Zn?* into the lattice of CdS, which reduced the distance
between the stripes of CdS, indicating that we synthesized a
ZCS solid solution.”* With the introduction of Ni ions, the
diffraction peak positions of all samples were consistent; the
characteristic peaks of Ni were not observed. This may be
ascribed to the high dispersion and the low content of the
introduced Ni, which did not affect the morphology and
structure of the ZCS sample, indicating that the improved
catalyst activity is not mainly caused by the changes in
morphology and structure but by the introduced Ni ions.”” To
explore the reason why Ni ions were not detected, we further
examined SO wt % Ni-doped ZCS (denoted ZCS-50) using
powder X-ray diffraction (XRD) analysis, whose results also
did not exhibit the diffraction peaks of nickel species (Figure
S1), possibly because Ni ions were highly dispersed
throughout the ZCS hollow sphere.**~*’

2.2. Morphologies and Elemental Distribution of
Samples. Field emission scanning electron microscopy
(FESEM) was used to reveal the morphologies of samples.
As shown in Figure S2, the morphology of all samples showed
a uniform spherical structure by disordered agglomerated
nanoparticles. There was no visible change in morphology
when Ni ions were introduced. The structural details of the
ZCS-5 sample were obtained by transmission electron
microscopy (TEM). As shown in Figure 2a, a spherelike
nanostructure was observed and the color of the outermost
layer of the nanosphere was found to be lighter, probably due
to the lack of compaction in the surface. The middle layer was
darker, and the innermost layer was lighter; this indicated the
hollow structure of the nanosphere, as well as that the spherical
structure consisted of particles. The morphology of the
samples was further verified by the SEM images, as shown in
Figure S2. Based on the HRTEM images in Figure 2b, we also
measured the lattice fringes (0.21 nm) and compared with the
standard card (JCPDS Card No. 47-1179); it corresponds to
the (107) plane of CdS. The elemental mapping was applied in
this work to probe the elemental distribution of the ZCS-5
nanosphere. In Figures 3a—e and S3, the nanosphere clearly
exhibited Zn, Cd, S, and Ni, in line with the elemental
composition of ZCS-5. More importantly, the introduced Ni
was also clearly observed and was found to be highly
distributed throughout the hollow spherical structure, indicat-
ing the successful doping of Ni with high dispersion in the ZCS
nanosphere. From Figure 3e, we also clearly noticed that the
Zn element was mainly scattered in the outermost layer; this
might be the critical factor that enabled Ni-doped Zn,Cd,_,S
to maintain excellent stability. We also measured the surface
area of samples ZCS and ZCS-S (Figure S4); the surface areas
of samples ZCS and ZCS-S were 87.09 and 39.52 m*g™",
respectively.

2.3. Analysis of Surface Element Valence. X-ray
photoelectron spectroscopy (XPS) was subsequently carried
out to analyze the surface elements and chemical states of the
ZCS nanosphere. Figure 4a shows that S, Zn, and Cd elements
are present in the ZCS-5 sample. Taking the C 1s peak at
284.50 eV as the reference to calibrate binding energy (BE),*'
as depicted in Figure 4a, we did not discover the presence of
Ni ions; this may be because of the low content of Ni and its
high distribution throughout the hollow spherical structure,
which thus results in a relatively low concentration on the
surface that cannot reach the detection limit of XPS. To
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Figure 2. (a) TEM and (b) HRTEM images of S wt % Ni-doped Zn,4Cd,,S.
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Figure 3. (a) Elemental mapping image of the S wt % Ni-doped Zn,3Cd,,S sample, (b—d) corresponding elemental analysis, and (e) color mix.

confirm this speculation, we performed XPS testing on ZCS-50
samples. From Figure SSe, we found a satellite peak at 855.72
eV, which could be ascribed to the typical XPS signal of Ni
2ps,, indicating the presence of +2 valence Ni.'”** Thus, the
absence of Ni in the XPS result of the prepared ZCS-5 sample
can be attributed to its relatively low content. After all, the Ni
content on the surface of the ZCS-50 sample was only 0.30%
(Table S1). Figure 4b shows that the band can be deconvolved
into two peaks at 162.59 and 161.28 eV, which can be ascribed
to the S 2p,/, and S 2p;, tracks, respectively. This indicates
the —2 valence of the S element in this system.43 Besides, two
peaks (Figure 4c) with binding energies of 1045.85 and
1022.83 eV can be attributed to Zn 2p,;,, and Zn 2p;),
respectively, implying that the valence state of the Zn element
was +2."* It could be evidently seen in Figure 4b—d that the
peaks of S, Zn, and Cd were slightly shifted in the direction of
higher binding energy (BE) levels. According to the literature,
when metal ions are doped into a semiconductor, the Fermi
level shifts in a more negative direction.>*>*® Therefore, Ni
doping resulted in a peak shift, despite the fact that the Ni
metal content on the surface of the hollow sphere was
extremely low. The binding energy of Cd in ZCS of 411.62 eV
corresponds to Cd 3ds/, and 404.89 eV is ascribed to 3d;,,
which showed that Cd had +2 valence in this system.'”**
Through the above analysis, we realized that in the Ni-doped

