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A facile approach was developed for the synthesis of ultrathin ZnS—ZnO nanosheets. By simply manipulat-
ing the synthesis temperature, ZnS—ZnO composite nanosheets with sulfur vacancies were successfully
obtained using ZnS(en)y s as the precursor. The formation of the ZnS-ZnO composite leads to the cre-
ation of a heterojunction at the interface between the two materials, which enhances the separation of
piezogenerated electrons and holes. Additionally, sulfur vacancies are concurrently introduced into the
ZnS lattice during the heat treatment process. This defective ZnS with sulfur vacancies exhibits a narrowed
bandgap and low excitation energy. Consequently, the defective ZnS-ZnO composite nanosheets
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demonstrate much higher piezocatalytic activity compared to ZnS and ZnO catalysts, surpassing the per-
formance of most reported piezocatalysts. Furthermore, the ZnS-ZnO composite nanosheets maintain
stability over five cycles of catalytic reactions. The study offers a promising approach for enhancing piezo-
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Introduction

The quest for sustainable and renewable energy sources has
been at the forefront of scientific research in recent decades.
Hydrogen (H,) production through water splitting has garnered
significant attention due to its potential as a clean and abundant
energy carrier." Piezocatalysis, a process that harnesses mechani-
cal force to drive chemical reactions, has emerged as a promis-
ing alternative to conventional photocatalysis and electrocataly-
sis for H, production.”™ This approach offers the advantage of
direct conversion of mechanical energy into chemical energy,
bypassing the need for external electrical or optical inputs.

Recently, a variety of semiconducting materials have been
used for piezocatalytic H, production.”™* However, their per-
formance is greatly limited by the small surface area, poor
charge separation efficiency, and insufficient active sites. To
address these challenges, the development of nanosheet-based
piezocatalysts has attracted significant attention.'>
Nanosheets, with their ultrathin structure and high surface-to-
volume ratio, offer unique advantages in terms of enhanced
charge transport, increased active site availability, and
improved catalytic activity."
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catalytic performance for H, production.

ZnS, as an Earth-abundant non-centrosymmetric semi-
conductor, has been widely investigated in the field of
piezocatalysis.”*>® However, due to the non-layered structure of
ZnS, the synthesis of ZnS 2D nanosheets is intrinsically
difficult.””® Recently, Feng et al. revealed an effective method for
the synthesis of atomically thin ZnS nanosheets.”* The resulting
ZnS catalyst shows efficient piezocatalytic activity for H, pro-
duction due to the large mechanical capture area, high piezoelec-
tric coefficient and easy deformation characteristics. However, the
ZnS catalyst deactivated after several cycles of reactions.
Generally, the performance of ZnS is limited by two main factors.
One is that ZnS is a wide-bandgap semiconductor. Therefore, the
excitation of charge carriers requires large energy input. The
other is that the piezo-generated charge carriers are easily recom-
bined during the catalytic process. Therefore, it is highly desir-
able to develop efficient ZnS piezocatalysts via bandgap engineer-
ing and regulate the behavior of piezo-generated carriers.

Herein, we provide a facile method for the synthesis of
ultrathin ZnS nanosheets. By simply adjusting the synthesis
temperature, ZnS-ZnO composite nanosheets are obtained.
The formation of the ZnS-ZnO composite allows for the cre-
ation of a heterojunction at the interface between the two
materials. This heterojunction facilitates the separation of
piezogenerated electrons and holes. In addition, sulfur
vacancies are simultaneously formed in the lattice of ZnS
during heat treatment. The defective ZnS with sulfur vacancies
possesses a narrowed bandgap with low excitation energy.”® As
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a result, the defective ZnS-ZnO composite nanosheets show
much higher piezocatalytic activity than ZnS and ZnO cata-
lysts, which is also higher than those of most of the reported
piezocatalysts. Moreover, the ZnS-ZnO composite nanosheets
are also stable during five cycles of catalytic reactions.

