
Vol.:(0123456789)1 3

Catalysis Letters 
https://doi.org/10.1007/s10562-020-03221-z

Square CdS Micro/Nanosheets as Efficient Photo/Piezo‑bi‑Catalyst 
for Hydrogen Production

Hayder A. Abbood1,2 · Akram Alabadi3 · Adnan B. Al‑Hawash4 · Anwar A. Abbood1,2,3,4,5 · Kaixun Huang1,2

Received: 31 January 2020 / Accepted: 14 April 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Cadmium sulfide (CdS) is a member of an important subgroup of two-dimensional (2D) transition metal dichalcogenides 
that can promote a number of useful oxidation reactions under visible light and ultrasonic vibrations. Herein, we report a 
low-cost hydrothermal method assisted by DL-dithiothreitol for controlling the thickness of CdS nanosheets. In particular, 
square-like CdS nanosheets with a thickness of 28 nm were acquired at a molar ratio of 2:1 of DL-dithiothreitol to a cad-
mium source. Furthermore, a significant connection was observed between CdS nanosheet thickness and photocatalytic 
 H2 evolution. Thin square nanosheets exhibited high photocatalytic activity under the combination of light and vibrational 
energy. These nanosheets can be assigned to active sites due to an increase in surface area and can induce a piezoelectric 
field in CdS via ultrasound. Thickness differences exert a critical synergy effect on photo/piezo-bi-catalyst performance. The 
thinnest product achieved the maximum photocatalytic  H2 production yield (1293.62 μmol g–1 h−1), which is approximately 
4.2 times that of the 0-CdS micro-sheets (284.26 μmol g–1 h−1). This report illustrates the effect of CdS nanosheet thickness 
on photo/piezo-bi-catalytic  H2-production operation and provides inspiration for engineers to develop high-efficiency two-
dimension photocatalysts.
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1 Introduction

Photocatalytic water splitting is considered the most prom-
ising solution to energy storage and clean fuel production 
[1]. Since the pioneering work of Fujishima and Honda on 
the  H2 evolution of titanium dioxide  (TiO2) electrodes uti-
lizing ultraviolet (UV) light in 1972 [2], numerous organic 
and inorganic semiconductor materials have been pre-
sented for photocatalytic  H2-evolution and water decom-
posing [3, 4]. To maximize the use of visible-spectrum 
zones in sunlight, cadmium sulfide (CdS)with a perfect 
position of the conduction band edge and acceptable band 
gap (2.42 eV) was considered an outstanding visible-light-
responsive material for hydrogen generation under solar 
energy [5–7]. Considerable advances have been attained in 
the area of CdS photocatalysts fabrication such as, nano-
particles [8], quantum dots [9, 10], nanowires [11, 12], 
nanorods [13, 14], nanotube [15, 16], and nanosheets [17, 
18]. However, the rational design of effective and reli-
able CdS-based  H2-evolution systems for practical appli-
cations remains a huge challenge due to poor separation 
ability of excited electron and hole charges, unwanted 
photo-generated hole-driven deactivation processes [19] 
and effect of the photo-corrosion [5, 20]. Accordingly, a 
wide range of modification methods, including construct-
ing hetero-junction semiconductor [21, 22], the fabricating 
Z-scheme systems [23, 24], loading of cocatalysts [25, 
26], coupling of nano-carbons [27, 28] and surface dop-
ing [29], have been suggested over the last few decades to 
vastly improve the stability and photoactivity of CdS in 
generating  H2. However, the drawbacks of hybrid photo-
catalyst techniques are evident compare with the statistics 
of single photocatalyst components. With the exception 
of the costs regularly used of noble metals, the relatively 
inactive charge transport between components via inter-
faces is also undesirable [30]. Therefore, optimized green 
routes for the direct separation of  (e−–h+) on the best of 
narrow or deformation-band gap photocatalysts should be 
further developed [31].