ZCS system, Zn had +2 valence, Cd had +2 valence, Ni had +2
valence, and S had —2 valence. According to the above
analysis, we proved that the Ni-doped ZCS hollow spheres
were successfully synthesized.*>*' To investigate the specific
amount of the Ni element in the ZCS-S sample, inductively
coupled plasma atomic emission spectrometry (ICP-AES) was
applied in this work (Table S2). By calculation, it was found
that while adding S wt % Ni(NO;),-6H,0 (nickel nitrate
hexahydrate) in the system, at the same time, 0.06% of Ni ions
were introduced into the hollow spheres.

2.4. Synthesis Mechanism. During the synthesis process,
the glutathione (GSH) biomolecule was chosen as a sulfur
source, according to a previous report in the literature, which
contains —SH, with a strong bondability on metal ions.*’
Based on the experiment, the related literature was explored,
and the possible mechanism of Ni-doped ZCS hollow sphere
synthesis was proposed (Figure S). First, the metal ions
coordinated with GSH to form an ion complex. It then
underwent high-temperature decomposition to form sulfide
nuclei. At high temperatures, GSH decomposed to produce
CO, and NHj; bubbles. While these bubbles moved automati-
cally, they also provided the center for sulfide self-assembly.
With the continuous aggregation of sulfide particles, a densely
packed spherical shell structure was gradually formed, and
finally, a hollow spherical structure was formed.
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Figure 4. High-resolution XPS spectra of 5 wt % Ni-doped Zn,3Cd,,S and Zn,4Cd,,S: (a) survey spectrum, (b) S 2p, (c) Zn 3d, and (d) Cd 2p.
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Figure 5. Schematic diagram of the synthesis route of Ni-doped
Zn,Cd,_,S.

2.5. Performance Testing. The photocatalytic perform-
ance of various Ni-doped ZCS samples was confirmed by a
water-splitting hydrogen evolution measurement under visible
light (4 > 420 nm), as depicted in Figure 6. The test time was
3 h, and the produced gas was monitored every 30 min (Figure
6a). In Figure S6, we can see that the H, generation rate of
CdS was 1.62 mmol‘h™-g™", and the activity of ZnS was 0.03
mmolh™"-g”". When Zn/Cd was 0.80:0.20, the catalyst activity
was measured to be the highest, and the rate of hydrogen
production was 7.25 mmol-h™-g”!, which was 4.48 times
higher than that of CdS. Moreover, when Ni ions were
introduced into the system, the catalytic activity of the whole
system could be further enhanced. When the doping amount
of Ni ions reached 5 wt %, the photocatalytic water-splitting
hydrogen generation activity of the reaction system was
optimal, up to 33.81 mmolh™'-g”', which was 4.66 times

13547

higher than that of ZCS. It was worth noting that when the
content of Ni reached 7 wt %, the H, generation capacity
dropped instead, possibly because excessive Ni ions serve as
charge recombination centers.”> On the other hand, we also
confirmed by an experiment that the sacrificial agent in the
system (0.35 M Na,S-9H,0 and 0.25 M Na,SO;) did not
produce hydrogen under visible light, excluding the potential
extra influence of the sacrificial agent.

In the four cycles, the sacrificial reagents chosen were still
0.35 M Na,S-9H,0 and 0.25 M Na,SO; and every cycle was
maintained for 3 h. From Figure 6¢, we observed that after four
cycles, the hydrogen production rate was still 28.90 mmol-h™"-
g~!, indicating that the catalyst was stable. The XRD and SEM
images shown in Figure 6d and XRD diffraction peaks were
consistent with those before the reaction, implying that the
crystal form of the sample does not vary after four cycles, and
the surface morphology remained unchanged. However, the
photocatalytic water-splitting hydrogen generation rate de-
clined a little; this was also in line with the fact that sulfides are
prone to photocorrosion under light irradiation.