Experimental

Materials

Analytical grade zinc acetate (Zn(CH3COO),), thiourea (SC
(NH,),), ethanol (C,HsOH), methanol (CH;OH), lactic acid
(C3Hg03), triethanolamine (C¢H;5NO;3) and ethylenediamine
(C,HgN,) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Deionized water was supplied using a local device.

Synthesis

1 mmol of zinc acetate and 3 mmol of thiourea were dissolved
in 30 mL of ethylenediamine, and magnetically stirred at room
temperature for 30 minutes. The mixed solution was then
transferred to a 50 mL stainless steel autoclave lined with
polytetrafluoroethylene. The solution was hydrothermally
treated at 373 K for 500 minutes. The product was washed with
deionized water and ethanol three times. The product was
dried at 333 K. The as-obtained sample was denoted as ZnS
(en)o.s.

The precursor ZnS(en), s was calcined in a muffle furnace at
temperatures of 673, 773, and 873 K respectively for 2 hours.
The obtained samples were labeled as ZnS, ZnS-ZnO and ZnO,
respectively.

Characterization

The crystallographic configuration of the freshly prepared
samples was probed utilizing a Rigaku Miniflex II X-ray diffr-
actometer, specifically harnessing Cu Ka radiation for analysis.
To unravel their morphological features and microscopic archi-
tecture, a combination of tools was employed: a field-emission
scanning electron microscope (JSM-6700F FESEM) and a trans-
mission electron microscope (JEM-2010, alongside the
advanced Tecnai G2 F20 FEG TEM from FEI). Additionally,
X-ray photoelectron spectroscopy (XPS) examinations were con-
ducted on a Thermo Scientific ESCA Lab250 spectrometer,
equipped with a monochromatic Al Ko X-ray source, a hemi-
spherical analyzer, and a versatile sample stage for multi-axial
alignment, allowing for precise compositional analysis of
sample surfaces. Calibration of all binding energies was
achieved by referencing the C 1s peak of adventitious carbon
present on the surface, set at 284.6 eV. The optical character-
istics of the samples were then assessed through a Cary 100
UV-visible diffuse reflectance spectrophotometer (DRS), where
BaSO, served as the benchmark for internal reflectance
correction.

Activity test

To assess the hydrogen production capability, 5 mg of catalyst
was meticulously weighed and dispersed within a quartz
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reactor that contained 10 ml of deionized water. The reactor
was then hermetically sealed to ensure airtightness and argon
gas was continuously purged through the system under agita-
tion to eliminate any traces of residual air. A sonication
process was initiated using an ultrasonic machine (model:
KQ-200FHG.DZ from Kunshan). Subsequently, a microinjector
precisely extracted 1 pL of gas from the reactor, which was sub-
sequently introduced into a gas chromatograph (GC9790Plus
from Fuli) for comprehensive compositional analysis.

Results and discussion

Fig. 1a shows the synthetic procedure for the ZnS-ZnO nano-
composite. Briefly, ZnS(en), s was first synthesized by hydro-
thermal treatment of zinc acetate and thiourea in ethylenedia-
mine solvent. Subsequently, ZnS(en), ;s was calcined at different
temperatures to obtain ZnS, ZnS-ZnO and ZnO samples.
Fig. S1} shows the X-ray diffraction (XRD) pattern of ZnS(en), s,
which is in good agreement with the previously reported
data.’® ZnS(en), 5 shows a sheet-like morphology with ultrathin
thickness (Fig. S21). The SEM images in Fig. 1b-d show the
morphological changes of the samples obtained by calcining
ZnS(en)o 5 at different temperatures. As shown in Fig. 1b and c,
the ZnS and ZnS-ZnO samples obtained through calcination of
ZnS(en), 5 at 673 or 773 K exhibit a flake-like structure similar
to that of ZnS(en), s, indicating the preservation of the charac-
teristic morphology during the thermal treatment process.
When ZnS(en), s is calcined at 873 K, the obtained ZnO pre-
sents uniform nanoparticles (Fig. 1d).

