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Enhanced photocatalytic hydrogen activities of
CoV-LDH/ZnIn,S; nanocompositesy

Qianchen Ou,#*° Yuejie Jia, " Xiaoxia Yang,® Ningwen Zhang,” Shuaikang Qi,"
Hanfeng Lu, &2 Liping Guo, {2 ® Hongmei Wang (2 *° and Jun Tan*°

In this work, CoV-LDH/ZnIn,S, (CoV-LDH/ZIS) nanocomposites were synthesized through a self-assembly
process in order to investigate the influence of CoV-LDH addition on the rate of hydrogen production. XRD
and TEM measurements confirmed the effective preparation of CoV-LDH/ZIS nanocomposites. Among all
the nanocomposite photocatalysts, 2.0%-CoV-LDH/ZIS showed the best photocatalytic performance with a
hydrogen production rate of 1397.3 umol g™t h™, approximately 2.2 times that of pure Znin,S, (ZIS). The
X-ray photoelectron spectroscopy (XPS) measurement indicated that there is a strong interfacial interaction
between ZIS and CoV-LDH, indicating that more than simple mechanical mixing had occurred. The steady-
state fluorescence spectroscopy (PL) and time-resolved photoluminescence (TRPL) spectroscopy results
showed that the electron and hole recombination in CoV-LDH/ZIS is significantly reduced and that efficient
interface charge transfer and separation are achieved. This work sheds light on the interfacial electron
transfer between two semiconductor materials, which promotes the separation of photogenerated carriers

rsc.li/njc

1. Introduction

The use of photocatalytic water splitting technology to convert
solar energy into fuel energy is an effective and sustainable
strategy to overcome the energy and environmental crisis.'™
The key issue preventing the industrial application of photo-
catalytic hydrogen production is research and development of
photocatalysts with high activity and stability.*> Among visible
light response photocatalysts, transition metal sulfides have
been widely studied for their unique photocatalytic properties
and relatively stable chemical properties.®™® Since Lei et al. first
discovered in 2003 that the ZnIn,S, photocatalyst synthesized
by a hydrothermal method has an excellent photocatalytic
ability of water splitting to produce hydrogen under visible
light, the majority of scientific researchers have turned their
research attention toward ZnIn,S,-based photocatalysts.” > As
a typical transition chalcogenide semiconductor, ZnIn,S, is
widely used in photocatalytic water splitting due to its unique
crystal structure, suitable band gap and excellent visible light
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and thus enhances photocatalytic hydrogen production activity.

response.’® However, due to the easy recombination of photo-
generated electron and hole pairs, the carrier transfer efficiency
is low and the photocatalytic activity is limited."*'* In order to
solve the above problems, constructing heterojunctions is an
effective strategy.'®

Layered bimetallic hydroxides (LDHs) have the advantages of
tunable electronic structure, highly dispersed metal ions, inter-
layer exchangeable anions, and controllable topological transfor-
mation, which allows them to be used as ideal photocatalysts.'”
For instance, Zhao et al. reported a ZnIn,S,@Ni-Fe LDH hetero-
structure, and an optimized catalyst indicated a superior photo-
catalytic H, evolution rate.’® A CDs/ZnIn,S,/Ni-Al LDH (CDZNA)
ternary heterojunction was elaborately constructed by Deng et al.,
which was used as a highly efficient catalyst for photocatalytic H,
generation." Especially, CoV-LDH formed by the replacement of
Al and Ni atoms by Co and V atoms exhibits high redox activity
and stability, making it a suitable substrate to construct a hetero-
junction. Guo et al. prepared a CoV-LDH/Zn,Cd,_,S heterojunc-
tion to boost the photocatalytic hydrogen evolution.® Therefore,
the ZnIn,S, solid solution is combined with hydrotalcite to
change the band structure of the composite material, thereby
improving the ability of the material to absorb visible light.