At present, the piezo-phototronic effect or the localized 
electric field can play a essential role in photocatalytic 
performance by producing electric charges on the surface 
of single-component piezo-catalysts [32, 33]. Moreover, 
acoustic energies can make electrons and holes move in 
contrary directions to the materials surface [34, 35] and 
recombination of  (e−–  h+) be more lifetime [36]. In this 
regard, the noncentral symmetric crystal wurtzite struc-
ture of CdS is a typical piezoelectric semiconductor that 
can produce an internal electric field under light and 
strains, inducing the separation of photogenerated elec-
trical charges [37]. Otherwise, given that 2D nanosheets 
have a unique morphology, they deform easily due to the 

action of external forces enhancing the piezoelectric effect 
[38]. Ping groups recently suggested that the ultrasound-
induced piezoelectric field in CdS leads to more facile 
water destruction for  H2 production than visible-light 
illumination alone [39]. Yan et al. demonstrated that the 
application of dual-stimuli ultrasonic light to ultrathin CdS 
nanosheets improves their photocatalytic  H2-evolution due 
to a photo-acoustic synergetic mechanism [40]. Neverthe-
less, the influence of ultrasonic vibration on the irregular 
in shapes and in sizes of nanosheets remains unclear [7].

Herein, an environment friendly and cost-effective hydro-
thermal approach was used to synthesize 2D square-like CdS 
nanosheets. The thickness of the CdS nano sheets can be 
easily adjusted by altering the amount of DL-dithiothreitol 
which functions as a structural-directing agent in the as-
prepared system. In addition, the formation mechanism of 
the square-like CdS nanosheets was suggested and the influ-
ence of thickness on the efficiency of photocatalytic water 
cracking was studied. The more slimmest sheets sample 
showed optimum photocatalytic  H2 generation performance 
(1293.62 μmol g–1 h−1) with a quantum efficiency of 11.72% 
at a visible wavelength of 440 nm under the coupling of 
light irradiation and ultrasonic vibration, This generation 
performance was approximately 4.5-fold that of the 0-CdS 
sample (284.26 μmol g–1 h−1) and higher than those of the 
other thicker CdS sheet samples. The current study presents 
an easy and direct technique for preparing a square like CdS 
nanosheets with superbly regulated thickness and highlights 
the thickness influence of their activity during photocatalytic 
 H2 production.

2  Experimental Section

2.1  Chemicals

Cadmium sulfate hydrate (≥ 99.0%),  CH4N2S (≥ 99.0%) 
DL-dithiothreitol, ammonium hydroxide, methanol, glyc-
erin, lactic acid, sodium sulfide (≥ 99.0%), sodium sulfite, 
(≥ 99.0%), and  H2PtCl6.  6H2O, were purchased from Shang-
hai Chemical Reagent Co., China. The other chemicals 
utilized in this study were of analytical grade and used as 
received without any further treatment.

2.2  Prepare of 2D Square‑Like CdS Nanosheets

The 2D square-like CdS nanosheets were fabricated using a 
simple hydrothermal process. In a typical experiment, Cad-
mium sulfate hydrate solution (15 mL, 0.2 M) was added 
drop by drop to a clear water solution of DL-Dithiothreitol 
(4 mmol, 20 mL) and sonicated for 15 min. Then, 3 mL 
of 20% ammonium hydroxide and 5 mL of 1.2 M thiourea 
solutions were quickly poured sequentially. After vigorous 
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stirring for about 45 min, the above solution was transferred 
to 50 mL Teflon lined steals autoclaves and kept at 180 °C 
for 12 h. After naturally cooling, the yellow product was 
collected by centrifugation, rinsed several times by distilled 
water and ethanol, and dried in a vacuum oven at 50 °C for 
24 h and denoted as 6-CdS. Due to changes in dimension-
ing of samples by varying amounts of DL-dithiothreitol, 
the nanosheets fabricated by adding 0, 2, 4, and 6 mmol of 
DL-dithiothreitol were denoted as 0-CdS, 2-CdS, 4-CdS, 
and 6-CdS.

2.3  Sample Characterization

The results were examined using an X-ray powder dif-
fractometer (PANalytical χ′ Pert Pro, the Netherlands) 
equipped with Cu Kα radiation (λ = 1.5418 Å) at a scan-
ning rate of 0.02°  s−1 within a 2θ range of 5–90°. The 
other equipment used included a field emission scanning 
electron microscopy(SIRION 200), an energy-dispersive 
X-ray spectrometer attached to the field emission scan-
ning electron microscopy (FESEM) system, a transmis-
sion electron microscopy (Tecnai G220), a high-resolu-
tion transmission electron microscopy (JEM-2010FEF 
TEM), an X-ray photoelectron spectrometer (AXIS-
ULTRA DLD high- performance imaging, Shimadzu, 
Japan), a Brunauer–Emmett–Teller (BET) Micromeritics 
ASAP2020M Surface Area and porosity analyzer, and a 
UV–Visible (UV–Vis) spectrophotometer (Shimadzu, no. 
2450).

