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Abstract: Photocatalytic hydrogen evolution using inexhaustible clean solar energy is considered as
a promising strategy. In order to build an efficient photocatalytic hydrogen production system to
satisfy the demands of practical applications, it is of great significance to design photocatalysts that
offer high activity, low cost, and high stability. Herein, a series of cheap CdS/Ni(OH), composite
photocatalysts were designed and synthesized using the hydrothermal method. The introduction of a
Ni(OH); cocatalyst multiplied the reactive active site of cadmium sulfide and promoted the transfer
of photoinduced electrons in a semiconductor. Therefore, CdS/Ni(OH), composites demonstrate
significantly better photocatalytic performance, and the hydrogen production rate of an optimal
CdS/5%Ni(OH), composite is 6.9 times higher than that of blank CdS. Furthermore, the stability test
also showed that CdS/Ni(OH); had good stability. This study aims to serve as a rewarding reference
for the development of high-performance composite photocatalysts.

Keywords: H; evolution; photocatalysis; cadmium sulfide; nickel hydroxide; cocatalyst

1. Introduction

Hydrogen (Hj) energy is regarded as the cleanest energy source in modern energy
systems, as its combustion produces only water. This has drawn significant attention from
researchers globally [1-4]. Conventional H, evolution methods, such as natural gas reform-
ing and coal gasification, rely on fossil fuels and generate carbon dioxide as a by-product.
As an alternative to fossil fuels, it is important to develop production methods for hydro-
gen as a renewable energy fuel [5-8]. Photocatalytic hydrogen production is universally
considered a highly promising approach, in order to build an efficient photocatalytic hydro-
gen production system to satisfy the demands of practical applications. Thus, designing
photocatalysts with inexpensive, high-efficiency and stable feature is essential [9-13]. To
achieve a high performance level in solar water splitting, semiconductor photocatalysts
must fulfill several requirements, such as having an appropriate band structure, excellent
charge conductivity, and strong reactivity. Despite extensive research on metal oxides like
TiOy, ZnO, and SrTiO; for photocatalytic water reduction reactions, their activity remains
insufficient [14-16].

Notably, increasing amounts of studies are being conducted on CdS, which demon-
strates excellent performance [17]. However, the problem of porous oxidation decomposi-
tion (photocorrosion) seriously restrains the capability of CdS [18,19]. In general, loading
a proper cocatalyst on the photocatalyst can economically improve the photostability of
photocatalysts by wisely consuming or transferring the resulting electron carriers [20-23].
Therefore, the reasonable introduction of a cocatalyst on CdS photocatalyst is an effective
method to reduce CdS photocorrosion and achieve more efficient photocatalytic hydrogen
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production [24,25]. Studies have shown that cocatalysts can help catalyze multiple reac-
tions at active sites, promote charge separation, prevent the photocorrosion of a CdS-based
photocatalyst, and achieve high catalytic performance. Ni(OH), is a widely used cocatalyst
because of its easy availability and abundant active sites [26,27].

In this paper, different proportions of Ni(OH), cocatalyst are introduced onto CdS
with a simple low temperature co-precipitation method through controlling the mass
of CdS material and nickel nitrate hexahydrate. Relative to blank CdS, CdS/Ni(OH),
binary hybrid samples show the best H, evolution effect. The H; production rate of
CdS/5%Ni(OH); reaches 10,525.72 umol/g/h, which is 6.9 times higher than that of
blank CdS (1517.91 umol/g/h). The cyclic experiment result also demonstrates that the
introduction of cocatalyst Ni(OH), can effectively promote the stability of CdS. A series of
characterizations validate that a trace amount of Ni(OH), can offer additional active sites
for CdS, thereby effectively improving the separation of photoinduced electron carriers.
In addition, incorporating a trace amount of a Ni(OH), cocatalyst effectively inhibits
the photocorrosion of a CdS cube surface, thus enhancing the photocatalytic effect. This
study illustrates the significant role of Ni(OH); as a cocatalyst in photocatalytic hydrogen
production and is anticipated to serve as a valuable reference for the further application
and evolution of efficient, stable, and cost-effective photocatalysts.