Herein, a simple water bath technique was used to fabricate
the CoV-LDH/ZnIn,S, (CoV-LDH/ZIS) nanocomposite. The present
study aimed to investigate the impact of CoV-LDH on the hydro-
gen production performance of CoV-LDH/ZIS nanocomposites by
introducing different masses of CoV-LDH. The photoelectro-
chemical properties and charge lifetime were analyzed to
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explore the electron separation efficiency of CoV-LDH/ZnIn,S,
(CoV-LDH/ZIS). The photocatalytic mechanism and electron
transfer pathway of H, production on CoV-LDH/ZIS nanocom-
posites were also proposed.

2. Experimental section
2.1. Preparation of photocatalysts

Preparation of the ZnIn,S, solid solution. Typically, ZnCl,
(2.00 mmol), InCl3-4H,0 (4.00 mmol), and thioacetamide (TAA)
(8.00 mmol) were dispersed in 80 mL of mixed solvent composed
of 20 mL of glycol and 60 mL of dimethylformamide under
ultrasonication for 60 min. After this, the mixture was heated
at 80 °C for 2 h. The obtained precipitate was transferred to a
100 mL high-pressure reactor and heated at 180 °C for 10 h.
Then, the resulting mixture was separated by centrifugation and
the solid was washed with absolute ethanol and deionized water
three times, respectively. The as-prepared ZnIn,S, was obtained
after drying at 60 °C overnight and is denoted as ZIS.

Preparation of CoV-LDH. The CoV-LDH was synthesized by a
hydrothermal method according to previous literature.”®
In detail, Co(NO),-6H,0 (3.320 g), VCl, (0.314 g), NH,F
(1.110 g), and urea (3.000 g) were weighed and dissolved in
60 mL of deionized water and then stirred for 3 h until the solute
was uniformly dispersed in the solvent and transferred to a
100 mL high-pressure reactor at 120 °C for 10 h. After the reaction
was over, the autoclave containing the red-brown product was
taken out and cooled at room temperature, and the red-brown
product was washed and centrifuged with deionized water and
absolute ethanol three times, respectively. After centrifugation,
the product was dried overnight at 60 °C in an oven. After drying
completely, the product was taken out and ground for collection.

Preparation of CoV-LDH/ZnIn,S, composite catalysts. The
preparation process of CoV-LDH/ZnIn,S, nanocomposites is
shown in Fig. 1. The two prepared precursors, 100 mg of
ZnIn,S, powder and a certain amount of CoV-LDH (1.0 mg,
1.5 mg, 2.0 mg, 2.5 mg and 3.0 mg) powder, were added to 20 mL
of ethanol solution. The mixture was ultrasonicated for 3 h at
room temperature until the two photocatalysts were completely
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dispersed and mixed uniformly. Finally, the homogeneously
mixed catalyst was evaporated to dryness at 90 °C to obtain a
solid sample, which was then placed in an oven at 60 °C for
drying overnight. After being completely dried, the product was
taken out and ground for collection. The as-prepared CoV-LDH/
Znln,S, composite is denoted as x%-CoV-LDH/ZIS, where x
indicates the theoretical weight of CoV-LDH in CoV-LDH/ZIS.

2.2. Characterization

The crystal structure and phase composition of the photocatalysts
were studied with an X-ray diffractometer instrument (XRD-7000,
Shimadzu Corporation, Japan) equipped with a Cu K, radiation
source at a scanning speed of 4° min~". Field emission scanning
electron microscopy (SEM, Hitachi S-4800, Japan) and high-
resolution transmission electron microscopy (HRTEM, FEI Talos
F200X G2, Thermo Fischer Technology, USA) were used to char-
acterize the microstructure, element distribution and interface
structure of the samples. X-ray photoelectron spectroscopy (XPS)
was performed on an X-ray photoelectron spectrometer (Thermo
Scientific Escalab 250Xi, Thermo Fco Technologies, USA), and all
binding energies were calibrated at the standard peak of C 1s
(248.8 eV). Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS)
were collected using a Cary 5000 UV-vis near infrared spectrometer
(Agilent Technologies, USA). Steady-state fluorescence spectroscopy
(PL) was performed using a Thermo Scientific Lumina fluorescence
spectrometer (Thermo Fisher Technology Company, USA). Time-
resolved photoluminescence (TRPL) spectroscopy was performed on
a steady-state transient fluorescence spectrometer (FLS 1000, Edin-
burgh Instruments, UK) equipped with an EPLED-365 pulsed laser.
Ultraviolet photoelectron spectroscopy (UPS, Thermo ESCALAB XI+)
measurements were performed with He I (21.22 €V).