2.4  Photocatalytic H2 Evolution

Photocatalytic water cracking was determined using a Pyrex 
reactor equipped with an evacuation system and closed gas 
circulation. First 50 mg of the photocatalyst was suspended 
in a sealed 100 mL Pyrex flask containing 80 mL of lactic 
acid as the sacrificial agent under continuous stirring. The 
aqueous solution of  H2PtCl6.6H2O was added dropwise to 
the system to produce 1 wt% platinum loading on the fabri-
cated samples by using a photochemical reduction deposi-
tion process. Prior to applying irradiation by using a lamp 
with a UV cut-off filter (λ ≥ 420 nm) and bottom sonication 
by using a 100 W ultrasonic generator, the Pyrex reactor 
was degassed to remove dissolved oxygen and then sealed. 
The experiment was carried out at room temperature and 
the light intensity was 0.8846 mW/cm2. The solution was 
exposed to light for 3 min and placed under strain provided 
by the ultrasonic vibration source for 3 min during piezo-/
photo-bi-catalysis. The amount of evolved  H2 was assessed 
using an online gas chromatograph (GC7890II, Tianmei, 
Shanghai; nitrogen carrier gas) with a thermal conductivity 
detector.

3  Results and Discussion

3.1  Analysis of Phase Structure

The X-ray pattern of the CdS nanosheets fabricated through 
the hydrothermal process is shown in Fig. 1. Evidently, 
the pure hexagonal CdS fibrous mineral structure (JCPDS 
Card, No.41–1049) with lattice constants a = 0.4141 nm, 
and c = 0.6716 nm was only attained for the 2-CdS and 
4-CdS samples. No peaks on these X-ray diffraction (XRD) 
curves match the other CdS phase. The X-ray pattern of 
0-CdS nanosheets indexed a trace of a phase transition to 
the zinc blend CdS phase. The XRD pattern of the 6-CdS 
sample exhibits series of peaks at 2θ 23.888, 36.28, 40.04 
and 49.67 confirming that S was predicted in this sample. 
The low amount of DL-dithiothreitol has no changing effect 
on the crystal phase of CdS nanosheets compared with those 
observed in the 0-CdS and 6-CdS samples. The energy-dis-
persive X-ray spectroscopy (EDS) analysis result confirmed 
that the 4-CdS sample is composed mostly of two elements, 
Cd and S, with molar ratio of 1.009:1 (Fig. SI, Supporting 
Information).

3.2  FESEM and Transmission Electron Microscopy 
(TEM)

A field emission scanning electron microscopy (FESEM) 
technique was used to examine products morphology. Fig-
ure 2a–c show the FESEM images of the 4-CdS products 
fabricated at 180 ºC with 4 mmol of dithiothreitol. The 
products exhibit square nanosheets with uniform thick-
ness (approximately 28.83 nm), and the width or length 
are ranges from 500 nm to 3 µm for small and large scales 
nanosheets. Moreover, most of these nanosheets aggregated 
to form a hierarchical structure and typically have smooth 
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Fig. 1  XRD patterns of 0-CdS, 2-CdS, 4-CdS and 6-CdS samples
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and flat surfaces, that differ from those observed in bismuth 
oxyiodide (BiOI) [41]. The square nanosheets were further 
checked using TEM and high-resolution TEM (HRTEM). 
Figure 2d–f show the TEM images of the square 4-CdS 
nanosheets. A low-fold transmission electron microscope 
(Fig. 2d) shows that the nanosheet structure highly agrees 
with the FESEM results. The HRTEM images (Fig. 2e) indi-
cate that the lattice spacing of nanosheets 0.335 nm, which 
attributable to the wurtzite structure of the CdS (002) crystal 
plane. This result shows that the (001) orientation is the 
preferential growth direction of the nanosheets, which agrees 

with the XRD results. In addition, the inset fast Fourier 
transform (FFT) image proves that the (001) direction is the 
preferred orientation. The selected area electron diffraction 
pattern (SAED) of the as-prepared crystal in Fig. 2f shows 
that the nanosheet is depicted as a single crystal and the dif-
fraction spot can be indexed to CdS with a hexagonal struc-
ture. This result is supported by the FFT pattern (Fig. 3e, 
inset). Furthermore, Fig. SII (Supplementing Information) 
shows the FESEM images when reaction time changes and 
dithiothreitol concentration remains equal to 4 mmol with 
the same remainder as the other reaction conditions.