2. Results and Discussion

The synthesis-process flowchart of CdS/Ni(OH), composites is displayed in Figure 1.
First, CdS-PBA cubes were synthesized by conventional solution reaction at room temper-
ature. Then, Ni(OH), was introduced into the CdS cube by the one-step hydrothermal
method, and the CdS/Ni(OH); binary composite could be prepared. Since CdS/5%Ni(OH);
composites present optimal photocatalytic performance among the obtained composites,
as shown in the hydrogen production activity section, the features of CdS/5%Ni(OH),
composites will be mainly discussed below. Scanning electron microscopy (SEM) can be uti-
lized to study the surface morphology and microstructure of pure CdS and CdS/Ni(OH),
composite photocatalysts. The SEM images of CdS and CdS/Ni(OH), composites are
displayed in Figure 2. After measurement, it was found that the average side length of
the CdS cubes is 0.7 micron, while the average diameter of the Ni(OH), nanoparticles is
35 nanometers. Figure 2a shows that the cadmium sulfide presents a cube structure with a
uniform shape, and Figure 2b can clearly validate that Ni(OH), nanoparticles are tightly
loaded onto the CdS surface [28].
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Figure 1. Synthesis diagram of CdS/Ni(OH), composite photocatalyst.
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Figure 2. (a) SEM diagram of CdS. (b) SEM diagram of CdS/Ni(OH),.

The X-ray diffraction (XRD) is utilized to determine the phase structure and crys-
tallinity of the synthetic material. As depicted in Figure 3a, blank cadmium sulfide has
a sphalerite phase structure. The diffraction peaks at 20 = 26.4°, 43.8°, and 51.9° can be
indexed to the (111), (220), and (311) crystal faces of CdS (PDF#89-0440), respectively. As
exhibited in Figure 3b, the diffraction peaks of Ni(OH), at 8.7°,17.3°, 33.4°, and 59.9° corre-
spond to the (003), (006), (101), and (110) planes of «-Ni(OH), (JCPDS no. 38-0715) [29,30].
Notably, no obvious peaks of Ni(OH); are seen in the spectrum of the CdS/5%Ni(OH),
composite, mainly because the peak intensity of Ni(OH), is weaker relative to CdS. In
addition, the content of Ni(OH); in the system is rather low, meaning that the peak of
Ni(OH); is obscured by CdS in the XRD pattern.
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Figure 3. (a) XRD pattern of CdS and CdS/Ni(OH),. (b) XRD pattern of Ni(OH),.

X-ray photoelectron spectroscopy (XPS) analysis is conducted on the CdS/5%Ni(OH),
composite to further examine its elemental composition and chemical state [31]. As shown
in Figure S1, the full spectrum of CdS/Ni(OH); and peaks in the graph corresponding
to S, Cd, O, and Ni can be obviously observed. Figure 4a shows that there are two peaks
in the Cd 3d map. The peak at 405.0 eV is associated with the Cd 3ds,;, and the peak at
411.8 eV belongs to the Cd 3d3,,, indicating the presence of Cd** in the CdS/5%Ni(OH),
binary composite material [32,33]. Figure 4b depicts the XPS profile of S 2p. It can be
seen that the binding energies at 163.2 eV corresponds to S 2p; /; and 161.3 eV belongs to
S 2p3,, indicating the presence of S?>~ in the CdS/5%Ni(OH), composite [34]. The XPS
spectra of O 1s in Figure 4c illustrates that the peak at 532.1 eV belongs to the Ni-OH bond
in the composite material, and there is another peak at 533.1 eV due to the H,O on the
composite material surface [35]. In addition, as presented in Figure 4d, two spin-orbital
peaks and two corresponding satellite peaks (labeled as “Sat.”) are exhibited. The peaks
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attributed to Ni2p /, are 874.4 eV, while the peaks belonging to Ni 2p3 /, are 857.1 eV. These
results indicate that Ni in the form of +2 valence is combined with other elements in the
CdS/5%Ni(OH), composite [26,36]. These XPS results validate that the prepared composite
comprises CdS and Ni(OH),, which efficaciously confirms the successful preparation of
the CdS/5%Ni(OH), sample.
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Figure 4. XPS spectra of CdS/Ni(OH),: (a) Cd 3d; (b) S 2p; (c) O 1s; (d) Ni 2p.