2.3. Photoelectrochemical measurements

The photoelectrochemical (PEC) test was carried out using an
electrochemical workstation (CHI 660E, Shanghai Chenhua Instru-
ment Co., LTD) using a standard three-electrode system with an Ag/
AgCl electrode, a Pt electrode and the photocatalyst as the reference
electrode, the counter electrode and the working electrode, and the
electrolyte was 0.5 M Na,SO,. The working electrode was prepared

InCly-4H,0 ZnCl, RMEEGL
\)) ) & Sonicating b8
TAA jp—
\)' ) - Water bath
e
H,0 4 \
NH,F Co(No;),-6H,0 2 N\
L& '
V)Cis) b Pt N Stirring

S S [

Fig. 1 A schematic diagram of CoV-LDH/ZIS nanocomposite synthesis.
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by mixing 5 mg of the catalyst, 800 pL of isopropyl alcohol, 200 puL
of deionized water and 50 pL of Nafion solution and then subject-
ing the mixture to ultrasonic treatment for 30 min. The suspension
was then uniformly coated on a square of FTO conductive glass
with an area of 2 ecm® (1 cm x 2 cm). Then, after drying at room
temperature, a working electrode containing the catalyst was
obtained. The photocurrent was tested under the irradiation of a
300 W xenon lamp (CEL-HXF300-T3). The electrochemical impe-
dance spectrum was recorded at 5 mV AC amplitude, and the Mott-
Schottky curve was measured at frequencies of 1.0 kHz, 1.5 kHz
and 2.0 kHz, respectively. The AC amplitude was 5 mV.

2.4. Activity and stability of photocatalytic hydrogen evolution

The performance test of photocatalytic hydrogen was carried out
in a quartz reactor with a volume of 100 mL. Firstly, 30 mg of the
photocatalyst was placed in the quartz reactor, and 70 mL of
mixed solution containing 0.35 M Na,S and 0.25 M Na,SO; was
poured into the reactor and sonicated for 30 min. Before the
photocatalytic reaction, the reaction system was purged with high
purity N, for 40 min to remove air from the reactor. A 300 W
xenon lamp (CEL-HXF300-T3) equipped with a 400 nm cutoff
filter was used as the light source for the photocatalytic reaction.
In addition, in the process of photocatalytic H, evolution, the
temperature of the reactor was maintained at 15 °C using
circulating cooling water. Gas chromatography (GC-4000A) was
used for quantitative analysis of hydrogen products, and nitrogen
gas was used as the carrier gas for chromatography. The chroma-
tographic column was filled with TDX-01, and the detector was a
thermal conductivity cell detector (TCD). The chromatographic
column temperature was 50 °C, the detector temperature was
100 °C, and the gas injection volume was 1.0 mL.

The stability test of the photocatalytic hydrogen reaction was
carried out in the following steps. In each experiment, the
photocatalytic hydrogen evolution was carried out for 4 h, and
then the reactor was blown with high purity nitrogen for 40 min.
The gas in the reactor was analyzed by gas chromatography. After
confirming that the hydrogen was cleaned, a new round of
photocatalytic reaction of hydrogen evolution was started again.

The apparent quantum efficiency (AQY) test was performed as
using a 300 W xenon lamp as the light source and 420 nm, 450 nm
and 475 nm monochromatic light band pass filters. The average
optical power density was measured through an optical power meter
(Thorlabs PM100D). The AQY was calculated according to eqn (1):