Fig. 2  FESEM images of the square 4-CdS nanosheets fabricated 
by a hydrothermal process at 180 °C for 12 h. a and b Low-magni-
fication FESEM image; c close-up view of single cross structure; d 

TEM image square 4-CdS nanosheets; e HRTEM image of single 
nanosheets inset with FFT pattern; f SAED pattern
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3.3  X‑ray Photoelectron Spectroscopy (XPS) 
Analysis

The XPS technique was performed to determine the chemical 
compositions and oxidation state of an element in 4-CdS. 
The Cd, S and the background patterns of carbon 1 s and 
oxygen 1 s were directly observed in the typical survey spec-
trum (Fig. 3a). The major doublets signal centered at binding 
energies 404.51 (cadmium 3d5/2) and 412.71 eV (cadmium 
3d3/2) in the high-resolution XPS spectra are the character-
istics of  Cd2+ (Fig. 3c) [42]. The signals at 161.45 (sulfur 
2p1/2) and 224.89 eV (sulfur 2p3/2) in Fig. 3a and 3c are 
due to the spin–orbit doublets of  S2− in 4-CdS [43, 44]. No 
peaks at binding energies 164 eV and 167–169 eV indicate 
that 4-CdS is clearly from sulfur element and sulfur oxides. 
This finding established the presence of a sulfur elements in 
 S−2 form in this sample. Moreover, no characteristic peaks of 
cadmium sulfate were perceived, suggesting that the starting 
material  CdSO4.8/3H2O was completely converted to CdS 
sheets during the 12 h hydrothermal process at 180 ºC. On 
the basis of these results, they are consistent with the phase 
purity and crystallographic structure of X-ray patterns in 
compared with the fabricated 4-CdS (Fig. 1), indicating that 
4-CdS was positively synthesized.

3.4  Optical Property Analysis

The optical absorption characteristics of the fabricated 
samples 0-CdS, 2-CdS, 6-CdS, and 6-CdS were exam-
ined using diffuse reflectance UV–Vis spectroscopy. 
As shown in Fig. 4a, the notable increase in absorption 
close to the wavelength of 550 nm is associated with the 
intrinsic bandgap absorption of cadmium sulfide [45, 46]. 

Remarkably, the absorption edge exhibited a shift to a 
higher wavelength when the amount of DL-dithiothrei-
tol was regularly increased from 0 to 4 mmol. This shift 
can be related to the effect of the specified quantum size 
occurring from the products with minimized thickness 
from 0-CdS to 4-CdS [47]. By contrast, the absorption 
edge demonstrated a shift to a lower wavelength when 
the amount of DL-dithiothreitol exceeded 4 mmol. This 
outcome is sensible because the thickness of the 2D CdS 
nanosheets increase beginning with the 4-CdS product, 
concurring with the thickness propensity considered ear-
lier. Moreover, Fig. 4 indicates that the energy band gaps 
value of the 4-CdS, 2-CdS, 0-CdS, and 6-CdS products 
calculated using ( Kubelka–Munk formula [48] are 2.24, 
2.3, 2.36 and 2.41 eV, respectively.

3.5  Photoluminescence (PL) Analysis

The PL spectrum peak at an excitation wavelength of 
380 nm is depicted in Fig. 5 to explore the  (e−–h+) pair’s 
recombination of the CdS nanosheets. The radiative 
recombination of electron–hole plasma in CdS sheets is 
clearly shown in the PL emission peak at 444 nm. The 
intensity of this peak initially increased (0 -CdS) and 
then move back when the dosages of DL-dithiothreitol 
increased from 2 to 4 mmol. In particular, its intensity was 
maximized in the 6-CdS investigating this situation, the 
same behavior was observed with thickness. That is, thin 
CdS nanosheets can output photo-generated  (e−–h+) pairs 
supplied by active atoms on the surface, which decreasing 
recombination probability and PL emission peaks.
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3.6  Mechanism Growth of CdS Nanosheet