2.6. Optical Properties. Light absorption characteristics of
samples were examined by UV-—visible diffuse reflectance
spectra (DRS). Figure 7a reveals that all catalysts had a strong
visible light absorption ability, but the light response curve of
all samples was almost unchanged. The intuitive image of
samples shows, as expected, that the color did not change. The
optical band gap energies were calculated by the Kubelka—
Munk equation. By calculation, the ZCS-5 sample band gap
was found to be 2.62 eV, slightly smaller than that of pure ZCS
(2.63 eV). A Mott—Schottky measurement was conducted on
samples ZCS and ZCS-S. Both ZCS and ZCS-S samples have
positive slopes, so they are n-type semiconductors. The flat
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Figure 6. (a) Time course of H, evolution of the samples, (b) H, evolution rate of the samples, (c) recycling experiments over the S wt % Ni-
doped Zn,4Cd,,S sample, and (d) XRD patterns and SEM images of the S wt % Ni-doped ZnyCd,,S sample after four cycles.
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band potential (Eg) of ZCS was —1.04 V and that of ZCS-$§
was —1.42 V; according to the literature,’ the n-type
semiconductor conduction band potential (Ecg) is more
negative by 0.1 or 0.2 V as compared to the corresponding
Eq (Figure S6). For the purpose of further explaining the
reasons for the change in photocatalytic activity, we performed
valence band XPS measurements on the ZCS and ZCS-5
samples. The valence band values of samples ZCS and ZCS-5
were 1.44 and 1.02 eV (Figure 7b), respectively. Combined
with the calculation of the band gap, we concluded that the
conduction band value of sample ZCS-5 was —1.60 eV, more
negative than that of sample ZCS (—1.19 eV). The conduction
band value was more negative and more suitable for hydrogen
production.***’ We performed a PL measurement to ascertain
the separation efficiency of photogenerated carriers. The ZCS
sample has the fastest photogenerated carrier recombination
rate, and the ZCS-5 sample has the slowest photogenerated
carrier recombination rate (Figure S7).

As we know, the separation efficiency of photogenerated
carriers has a great influence on catalytic activity.”’ To further
interpret the reason for the improved activity of the system
after the introduction of Ni ions, we performed impedance
tests and transient photocurrent response tests. As can be seen
from Figure 8a, pure ZCS showed the highest impedance
intensity and ZCS-5 presented the lowest impedance intensity.
It was suggested that in the photo-induced process of charge-
carrier transfer, the resistance encountered in the ZCS system
was smaller, more conducive to the enhanced activity of carrier
transfer, thus suggesting the reason for the enhanced activity of
the ZCS-5 system. Photocurrent measurements showed the
same trend. From Figure 8Db, it is clear that the ZCS-S sample
had the strongest light response and pure-phase ZCS had the
weakest light response intensity, indicating that the ZCS-5
sample had the highest charge separation and migration
eﬂiciencgf among other concentrations of Ni-modified
samples.”’

On the basis of the above discussion, a possible photo-
catalytic hydrogen evolution mechanism for the Ni-doped ZCS
catalyst is illustrated in Figure 9. When the incident light

Ni-ZnggCd,,S

- VB
h* h* h

$*, SO, %

5042',52032' A j'///'

Figure 9. Mechanism of photocatalytic H, production over Ni-doped
Zn,Cd,_.S under visible light irradiation.

energy is greater than the semiconductor band gap, the valence
electrons enable the valence band to gain energy and transfer it
to the conductor, leaving holes in the valence band. Ni-doped
ZCS was excited under light irradiation to generate electrons,
and the inherent conduction band minimum (CBM) of ZCS-5
(—1.60 eV), which has a more negative potential than the H*/
H, energy level, ensures that the photogenerated electrons
have a capability to proceed with the hydrogen evolution

reaction. On the other hand, the photogenerated holes were
immediately captured by the sacrificial agent (Na,S/Na,SO;)
during the reaction, so that the continuously produced
electrons can successfully drive hydrogen generation. When
Ni ions were introduced into the system, they possibly
coordinated with GSH to form NiS; the potential of Ni**/Ni
was approximately —0.23 V (vs standard hydrogen electrode
(SHE), pH = 0), lower than the conduction band position of
ZCS. The electrons generated by light excitation can be
transferred to nickel sulfide after transitioning to the
conduction band of ZCS to effectively separate the photo-
generated electrons and holes. More importantly, the
introduced Ni ions with high dispersion throughout the
structure not only provide reactive sites for the electrons to
react with H" in water but also effectively improve the charge
transfer of electrons, thus promoting the charge-carrier-