_ Number of reaction electrons  2-n-Na-h-c

= = 100
Number of incident photons S-P-t-4 % %

@

AQY

3. Structure and morphology of the
photocatalyst
3.1. Structure and morphology

The crystal structure of the prepared photocatalyst was studied
by XRD, as shown in Fig. 2. The diffraction characteristic peaks
of the prepared pure ZIS at 20 = 21.6°, 27.8°, 47.5° and 55.9°
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correspond to the (006), (102), (110) and (202) crystal facets of ZIS
with a hexagonal crystal structure (JCPDS no. 65-2023),
respectively.”! The XRD pattern reveals that the obtained CoV-
LDH possesses the same structure as the Co-based LDH (JCPDS
no. 46-0605).>>** The diffraction peaks of the sample CoV-LDH/
ZIS are in good agreement with those of the ZIS nanosheets,
indicating that the loading of CoV-LDH hardly changes the lattice
structure of ZIS. With the gradual increase of CoV-LDH content,
no significant CoV-LDH peak was observed, which may be due to
the high dispersion and small loading capacity of CoV-LDH in
nanocomposites.”* In addition, with the increase of CoV-LDH
content in CoV-LDH/ZIS, the (110) diffraction peak intensity of ZIS
at 20 = 27.9° decreased slightly, attributed to the influence of the
weaker crystal plane diffraction peak of CoV-LDH.>

The size and morphology of the synthesized CoV-LDH, ZIS,
and CoV-LDH/ZIS heterostructures were observed by SEM and
TEM. In Fig. 3(a), pure ZIS exhibits a layered 3D nanoflower
structure with a diameter of about 400-600 nm, and many self-
assembled nanoflakes can be clearly observed. In Fig. 3(b), the
prepared CoV-LDH shows the shape of nanoneedles, similar to
the shape of a 3D cone. Fig. 3(c) shows a picture of the
composite catalyst 2.0%-CoV-LDH/ZIS. As shown in Fig. 3(c),
the TEM image of ZIS shows interwoven nanosheets, which
seem somewhat looser and the CoV-LDH in the form of
nanoneedles adheres closely to the pure ZIS. In Fig. 3(d), the
lattice spacing marked by the red line is 0.41 nm, which
corresponds to the lattice fringes of the (101) crystal plane of
CoV-LDH. In addition, the yellow line marks the lattice fringes
corresponding to the (311) crystal plane of ZIS, and the lattice
spacing is measured as 0.32 nm. While CoV-LDH and ZIS are
intimately contacted, the interfacial charge transport can be
effectively enhanced, thereby alleviating the recombination of
photogenerated carriers during a photocatalytic reaction.”®*®
Furthermore, the EDX spectrum confirms the presence of
Zn, In, S, Co, V, and O elements in the 2.0%-CoV-LDH/ZIS

h A 3.0%-CoV-LDH/ZIS

h H 2.0%-CoV-LDH/ZIS
r\ " 1.0%-CoV-LDH/ZIS

I | ZIS

Intensity (a.u.)

JCPDS No. 65-2023
v COV-LDH

. JCPDS No. 46-0605

20 30 40 50 60 70 80
2 Theta (degree)

Fig.2 XRD patterns of ZIS, CoV-LDH and different CoV-LDH/ZIS
nanocomposites.
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Fig. 3 SEM images of (a) ZIS and (b) CoV-LDH. TEM images of (c) 2.0%-CoV-LDH/ZIS. (d) HRTEM image of 2.0%-CoV-LDH/ZIS. (e) The corresponding
elemental mapping of 2.0%-CoV-LDH/ZIS.

nanocomposite and they are evenly distributed, as shown in
Fig. 3(e).

The chemical states of pure ZIS, pure CoV-LDH and 2.0%-
CoV-LDH/ZIS were analyzed by XPS measurements. Fig. 4(a)
shows the Zn 2p peaks of ZIS and 2.0%-CoV-LDH/ZIS. In the