During the formation of 2D CdS nanosheets, the reaction 
rate between cadmium ion  Cd2+ and sulfide ion  S2− was 
adjusted using water and ammonia as a complexion agent 
(forming a complex by coordinating  Cd2+ ion with water and 
 NH3 produced form decomposing thiourea) to release  Cd2+ 
gradually. Thereafter, thiourea slowly dissociated in hydro-
thermal alkaline solution to release ammonia and  S2− (Fig 
SIII, Supporting Information). CdS nuclei are normally 
formed after thiourea decomposition, and these pre- nucle-
ated seeds begin to grow into varied crystal polymorphs, 
shapes, and sizes to form various nanostructures after the 
nucleation stage because of the sulfidation effect. In this 
report, DL-dithiothreitol was adsorbed on the surface of the 
CdS nucleus, operating as the structure agent-director for 
lateral secondary growth. The surfaces of CdS nuclei and 
DL-dithiothreitol are characterized as polar surfaces and 
with high surface energy for the regrowth of other cadmium 
surface CdS nanostructures. Thus, the CdS microstructure is 
restricted using DL-dithiothreitol, and achieving two-dimen-
sion nanosheets growth steps series can be interpreted using 
the following chemical equation:

Firstly, the hexaaqua-cadmium (II) complex is formed via 
the reaction between water solvent and  Cd2+,

Then, thiourea is decomposed in alkaline media to slowly 
release  NH3 and  S2− ions,

By contrast, cadmium-ammonia complex ions may form 
due to an increase of in ammonia concentration,

Lastly, CdS is produced when sulfide ions are shared with 
hexaaqua–cadmium (II) and cadmium-ammonia complex 
ions,

3.7  CdS Nanosheet Thickness

The effect of DL-dithiothreitol amounts on the thicknesses 
of CdS nanosheets was further explored using by FESEM. 
As shown in Fig. 3a–c the thickness of the 0-CdS sample 
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sheet without DL-dithiothreitol is approximately 311.39 nm. 
Moreover, Fig. 6d, f and j–l show that the thicknesses of 
the 2-CdS, 4-CdS, and 6-CdS samples are approximately 
38, 28.83 and 93.73 nm, respectively. This decrease in the 
thickness of nanosheets can provide a wider area of uncov-
ered atoms on the surface for UV–Vis light energy harvest-
ing, while the use of incident photons is difficult for the 
interior atoms of the thicker nanosheets, and a portion of 
the energy incident photons is confined the crystal at the 
internal grain boundaries crystal, causing low light utiliza-
tion [49]. Moreover, the photogenerated  e− movement range 
in the thinner nanosheets is shortened. Thus, the transfer 
and separation of photogenerated electron—hole pairs are 
enhanced. Consequently, the implementation of photocata-
lytic  H2 generation is highly endorsed [50]. The thickness of 
the cadmium sulfide nanosheets decreases with the amount 
of DL-dithiothreitol and returns to the early case, which 
can be ascribed to the construction mechanism suggested 
earlier. The promotion and suppression effect are two oppo-
site trends that meet in an intermediate. Arbitrary growth is 
stunt with a controlled quantity of DL-dithiothreitol and the 
increasing dose leads to additional nucleation sites. Further-
more, a similar impact of DL-dithiothreitol measurement 
was observed on particular surface regions measured using 
Brunauer-Emmett and Teller (BET). This results for 0-CdS, 
2-CdS, 4-CdS, and 6-CdS are 8.37, 22.92, 38.95 and 16.62 
 m2/g respectively. The large BET of the 4-CdS sample pro-
vides it with abundant active sites for the photodecomposi-
tion of  H2O. The measurements of nitrogen adsorption and 
desorption and the related Barrett–Joyner–Halenda curves 
for pore size distribution were performed on 2-CdS and 
4-CdS-6 as shown in Fig. SVI (Supporting Information).