To assess the photocatalytic properties of blank CdS and CdS/Ni(OH), composites
with varying amounts of Ni(OH),, photocatalytic hydrogen production is employed. As
presented in Figure 5a, the pure CdS shows an inferior photocatalytic performance ow-
ing to the high recombination rate of photogenerated electron-hole pairs, leading to the
Hj evolution rate of only 1517.91 umol/g/h. After introducing the Ni(OH), cocatalyst,
all CdS/Ni(OH), composites demonstrate improved H; evolution performance relative
to the blank CdS. As the content of Ni(OH), increases, the hydrogen yield gradually
rises. Significantly, the optimal H, evolution rate (10,525.72 pmol/g/h) is shown by the
CdS/5%Ni(OH); composite, which is approximately six times higher than that of CdS
alone. Nevertheless, the H, evolution activity decreases when the Ni(OH), content in-
creases continuously. The photocatalytic performance of CdS/50%Ni(OH), is almost
equivalent to that of the blank CdS. This may due to the remarkable shielding effect of
Ni(OH),, which reduces a certain amount of photocatalytic active sites and diminishes the
CdS cube’s ability to absorb visible light [37]. Table 1 demonstrates that the photocatalytic
hydrogen production rate of the CdS/Ni(OH), composite material exceeds that of similar
photocatalysts previously reported in the literature. Since CdS is transition metal sulfide, it
has been reported that CdS is likely to suffer severe photocorrosion [18,19,24,38], resulting
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in poor stability and a short usable life, which seriously impede the long-term development
of the catalyst and the realization of industrial applications. As exhibited in Figure 5b, no
remarkable deactivation has been observed in the CdS/5%Ni(OH), composite after five
cycles, indicating the outstanding stability of the CdS/5%Ni(OH), composite. The SEM
image of the CdS/5%Ni(OH), composite after the cyclic test (Figure 5c) shows that the
morphology of the composite remains unchanged, further confirming the relatively great
stability of the composite.
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Figure 5. (a) Photocatalytic hydrogen production rates of blank CdS and CdS/Ni(OH), composites.
(b) Stability plots of the photocatalytic Hy production by CdS/5%Ni(OH),. (c) SEM image of
CdS/5%Ni(OH); after cyclic test.

Table 1. Hydrogen production performance of various CdS-based photocatalysts.

Photocatalysts Sacrificial Agents H; (umol-g—1-h~1) Reference

CdS/5%Ni(OH), TEOA 10,525.72 this work
Ni@NiO/CdS TEOA 4380 [39]
CdS/TiO,@TizCy TEOA 3115 [40]
AgBr/CdS TEOA 5406 [41]
CdS@MoS, benzyl alcohol 9033 [42]
CdS/MIL-53 (Fe) benzyl alcohol 2334 [43]
Co/CdS NRs benzyl alcohol 1302.0 [44]
Ni/ZnCdS benzyl alcohol 5753.5 [45]
CuS/CdS lactic acid (10 vol%) 5617 [46]
ZnO-Cu-CdS Glycerol 4655 [47]