pure ZIS photocatalyst, the binding energies of Zn 2p;,, and Zn

2Py, are 1022.0 and 1045.0 eV, respectively.>” In addition, the

(a)[zn2p [12n 2p,,| (b) [in3d in3ds;| (€) [s2p 18 2p,,
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Fig. 4 XPS spectra of ZIS, CoV-LDH and 2.0%-CoV-LDH/ZIS: (a) Zn 2p, (b) In 3d, (c) S 2p, (d) Co 2p, (e) V 2p and (f) O 1s.
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diffraction peaks of 2.0%-CoV-LDH/ZIS at 1022.2 and 1045.4 eV
belong to Zn 2ps/, and Zn 2p,,, respectively. In Fig. 4(b), there
are two characteristic peaks in the XPS spectrum of In 3d, In
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3ds/, (444.9 eV) and In 3d3/, (452.4 eV), while the spectrum of In
3d in the composite photocatalyst showed two characteristic
peaks of In 3ds/, (445.3 eV) and In 3d;), (452.9 eV).>® As shown
in Fig. 4(c), the corresponding S 2p XPS spectrum of pure ZIS
has two main peaks located at 161.8 and 163.3 €V, in agreement
with S 2ps,, and S 2py,,.”° In the S 2p XPS spectrum of 2.0%-
CoV-LDH/ZIS, the binding energies at 162.2 and 163.6 eV
correspond to S 2ps;, and S 2py,, respectively.’® In Fig. 4(d),
the fitted peaks of CovV-LDH at 781.9 and 798.0 eV belong to Co
2ps, and Co 2p4,,, and the corresponding satellite peaks are
observed at 787.2 and 803.5 eV, respectively.”® For the V 2p
core-level of CoV-LDH, the spectra in Fig. 4(e) can be well fitted
to the three doublets of V 2p;, and V 2p;,, from V** to V**
which indicates that V** is partially oxidized to V** and v°*.3!
The peaks located at 516.1 €V and 523.2 eV are assigned to
trivalent vanadium ions in the structure of LDH. As for the O 1s
XPS spectra of CoV-LDH (Fig. 4(f)), the peaks at binding
energies of 532.6eV and 534.3 eV are related to the presence
of carboxyl and hydroxyl groups, respectively. The analysis of
the above spectra shows that the binding energies of Zn 2p, In
3d and S 2p of the composite photocatalyst 2.0%-CoV-LDH/ZIS
shifted to a higher energy direction than that of the pure ZIS
photocatalyst. Compared with pure CoV-LDH, the binding
energies of Co 2p, V 2p, and O 1s in 2.0%-CoV-LDH/ZIS shifted
toward lower binding energies, which indicated that the
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CoV-LDH in the composite gained electrons. The above analysis
not only confirmed the successful preparation of Cov-LDH/ZIS,
but also further showed that the electrons migrated from ZIS to
CoV-LDH. This transfer of binding energy may be due to the
interfacial interaction between CoV-LDH and ZIS.***

3.2. Optical performance analysis

The light absorption capacity of photocatalysts is the main
factor affecting photocatalytic activity. The optical properties of
ZIS, CoV-LDH and 2.0%-CoV-LDH/ZIS samples were tested by
UV-vis DRS.* In Fig. 5(a), the absorption edge of the pure ZIS
photocatalyst is about 502 nm. Different from ZIS, the CoV-LDH
has a strong absorption from 200 nm to 800 nm. Therefore,
when certain amounts of CoV-LDH and ZIS are compounded
together to form the composite catalyst CoV-LDH/ZIS, the
absorption edge of 2%-CoV-LDH/ZIS is observed to be about
511 nm. As shown in Fig. 5(a), pure ZIS is yellow, CoV-LDH is
reddish-brown, and 2.0%-CoV-LDH/ZIS is yellow-green. In addition,
the light absorption intensity at 500-800 nm of the 2.0%-CoV-LDH/
ZIS catalyst is significantly enhanced because the color of Cov-LDH
is reddish-brown. When CoV-LDH is supported on pure ZIS, the
color of the composite catalyst becomes darker. This may also lead
to an increase in the light absorption intensity of 2.0%-CoV-LDH/
ZIS. At this time, compared to pure ZIS, the absorption edge of
2.0%-CoV-LDH/ZIS has a red-shift, which indicates that the band

(b) —zs
| 2.0%-CoV-LDH/ZIS
—_CoV-LDH

(d) Samples L1 ™ T
1 2Is 0.954ns 5477ns 3.606 ns
% 2.0%-CoV-LDH/ZIS 0.754ns 5.225ns 3.687 ns
L4 CoV-LDH 1.212ns 5924ns 3.982ns
s q @ 2.0%-CoV-LDH/ZISZIS
© CoV-LDH
; ° z1s
= Fit 2.0%-CoV-LDH/ZIS
2 8 Fit CoV-LDH
[ ——Fit2IS
3
£
R 8 \:Q_:*§.~r:‘¢ e e s
30 40 50 60 70
Time (ns)