A transmission electron microscope (TEM) was used to
further investigate the morphology and structure of the ZnS-
ZnO sample. TEM images (Fig. 1e and f) show a sheet-like
structure. The HRTEM image (Fig. 1g) shows different lattice
spacings of 0.33 nm and 0.24 nm, which correspond to the
(100) plane of ZnS (JCPDS no. 80-0007) and the (101) plane of
ZnO (JCPDS no. 80-0074), respectively. This result indicates the
successful formation of a ZnS-ZnO heterojunction. The
elemental mapping analysis reveals that the Zn, S, O and N
elements are homogeneously distributed over the sample
(Fig. S37). This result indicates that the N element of ethylene-
diamine in ZnS(en), s was doped into the sample during the
heat treatment.

X-ray diffraction (XRD) was employed to investigate the crys-
talline structure of the samples. Fig. 2a shows the XRD pat-
terns of ZnS, ZnS-ZnO and ZnO. The XRD peaks of ZnS corres-
pond precisely to the hexagonal wurtzite crystal structure
(JCPDS no. 80-0007). The diffraction peaks observed at 27.2°,
28.8°, 30.9°, 40.1°, 48.1°, 52.4°, and 56.2° correspond to reflec-
tions from the crystal planes (100), (002), (101), (102), (110),
(103), and (200), respectively. For ZnS-ZnO, both the XRD pat-
terns of wurtzite ZnS and hexagonal ZnO (JCPDS no. 80-0074)
are observed, indicating the partial transformation of ZnS into
ZnO. Notably, after the ZnS(en),s sample was calcined at
873 K, only peaks associated with ZnO were detected,
suggesting that ZnS was completely oxidized to ZnO.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Synthetic procedure of the ZnS—ZnO nanocomposite; SEM images of (b) ZnS, (c) ZnS-ZnO, and (d) ZnO; (e and f) TEM images and (g)

HRTEM image of ZnS—-ZnO.
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Fig. 2 (a) The XRD patterns, (b) UV-vis DRS spectra and (c) EPR spectra of ZnS, ZnS—-ZnO and ZnO; (d—f) XPS spectra of N 1s, Zn 2p and O 1s of

ZnS-ZnO.

Fig. 2b shows the ultraviolet-visible diffuse reflectance
spectra (DRS) of the samples. ZnS and ZnS-ZnO show band-
edge absorption around 400 nm and an obvious peak trailing
in the visible region. However, the absorption in the visible
region decreases with the increase of calcination temperature,
presumably because of the decrease of S vacancy content.*'
This conjecture was confirmed by electron paramagnetic reso-

This journal is © The Royal Society of Chemistry 2024

nance (EPR) analysis. As shown in Fig. 2c, the EPR spectrum
of ZnS has a signal peak at g = 2.0029, which belongs to the S
vacancy signal.>® However, this signal peak disappears in ZnO,
indicating that there are no S vacancies in ZnO.

The presence of sulfur vacancies is attributed to the incor-
poration of the N element into the ZnS lattice during the calci-
nation of ZnS(en),s, where ethylenediamine serves as the
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dopant. This observation is evidenced by XPS analysis. As
depicted in Fig. 2d, the N 1s spectra of the samples indicate
that both the ZnS and ZnS-ZnO samples contain the N
element, while no N element is detected in ZnO. Further con-
firmation of N doping is evident in the Zn 2p spectra. As
shown in Fig. 2e, the Zn 2p orbitals in ZnS and ZnS-ZnO can
be divided into two sets of peaks. Zn 2p3/2 is deconvoluted
into two peaks at different binding energies (corresponding to
functional groups): 1020.1 eV (Zn-N) and 1021.6 eV (Zn-
0/8).*

During heat treatment, the sample undergoes both nitrogen
doping and a change in composition. Fig. 2f shows the O 1s
spectra, where 531.7 eV and 529.6 eV correspond to adsorbed
oxygen and lattice oxygen, respectively. Notably, ZnS also con-
tains a small amount of lattice oxygen. This is attributed to the
slight oxidation of ZnS during the heat treatment. When the
calcination temperature is increased to 873 K, the lattice
oxygen content of the sample obviously increases (Fig. 2f),
accompanied by the total disappearance of the S element
(Fig. S4t%), indicating the complete transformation of the
sample into zinc oxide.