Photo/electrochemical tests are employed to further assess the efficiency of photogen-
erated carrier transfer, the electrical conductivity, and the active area of obtained samples,
in order to investigate the factors resulting in the superior photocatalytic performance of
CdS/5%Ni(OH); relative to pure CdS [48]. To evaluate the H; evolution performance of
CdS, Ni(OH); and CdS/5%Ni(OH), samples, linear sweep voltammetry (LSV) is initially
employed. Figure 6a depicts the polarization curve of CdS, Ni(OH),, and CdS/5%Ni(OH),
composites. It can be obviously seen that the overpotential of CdS/5%Ni(OH); is less
than single Ni(OH), and blank CdS at the same current density. This illustrates that the
reduction capacity of the CdS/5%Ni(OH), binary composite sample is the strongest, and
the hydrogen production effect is the best, which is in accordance with the data of catalyst
hydrogen production activity, and in line with the expected regulation [49]. Electrochemical
impedance spectroscopy (EIS), steady-state photoluminescence (PL) spectra, and the in-
stantaneous photocurrent (IT) of pure CdS and CdS/5%Ni(OH); are utilized to investigate
the charge separation and transfer of the obtained samples. As depicted in Figure 6b, the
curvature radius of the impedance of single Ni(OH); is the largest among the three sam-
ples, indicating its poor electrical conductivity [50]. However, it is worth noting that after
including Ni(OH),, the curvature radius of the impedance diagram of CdS/5%Ni(OH),
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composite material is not immensely increased relative to that of blank CdS. On the contrary,
there is a certain degree of decrease in the curvature radius of CdS/5%Ni(OH),, which
indicates that adding a trace amount of Ni(OH), improves the transfer rate of electrons,
and does not simultaneously reduce the conductivity of the composite material [51]. As
presented in Figure 6¢, the steady-state photoluminescence (PL) spectra show that the
PL intensity of the CdS/5%Ni(OH), composite sample is much lower than that of blank
CdS. Generally, stronger fluorescence intensity indicates a more severe recombination of
electron-hole pairs” material. Therefore, the results indicate that the introduction of the
cocatalyst Ni(OH), efficaciously suppresses the recombination of photogenerated carriers
of CdS/5%Ni(OH); [52]. As depicted in Figure 6d, it can be apparently speculated from the
low optical current density of CdS that the photogenerated carrier separation efficiency of
CdS is poor. Nevertheless, the optical current density of the CdS/5%Ni(OH), composite is
significantly improved after the addition of Ni(OH),, relative to that of pure CdS, indicating
that the CdS/5%Ni(OH), composite exhibits an enhanced separation efficiency of both the
hole (h*) and the electron (e ™) [53]. Above all, the outcomes of these photo/electrochemical
tests confirm that the introduction of Ni(OH), cocatalyst can boost the transfer of the pho-
togenerated charges carried in CdS/5%Ni(OH);, resulting in the improved performance of
the photocatalytic H, evolution of CdS/5%Ni(OH),. The cyclic voltammetry (CV) curve of
the catalyst can be used to measure the reactive area.
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Figure 6. (a) Polarization curves. (b) EIS Nyquist plots. (c) Steady-state photoluminescence (PL)
emission spectra. (d) Transient photocurrent spectra.

Obviously, the relative surface area of the CdS/5%Ni(OH), composite is superior
to that of pure CdS (Table S1), indicating that the introduction of the Ni(OH), cocatalyst
enhances the surface area of the composite. The increased specific surface area of the
CdS/5%Ni(OH), composite suggests a higher number of exposed reactive sites, which
in turn contributes to the improved photocatalytic performance of the sample. Also,
the information regarding the chemical reaction area of the pure CdS can be seen in
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Figure 7a,b, indicated by the cyclic voltammetry test on the CdS/5%Ni(OH), composite.
As presented in Figure 7c, the double-layer capacitance of the CdS/5%Ni(OH), composite
(4.00 pF-cm~2) is substantially greater than CdS (2.80 uF -cm~2), which robustly validates
that the CdS/5%Ni(OH), composite has a higher amount of active sites compared to CdS.
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Figure 7. Cyclic voltammetry curves of (a) CdS and (b) CdS/Ni(OH);. (c) Current density-scan rate
plots for CdS and CdS/Ni(OH)j.