3.8  Photocatalytic Activity and Mechanism

The photocatalytic hydrogen evolution activities of the 
0-CdS, 2-CdS, 4-CdS and 6-CdS sheets with 1 wt% plati-
num was evaluated under photo-/piezo-bi-catalysis using 
80 mL of 10% lactic acid as sacrificial agent, as present in 
Fig. 7. Under visible light illumination condition, the control 
tests show that no  H2 output can be detected without irradia-
tion or photocatalysts, indicating that all the as-samples are 
essential to the development of  H2 production. The over-
all  H2 production amounts of the as-prepared catalyst dur-
ing all the photoreactions were measured and presented in 
Fig. 7a. The control tests in Fig. 7b show that ultrasounds 
can result in water cracking when generating trace hydrogen 
without photocatalysts. Moreover, no remarkable change in 
the hydrogen yield was observed in any of the as-prepared 
samples, indicating that sound waves can hardly directly 
increase  H2-evolution, and two-dimension CdS sheets can-
not functions as a sono-catalyst. These results are agreed 
with previous works [51]. However, when ultrasound and 
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light simultaneously applied to the photoreaction system, 
additional  H2 production of all the as-obtained product 
was apparently detected as shown in Fig. 7c. The amount 
of hydrogen evolution after 6 h of photoreaction time was 
collected and displayed in Fig. 7d to compare the piezo-/
photo-bi-catalytic application and demonstrate the advanta-
geous impact of two-dimension CdS nanosheet thickness 
on  H2-generation activity. The amount of hydrogen gener-
ated by the 4-CdS photocatalyst was higher than that in the 
case with the imposition of light and ultrasound vibration. 
This result occurred because only a proportion of the elec-
trons produced by the photocatalytic process traveled to the 

surfaces of the as-samples and reacted with water. DL-dith-
iothreitol dosage plays a direct role in controlling the thick-
ness of CdS sheets, while indirectly affecting the activity of 
 H2 evolution. The thinnest product, 4-CdS, and 2-CdS, pro-
duced the highest amounts of hydrogen of 1293.62 µmol/g 
 h−1 and 862.5 µmol/g  h−1 respectively, which can provide 
higher reaction rate on the surface through numerous active 
centers. However, the  H2 generation value beings to decline 
in the 6-CdS (339.5 µmol/g) and 0-CdS (186.32 µmol/gm) 
test. To comprehensively explain why CdS nanosheet thick-
ness is increasing as evident from FESEM images (Fig. 2).

Fig. 6  FSEM images of the as-prepared: a–c 0-CdS micro-sheets, d–f 2-CdS nanosheet, g–i 4-CdS square nanosheet, and j–l 6-CdS nanosheets 
respectively
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Considering the effectiveness of the square 4-CdS 
nanosheets under the influence of light, the combined effects 
of (light and ultrasound) on water decomposition compared 
with the other as-prepared materials, and the lack of report 
on  H2–evolution with pure CdS without any sacrificial agent 
[52], hydrogen production in the square 4-CdS nanosheets 
was performed under photocatalysis(light), piezocatalysis 
(sound), and their simultaneous imposition with various sac-
rificial agents containing 10% methanol, 10% glycerin, 10% 
lactic acid and (0.35 M  Na2S, 0.25 M  Na2SO3). As illus-
trated in Fig. 8a, the photocatalytic hydrogen evolution of 
the 4-CdS sample in 10% lactic acid was considerably higher 
than that of the other sacrificial agents. The hydrogen pro-
duction trend in the photocatalytic process should follow an 
ultrasound-frequency-dependent common distribution. The 
act of synergetic hydrogen production was tested with the 
same visible-light source at different ultrasonic frequencies 
(55 kHz, 45 kHz, 55 kHz, and 25 kHz). As shown in Fig. 8b, 
the amount of hydrogen evolution varies significantly with 
ultrasonic frequency after sound intensities normalized. 
Therefore, we assume that the frequency of the prepared 
nanosheets nearest to the resonance frequency is 45 kHz 
within the experimental range. In addition, the change trend 

exhibits normal distribution. Consequently, depending on 
the results presented above, the photoacoustic  H2-evolution 
synergy follows the mechanism in which the piezoelectric 
field induced by ultrasound expedites the photo-generated 
 (e−–h+) pairs separation.