involved hydrogen evolution in photocatalysis.sz’53

3. CONCLUSIONS

In summary, we synthesized Ni-doped ZCS hollow sphere
photocatalysts through a facile one-step hydrothermal method.
The ZCS-5 sample exhibited superior photocatalytic perform-
ance. The H, evolution rate could reach 33.81 mmol-h™"-g”},
which was 20.87 times higher than that of pure CdS and was
also higher than that of the noble-metal-free sulfide catalyst
(Table 1). Moreover, the established system demonstrated
excellent stability in the cycle test. Through a series of
characterizations, the significant improvement of photo-
catalytic performance can be chiefly ascribed to the high
dispersion of the doped Ni throughout the structure, which not
only provides active sites for the photogenerated electrons but
also effectively improves the charge-carrier transfer. We hope
that this work will provide some hints for the synthesis of
highly active CdS-based catalysts.

4. EXPERIMENTAL SECTION

4.1. Materials. Zn(NO;),-6H,0, Cd(NO;),-4H,0, Ni-
(NO;),-6H,0, Na,SO;, and Na,S-9H,0 were provided by
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China),
and glutathione was purchased from Aladdin, which was of
analytical grade and directly used without further processing.
Double-distilled water was used in the experiment.

4.2. Synthesis of Ni-Doped ZCS Hollow Sphere
Catalysts. 4.2.1. Synthesis of the Zn,Cd,_,S Catalyst. ZCS
hollow sphere catalysts were synthesized using a one-step
solvothermal synthesis method. To probe the optimal ratio of
Zn and Cd, we synthesized a series of catalysts with different
Zn*" and Cd** ratios; with x values of 0, 0.20, 0.50, 0.80, and
1.00; Zn** + Cd** = 1.60 mmol; and (Zn** + Cd**)/S = 1:1.
Then, x mmol of Zn(NO,),-6H,0 (zinc nitrate hexahydrate),
(1.6 — x) mmol of Cd(NO,),4H,0, and 1.6 mmol of
glutathione were dissolved separately in 30 mL of double-
distilled water. The resulting mixed solution was subjected to
ultrasound for 10 min, and then stirring was continued for 30
min. After complete dissolution, a white solution was obtained,
which was then transferred to a 100 mL Teflon-lined autoclave
and hydrothermally treated at 140 °C, maintained for 24 h.
After the reaction was completed, the autoclave was cooled
naturally to room temperature. The obtained yellow solution
was collected by centrifugation, washed with deionized water
and ethanol several times, and vacuum-dried at 60 °C
overnight.
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“ © 4.2.2. Synthesis of the Ni-Doped ZCS Catalyst. Different
= 283285 32888 amounts of Ni(NOj;),-6H,0 (nickel nitrate hexahydrate, 0, 1,
3,5, and 7 wt %) were added into the above solution before
sonicating; the follow-up operations were the same, and the
BN obtained samples were denoted ZCS, ZCS-1, ZCS-3, ZCS-5,

g oo - s e« - and ZCS-7, respectively.
8 xR 2288 a<xmnd 4.3. Characterization. The crystal structure of the samples
CERR R TeoT o oemame was analyzed by X-ray diffraction (XRD) (Cu Ka = 1.5404 A)
=E (Bruker D8 Advance, Germany) at a scan rate of 0.05°/s and a
20 range of 10—80°. The sample’s surface morphology was
observed with an SU8010 field emission scanning electron
SS & & & & microscope (FESEM, Hitachi, Hitachi) under a deceleration
2 N7 A N N N M < voltage of 1.50 kV. Transmission electron microscopy (TEM)
Zz 2 2z z Z % and high-resolution transmission electron microscopy
| i E E E E E E s (HRTEM) were performed in an accelerating mode of 200
i’v? S8 858 3.3 2 kV (JEOL 2100-F). The energy-dispersive spectrum (EDS)
§ 22 TEEF T¥T =% was an attachment to HRTEM. The sample’s surface elemental
= r},: :2; ;): > :;,\. ;): Og ;}1 - composition and chemical valence were characterized by VG
3 2.9 = = % s 222 = Ly Multi-lab 2000 (VG) X-ray photoelectron spectroscopy (XPS).
==2°5203% =793 °= The C 1s peak binding energy (284.50 eV) of surface-adsorbed
§ ﬁ g ﬁ ,:\, f f % § g § carbon was used as the calibration standard. The specific