The band-structure information of CdS is obtained using the UV—vis absorption spectra
displayed in Figure 8a. The Tauc equation, («hv)? = A(hv — Eg), is employed to determine
the band-gap energy (Eg) of the synthesized samples, where « represents the absorption
coefficient, v is the frequency of light, h is Planck’s constant, and A is the proportionality
constant. As exhibited in Figure 8b, it can be seen that the Eg of CdS is 2.28 eV, which
indicates that CdS has a good visible-light absorption capacity. Taking into account the
previous dialogue, the following mechanism of photocatalytic hydrogen production toward
CdS/Ni(OH); is put forward. As depicted in Figure 9, electrons in CdS are excited after the
absorption of visible light and subsequently migrate to the conduction band of CdS, while
holes in the CdS valence band are produced. The photoexcited electrons then move to the
Ni(OH); site. Protons from water combine with these photogenerated electrons to generate
H,. In addition, TEOA is oxidized by previously accumulating photoinduced holes in the
valence band of CdS, resulting in the production of oxide triethanolamine. Consequently,
the introduction of a small amount of Ni(OH), greatly enhances the efficient separation of
electron-hole pairs and provides abundant active sites, therefore immensely promoting the
photocatalytic Hy production of CdS/5%Ni(OH), composites.
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Figure 9. Mechanism of CdS/Ni(OH); photocatalytic hydrogen evolution in TEOA.

3. Experimental
3.1. Chemicals and Materials

Potassium permanganate (KMnOQOy), 30% hydrogen peroxide (H,O5;), concentrated sulfu-
ric acid (H,SOy), concentrated hydrochloric acid (HC), triethanolamine (HOCH,;CH,)3N),
anhydrous ethanol (C;HsOH), nickel nitrate (Ni(NO3)3-6H;0O), N,N-dimethylformamide
(HCON(CH3)37), sodium citrate (C4HsO7Naj3), hexamethyltetramine (C¢Hj2Ny), potassium
cobalt cyanide (K3[Co(CN)]), cadmium acetate dihydrate (C,H;CdO;), and sodium sulfide
(NaS-9H,0) were used.

3.2. Preparation of CdS Cubes

Referring to previous studies, CdS cubes need to be prepared from Cd-based Prussian
blue analogs (Cd-PBA) with hollow and framework structures [54]. Briefly, Cd(Ac),-2H,O
(0.1383 g), polyvinylpyrrolidone (PVP) (1.00 g), and C¢HsNaz Oy (0.10 g) were introduced
into a beaker with 30 mL of deionized water. Subsequently, the K3[(Co(CN)s] (0.13 g) was
dissolved into a separate beaker containing 30 mL of deionized water and then blended
with the previously prepared solution. K3[Co(CN)g] was used to react with the CdS-based
metal precursor to generate Cd-PBA. After 30 min of magnetic stirring, the solution was
aged for 1 h, centrifuged to collect the outcome, and washed with ethanol 3 times to obtain
the Cd-PBA cube solution. Then, the prepared solution was added to 20 mL aqueous
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solution containing 100 mmol Na;S and continuously stirred. After a 2 h reaction, the
products were then collected using centrifugation. Eventually, by washing the products
three times with ethanol, and drying them in a vacuum at 333 K for 12 h, an aurantium
crystalline was obtained.

3.3. Synthesis of CdS/Ni(OH), Binary Composite

In a typical experiment, CdS cube material (0.14 g), a certain amount of nickel nitrate
hexahydrate and 10 mL deionized water were mixed. The two solutions were combined and
stirred for 30 min. Afterwards, Ni(NO3)3-6H,O (0.06451 g) and hexamethylenetetramine
(HMTA) (0.3505 g) were dissolved in the above solution. Subsequently, the resulting
solution was heated to 363 K and stirred adequately. After the solution was cooled to room
temperature, it was centrifuged and the samples were collected and rinsed three times with
deionized water. The CdS/Ni(OH), composites were obtained through ultimate vacuum
drying at 333 K for 12 h. By controlling the mass ratio of nickel nitrate hexahydrate, the
quality score of Ni(OH); in the composite material can be adjusted by 1%, 5%, 10%, 30%
and 50%, respectively.