The piezocatalytic hydrogen production performance of the
samples was studied. Firstly, we investigated the piezocatalytic
hydrogen production performance of ZnS-ZnO at different fre-
quencies. As shown in Fig. 3a and b, the hydrogen production
rates at ultrasonic frequencies of 40, 45, 80 and 100 kHz are
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1.897, 4.645, 0.361 and 0.185 mmol g~' h™', respectively.
These results indicate that the optimized frequency is 45 kHz.

The activity of ZnS-ZnO was also investigated in the pres-
ence of different sacrificial agents. As shown in Fig. 3c and d,
when methanol, lactic acid and triethanolamine are used as
sacrificial agents, the hydrogen production rates are 4.645,
1.666 and 1.376 mmol g~' h™', respectively. The results show
that methanol is an effective sacrificial agent for hydrogen pro-
duction. This is due to the fact that CH;OH has the lowest oxi-
dation potential (1.05 eV) and the highest dielectric constant
(31.2) among the three sacrificial reagents, so it is easily
trapped and oxidized by holes.** To investigate the contri-
bution of methanol decomposition to H, production, a blank
experiment without the piezocatalyst was also performed. The
result shows that CH;OH can undergo ultrasonic decompo-
sition to produce hydrogen in the absence of the piezocatalyst
(Fig. S5t). This is also one of the key reasons why methanol
exhibits excellent hydrogen production performance when
used as a sacrificial agent. Compared to the hydrogen pro-
duction of ZnS-ZnO, the hydrogen evolution under catalyst-
free conditions is obviously less (Fig. S5t). This clearly indi-
cates that the hydrogen production process from methanol as
a sacrificial agent is mainly composed of two parts: one is the
hydrogen contributed by the piezocatalytic process, and the
other is the hydrogen generated from the ultrasonic decompo-
sition of methanol itself.

- —o— 40 kHz ‘: 5 - 80 [—o— Pure water
©° 701 —o—45kHz b7 2 701—— Methanol
£ 60]——80 kHz o4 £ 60— Lactic Acid
= —o— 100 kHz £ 2 |—o— Triethanolamine
~ 50 £ ~ 50
I -3 I
« 40 o w 40
o ® o
'g' 30 c2 € 30
320 S 3 20
R 3 1 E 10
0 39 | 0
0 1 2 3 T 40 45 80 100 0 1 2 3
d=~ Time (h) e 80 Ultrasonic frequency (kHz) s Time (h)
‘;: 5 —_ —3—ZnS ; 5
2 S 701 ——zns-zno "o
24 E 60{——2n0 S4
E <50 £
@3 I =3
E 5 40 e
52 €30 E2
£ 320 s
o
1 0 >
~0 . 0
T oo heS e 0 1 2 3 & zS znSZn0  ZnO
g pure we' Lact\ “\e‘\'\a h Time (h)
80 =
& c 5 & S
3 70 ol e éo" 6{\0 p ')
g 60 o 4 (\\9 S P
=50 E, ° ® &
T £ R o>
5 40 e A@w N o°
£ 30 g2 . ) &
3 ¢ o>
2o ¥ ¥ e
< 10 3, v * ¢ %
ol § °
0 3 6 9 12 15 ;N s I
Time (h) T amples