Figure 9a shows the hydrogen evolution rate on the 4-CdS 
sample for 1, 2, 3, 4, 5, 6, 7 and 8 h. The highest rate of 
 H2-production reached to 215.62 μmol h−1 in 6 h photore-
action time. A series of experiments on the  H2-generation 
and quantum efficiency was performed using monochro-
matic light illumination to optimize photoactivity over 
4-CdS (Fig. 9b). The  H2-evolution rate reached as high 
as 215.62 μmol h−1 and the resulting quantum efficiency 
was 11.27% below the wavelength of 460 nm. The high-
est photoactivity was achieved was achieved at a substantial 
absorption of 440 nm, and photocatalytic efficiency gradual 
decreased with an increase the of light location of absorp-
tion. This result can be attributed to the optimal absorption 
of light energy by the absence of a light deviation or refrac-
tion on the auxiliary surface at wavelengths 440 nm. All 
the aforementioned results are compatible with the UV–Vis 
absorption spectra. Cycling experiments were also con-
ducted to verify the long-term stability and repeatability of 
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the 4-CdS nanosheets for  H2 evolution due to the signifi-
cance of the photostability of these nanosheets in enhancing 
practical applications. As shown in Fig. 8, the  H2-production 
rate in the 4-CdS nanosheets gradually decrease after each 
reaction period. After three consecutive recycles, the 4-CdS 
sample lost 12% of its initial catalytic  H2-production activ-
ity under visible light. This result suggests that the 4-CdS 
photocatalysts exhibit good stability during photo-catalytic 
reaction. The activity loss can be due to the photo-corrosion 
of the as-prepared square CdS nanosheets by decreasing of 
lattice stress and holes [53–55]. Similar anomalies have 
been checked over CdS [56]. Moreover, Fig. SV (Support-
ing Information) presents the optimization amount of the 
4-CdS photocatalyst and sacrificial agent.

From all the preceding results, a possible synergetic 
piezo-/photocatalysis mechanism for the square 4-CdS 
nanosheets was proposed and illustrated in Fig. 10. When 
irradiated by visible light, photo-induced holes and electrons 
can be formed in the valence band and the conduction band 
respectively, of the square 4-CdS nanosheet. However, low 
photocatalytic activity occurs because of the rapid recom-
bination of  (e−–h+) carriers consisting of surface and bulk 
recombination’s [57]. When a periodic force resulting from 
mechanical force (ultrasound vibration) in water is intro-
duced into square 4-CdS nanosheets, two potential types of 
deformation occurred on the nanosheets. One type is vertical 
compression or stretching and the other type is horizontal 
bending. The deformation of the square 4-CdS nanosheets 
resulted in the production of a many negative and positive 
charges on the surfaces of the sheets due to the piezoelec-
tric effect of CdS. Increase deformation of the energy band 
(regardless of the type) should allow the transfer of photo-
generated holes and electrons. When light and ultrasonic 
waves are simultaneously applied, the nanosheets generate 
an electrical field with the positive electrode facing down. 
Under this electric field, the photogenerated hole move 
toward the top surface, and the electrons migrate towered 
the bottom surface to increase regional electron density on 

the surface of the CdS nanosheet. The catalytic activity of 
4-CdS increases significantly under solar and ultrasonic 
vibrations compared to the 0-CdS and other prepared sam-
ples. This result confirms the explanation that the improve-
ment of photoactivity can be due to an increase of surface 
area and the charge separation induced by the synergetic 
effect of light and ultrasound.

4  Conclusion

In summary, an easy method for constructing CdS 
nanosheets with the thickness setting controlled by DL-
dithiothreitol amount was identified in this report. The 
influence of sheet thickness on photocatalytic hydrogen 
generation was discussed. Compared with ultrasonic vibra-
tion or light irradiation alone, the coupling of ultrasound 
and light can simulate the combined effects of the photo/
piezoelectric field, making water dissociation considerably 
easier catalyze to produce  H2. Considering the aforemen-
tioned facts, the obtained square-like CdS nanosheets with 
a thickness of 28 nm exhibited an exceptional photo/piezo-
bi-catalytic  H2 production activity of 1293.62 μmol g–1 h−1 
and accomplished an apparent quantum efficiency of 11.72% 
in  H2 generation. The hydrogen proportion generated under 
the synergistic effect was more than four times the impo-
sition of vibration and light. This work demonstrates that 
the thickness of CdS nanosheets and the piezoelectric field 
exert an impact on shortening the time of electrons-holes 
recombination, significant increasing photocatalytic water 
splitting for  H2 generation.
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