3.4. Evaluation of the Photocatalytic Hy Evolution Performance

The photocatalytic H, production was carried out in a 50 mL sealed quartz reac-
tor. A total of 15 mg of sample, 5 mL of ionized water as a proton donor, and 1 mL of
triethanolamine as a sacrifice agent were put in the quartz reactor and sonicated in the
ultrasonic machine for 3 min to ensure the solution was completely mixed. After sealing,
high-purity argon was introduced, and the mixture was stirred for 30 min to remove air
and fill the quartz reactor with protective gas. As the light source, a 300 W xenon lamp
(A > 420 nm) with a simulated light intensity of 311.8 mW /cm? was picked. After irradia-
tion for 2 h, 1 mL of gas was extracted for gas chromatography analysis to determine the
hydrogen yield in the reaction. The product was then analyzed by chromatography. The
hydrogen peak area was recorded, and the argon peak area was used to verify whether the
experiment exhibited gas leakage. Additionally, a cycle experiment was conducted to test
its stability. The waste liquid in the quartz reactor was centrifuged. The centrifuged solid
was then washed three times with absolute ethanol. Afterwards, the resulting solid was
vacuum-dried at 333 K for 12 h. After sample drying, the hydrogen production experiment
was repeated five times.

3.5. Characterization Methods

The crystal phase structure and composition of the catalyst were determined by
X-ray diffraction (Bruker D8 Advance, Bruker Corporation, Saarbrucken, Germany). A
scanning electron microscope (FESEM Zeiss Sigma 500, Zeiss, Oberkochen, Germany) was
used to analyze the morphology and microstructure of the composite photocatalyst. The
composition and valence of the composite photocatalyst were analyzed by Thermo Fisher
K-Alpha Plus (X-ray photoelectron spectroscopy) (Thermo Fisher, Waltham, MA, USA). In
H; evolution performance evaluation, the 300 W xenon lamp (PLS-SXE300D, Perfectlight,
Beijing, China) and the gas chromatograph (GC7900, Techcomp, Shanghai, China) were
employed. Photoluminescence (PL) spectra were obtained using a spectrofluorometer
(FLS 980, Edinburgh Instruments Ltd., Edinburgh, UK) with an excitation wavelength of
500 nm. Furthermore, all the electrochemical measurements of the photocurrent and the
electrochemical impedance spectra (EIS) were carried out in the three-electrode cell, in
which Ag/AgCl was used as a reference electrode, a Pt wire was used as a counter electrode,
and an indium in oxide (ITO) conductive glass was used with the samples as a working
electrode in 0.1 M NaSOy electrolyte (pH = 7.56); all measurements were carried out on
CH Instruments’ CHI-660E electrochemical workstation (Shanghai Chenhua CHI-660E,
Shanghai, China). The specific surface area and pore size of the composite photocatalyst
were determined by nitrogen physical adsorption desorption (ASAP2020). The UV-visible
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diffuse reflectance spectrometer (DRS, Shimadzu UV-2600, Kyoto, Japan) was utilized to
test the optical response of the catalyst.

4. Conclusions

In summary, using a simple hydrothermal method, the CdS/Ni(OH), composites are
synthesized. Compared with blank CdS and blank Ni(OH);, binary CdS/Ni(OH), presents
superior performance, and the hydrogen production rate of the optimal CdS/5%Ni(OH),
achieved 10,525.72 umol/g/h; it can be seen from the hydrogen evolution activity that
the co-catalyst load is a crucial factor. The series of characterizations confirms that a
trace amount of Ni(OH), cocatalyst can offer an increased amount of active sites for Hp
production, and effectively boost the separation of photogenerated charge carriers, thus
improving the photocatalytic effect. This study is anticipated to serve as a practical reference
for the conscious design of coupled photocatalysts aimed at hydrogen production and the
further evolution of selective high-performance composite photocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29245821/s1, Figure S1. XPS spectra for the survey
spectra of the CdS/5%Ni(OH), composite. Table S1 Surface Areas of Samples.
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