Fig. 3 (a and b) Piezocatalytic H, production over ZnS—-ZnO under sonication (300 W) at different frequencies; (c and d) piezocatalytic H, pro-
duction over ZnS—-ZnO under sonication (300 W, 45 kHz) using different sacrificial agents; (e and f) piezocatalytic H, production over the samples
under sonication (300 W, 45 kHz); (g) stability test of the piezocatalytic H, production of ZnS—-ZnO at 45 kHz and 300 W; (h) H, evolution perform-

ance comparison of ZnS—ZnO with the reported piezocatalysts.
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In addition, it is noteworthy that during the piezocatalytic
process, nanocatalysts absorb ultrasonic energy to disperse
aggregated nanoparticles, while solid particles also absorb and
scatter ultrasonic waves.”® These two factors jointly contribute
to the obvious attenuation of ultrasound in the reaction solu-
tion. To ensure consistency in experimental conditions, we
replaced the piezocatalyst with non-piezoelectric titanium
dioxide. Our experiments revealed that the hydrogen pro-
duction of this catalyst was obviously lower than that of blank
methanol (Fig. S5t). This result indicates that the hydrogen
production from blank methanol does not fully equate to the
hydrogen production from ultrasonic decomposition of metha-
nol under piezocatalytic conditions.

The performance of ZnS-ZnO was compared with that of
ZnS and ZnO. As shown in Fig. 3e and f, ZnS-ZnO exhibits the
highest hydrogen production rate among the three samples,
which may be attributed to the synergistic effect of the hetero-
junction structure and sulfur vacancy creation.>*® The stabi-
lity experiment of ZnS-ZnO demonstrates that the hydrogen
production performance remains stable after five cycles, as
shown in Fig. 3g. Furthermore, the ZnS-ZnO sample demon-
strates a much higher piezocatalytic hydrogen production
activity than most previously reported piezocatalysts (Fig. 3h
and Table S17).

Piezoresponse force microscopy (PFM) analysis was con-
ducted to investigate the possible influence of piezoelectric
properties on the performance of the samples. As shown in
Fig. S6, the typical amplitude-voltage butterfly loops with a
180 phase switching signal confirm the piezoelectricity of the
samples. The piezoelectric coefficient values of ZnS, ZnS-ZnO
and ZnO are determined to be approximately 188, 201 and 158
pm V', respectively. These results demonstrate that ZnS-ZnO
has relatively higher piezoelectricity than ZnO and ZnS, which
is beneficial for charge separation.””

To reveal the charge separation process, the piezoelectric
current response measurements were conducted on the ZnS,
ZnS-ZnO and ZnO electrodes. As shown in Fig. 4a, each elec-
trode exhibited rapid and consistent piezoelectric current
responses upon switch-on and switch-off events. Specifically,
when the sonication was halted, the current promptly returned
to zero. ZnS-ZnO shows an obvious enhancement in the
current response compared to ZnS and ZnS. This enhance-
ment in photocurrent generation suggests a favorable elec-
tronic interaction between ZnS and ZnO, which facilitates
charge transfer and separation, ultimately leading to improved
piezo-electrochemical performance. The electrochemical impe-
dance spectrum (EIS) depicted in Fig. 4b provides insights into
the charge transfer resistance of the samples. Obviously, ZnS—
ZnO shows a smaller arc radius than ZnS and ZnO. This result
indicates the lower charge transfer resistance in the hetero-
structure. Our results indicate that the ZnS-ZnO heterojunc-
tion with S vacancies could promote more efficient carrier sep-
aration and transfer, thus leading to improved piezocatalytic
performance.

A variety of experiments were performed to investigate the
role of sulfur vacancies in the performance of the sample. To

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Piezo-current response of different catalysts; (b) EIS Nyquist
plots of the samples; (c) Tauc plots of the samples; (d) Mott—Schottky
plot of ZnS; (e) proposed reaction mechanism for piezocatalytic H, pro-
duction over ZnS-ZnO composite nanosheets.