Table 1. List of Photocatalytic Activities of Similar Catalysts

light source
300 W Xe lamp (4 > 420 nm cutoff filter)

synthesis method

catalyst

S wt % Ni-doped Zn,4Cd,,S

NiS/Zn,Cd, S

one-step hydrothermal method

MOF template

300 W Xe lamp (4 > 420 nm cutoff filter)

300 W Xe lamp (4 > 420 nm cutoff filter)

several-step hydrothermal method

Pt/Zn,Cd,_.S

300 W Xe lamp (4 > 420 nm cutoff filter)

second-growth method
MOF template method

Zn64Cdg 368
CdS-MOF

300 W Xe lamp (4 > 380 nm cutoff filter)

300 W Xe lamp (4 > 400 nm cutoff filter)

several-step hydrothermal method distillation

MoS,(5%)/ZngsCdy sS/g-C5N,(30%)

calcination

300 W Xe lamp (4 > 420 nm cutoff filter)

one-step hydrothermal method

Ni,P—ZnyCdg S
B-Ni(OH),-CdS

300 W Xe lamp (4 > 420 nm cutoff filter)

template, deposition method

300 W Xe lamp (4 > 420 nm cutoff filter)

S W Xe lamp
Xe lamp (4 > 420 nm cutoff filter)

calcination, hydrothermal method

ZnygCdy,S@g-C3N,-10 wt %

Ni,B—Zn,Cd, S

hydrothermal, redox method

several-step hydrothermal method

NiCo,S,@ZnysCd,sS

element content was detected by inductively coupled plasma
atomic emission spectrometry (ICP-AES) (Agilent, 700 series
730). UV—visible solid diffuse reflectance (DRS) was tested on
an Agilent Cary-5000 spectrophotometer. In the UV—vis
diffuse reflection experiments, BaSO, was used as the reference
material, and the spectral scan range was 200—800 nm.

4.4. Photocatalytic Performance. Photocatalytic hydro-
gen production was used to evaluate catalytic activity. The
HER experiments were carried out under a 300 W Xe lamp
(Perfectlight PLS-SXE300) combined with an optical cutoff
filter, with 4 > 420 nm, at a fixed distance (10 cm). The
average intensity of irradiation was measured as 13.80 mW-
cm™* (FZ-A spectroradiometer), and the irradiation area was
38.47 cm’; the reactor was a top-irradiation-type Pyrex
reaction cell attached to a closed gas evacuation and circulation
system (equipped with perpetual cooling water). The specific
process is as follows: 20 mg of catalyst was dispersed in 100
mL of aqueous solution containing Na,S-9H,0 (0.35 M, 8.4 g)
and Na,SO; (0.25 M, 3.15 g) as the hole scavengers; then, the
mixed solution was subjected to ultrasonic vibration for 30
min, and a light-yellow uniform aqueous solution was obtained.
Afterward, the reaction system was carefully sealed before
nitrogen (the gas chromatography carrier gas was nitrogen)
evacuation for 60 min to completely remove air. The reaction
was performed at intervals of 0.50 h, and 400 uL of the sample
of gas was taken from the reactor under constant magnetic
stirring. A gas chromatograph (Fuli 9790) with a § A molecular
sieve column was used to analyze the hydrogen content. The
specific concentration was quantitatively analyzed by a
hydrogen standard curve.

4.5. Photoelectrochemical Measurements. Electro-
chemical impedance spectroscopy (EIS) and photocurrent—
time curves were recorded on a Princeton electrochemical
workstation (CHI-760E). As a counter electrode, we selected a
platinum electrode, and a Ag/AgCl electrode was used as the
reference electrode; the working electrodes were prepared as
follows: 10 mg of the sample was dispersed in 1 mL of ethanol
solution; then, 150 pL of Nafion was added to the above
solution and subjected to ultrasound treatment for 30 min.
Then, S drops of the dispersion solution were uniformly coated
on the surface of F-doped tin oxide (FTO) (1 cm X 1 cm) and
dried in infrared light using GUV-310 420 nm lamps as the
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light source, and 0.50 M Na,SO, was used as the electrolyte
solution. Electrochemical impedance spectroscopy (EIS)
measurements were performed at an amplitude of 5 mV,
quiet time of 2 s, and a frequency range of 1—10° Hz with the
initial potential (1.50 V). The tests were performed at S mV of
alternating current signal, and the data obtained were fitted
using ZSimpWin software.
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