eliminate the influence of other factors, a hydrothermal
method was used to synthesize ZnS spheres (ZnS-S) and sulfur
vacancies were subsequently introduced by calcining ZnS-S
under a nitrogen atmosphere (Fig. S7 and S8at). The results
revealed that the introduction of S vacancies obviously
enhanced the activity of ZnS-S (Fig. S8bt). When comparing
the samples before and after the introduction of sulfur
vacancies, no significant change was observed in the stability
of the samples (Fig. S8c and S8df). This indicates that S
vacancies primarily improve the activity of the sample without
significantly affecting its stability. Based on piezo-current and
impedance analyses, it was found that the introduction of S
vacancies in ZnS-S obviously improved charge carrier separ-
ation efficiency (Fig. S9at). Simultaneously, the introduction of
S vacancies reduced the material’s impedance (Fig. S9bt), facil-
itating charge carrier transport. This result is in accordance
with the previous report, in which S vacancies act as electron
traps to promote the separation of carriers like a metal
cocatalyst.*®

DFT calculations were performed to investigate the H,O
adsorption on the sample (Fig. S107). They revealed that the
adsorption energy of H,O on ZnS with sulfur (S) vacancies is
—3.05 eV, which is more negative than that of H,O on ZnS
without S vacancies (—2.14 eV), as shown in Table S2.f

Nanoscale, 2024, 16, 22209-22215 | 22213
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Therefore, the result shows that the S vacancy promotes the
adsorption of H,O. In a previous report, Huo et al also
revealed that S vacancies could promote the dissociation of
water through theoretical calculations.*

The bandgaps of ZnS, ZnS-ZnO, and ZnO were determined
to be 3.25 eV, 3.15 eV, and 3.17 eV, respectively (Fig. 4c). The
formation of S vacancies reduces the band gap width of ZnS
(3.25 eV), as compared to ZnS in a previous report (3.6 eV).*’
As a result, relatively low excitation energy is required for the
catalytic process. Fig. 4d and Fig. S11f show the Mott-Schottky
curves of the samples. The positive slopes indicate that all the
samples are n-type semiconductors. The estimation of the flat-
band potential (Vg,) from the Mott-Schottky plots reveals
values of approximately —1.08 V, —0.70 V, and —0.80 V (vs. Ag/
AgCl) for ZnS, ZnS-ZnO, and ZnO, respectively. Applying the
conversion factor E(NHE) = E(Ag/AgCl) + 0.197 V, the conduc-
tion band potentials are approximately —0.88 V, —0.50 V, and
—0.60 V (vs. NHE). Finally, based on the equation Eyg = Ecg +
E,, the valence band potentials were calculated to be 2.25 V,
2.45 V, and 2.37 V (vs. NHE), respectively.*'

Based on these results, the reaction mechanism underlying
the piezocatalysis is illustrated in Fig. 4e. Upon sonication, elec-
trons are excited from the valence band to the conduction band,
and the sulfur vacancies act as electron traps, facilitating their
migration to the nanosheet surface. In addition, the ZnO-ZnS
heterojunction further improves the charge separation efficiency.
Here, the excited electrons participate in the reduction of water
molecules or protons, leading to the formation of hydrogen gas.
The presence of sulfur vacancies not only modifies the electronic
band structure, lowering the excitation energy, but also acceler-
ates the charge transfer processes, inhibiting electron-hole
recombination and enhancing the overall catalytic activity. In
addition, the S vacancy facilitates the adsorption of the H,O
molecule, which could capture the electron trapped in the S
vacancy for H, production. In this process, S vacancies serve as
active sites for H, evolution like metal co-catalysts."**

Conclusions

In conclusion, we provide a facile method to synthesize ZnS-
ZnO composite nanosheets with defects. The heterojunction is
beneficial for the separation of electrons and holes, and the
defective structure with sulfur vacancies lowers the excitation
energy, which enhances the piezocatalytic activity of the cata-
lyst. The ZnS-ZnO composite nanosheets show much higher
piezocatalytic activity than ZnS and ZnO catalysts and exhibit
excellent stability. This study offers a promising method for
hydrogen production through piezoelectric catalysis.
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