Fig. 5 (a) UV-vis DRS of ZIS, CoV-LDH and 2.0%-CoV-LDH/ZIS. (b) Plots of (ahv)? versus energy for the band gap energies of ZIS, CoV-LDH and 2%-
CoV-LDH/ZIS. Steady-state (c) and transient fluorescence spectra (d) of ZIS and CoV-LDH and 2.0%-CoV-LDH/ZIS nanocomposites.
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gap of the 2.0%-CoV-LDH/ZIS is reduced. An analysis of Fig. 5(b)
confirms this conclusion. As shown in Fig. 5(b), the band gaps of
the photocatalysts ZIS and CoV-LDH are 2.66 eV and 1.97 €V,
respectively. The band gap of 2.0%-CoV-LDH/ZIS is 2.58 eV.
Therefore, from the above analysis results, we can conclude that
ZIS and CoV-LDH can effectively reduce the band gap width of the
composite catalyst after recombining successfully. The stronger the
light-absorbing ability of the photocatalyst, the greater the prob-
ability of electron transfer under illumination, and the more
favorable it is for the hydrogen evolution reaction.**>°

The recombination of photogenerated carriers was revealed
using steady-state photoluminescence (PL) emission spectro-
scopy. As shown in Fig. 5(c), the PL spectrum of ZIS displays the
strongest emission peak around 512 nm at an excitation wave-
length of 400 nm, demonstrating severe charge recombination.®”
2.0%-CoV-LDH/ZIS presents a lower PL intensity than bare ZIS,
revealing that the intimate hierarchical contact with a decreased
electron migration distance can suppress charge recombination.*®
As shown in Fig. 5(d), the carrier lifetimes of ZIS, CoV-LDH and
2.0%-CoV-LDH/ZIS were also measured by time resolved photo-
luminescence (TRPL) spectroscopy. The TRPL decay curves were
obtained using a double exponential fitting function, and its
average lifetime t was determined using eqn (2):*°

At 4 Ayt

e = + Ao @
Here, A; and A, represent the corresponding amplitudes, respec-
tively, and 7, and 1, represent the short and long lifetimes. The
Tave Values of the charge carriers for ZIS, CoV-LDH and 2.0%-CoV-
LDH/ZIS are 3.606 ns, 3.982 ns and 3.687 ns, respectively. The Ty
value of 2.0%-CoV-LDH/ZIS (3.687 ns) is longer than that of pure
ZIS (3.606 ns). The presence of CoV-LDH in the CoV-LDH/ZIS
heterostructure facilitates the rapid charge transfer and the
increased lifetime separation of charge carriers in comparison
with ZIS.*

Fig. 6(a) shows the photocurrent response results of differ-
ent samples. Pure ZIS and CoV-LDH exhibit a lower current
density due to their fast recombination rate of carriers. Com-
pared with pure ZIS with a lower current density, the current
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Fig. 6 (a) Photocurrent density and (b) EIS curves of the pure ZIS, CoV-LDH
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response of the 2.0%-CoV-LDH/ZIS nanocomposite is higher,
which indicates that the construction of the 2.0%-CoV-LDH/ZIS
heterojunction can effectively improve the separation of photo-
generated carriers.”! By comparing the EIS Nyquist diagram of
different photocatalysts, the transfer between carriers is stu-
died in detail. The inset in Fig. 6(b) shows an equivalent circuit
model. R and R, represent the solution and charge transfer
resistance, respectively. Q. represents the constant phase
element.*” In most cases, the smaller the radius of the arc,
the smaller the carrier transfer resistance.**** As shown in
Fig. 6(b), 2.0%-CoV-LDH/ZIS has a smaller semicircle than pure
ZIS and CoV-LDH, which indicates that the heterostructure
formed between ZIS and ZW can significantly reduce the
electron transport resistance of the interface and promote the
transfer of photogenerated carriers.*

3.3. Photocatalytic H, evolution activity and stability

The photocatalytic H, evolution performances of pure ZIS and
CoV-LDH/ZIS nanocomposites were investigated under visible-
light irradiation using Na,S and Na,SOj; as sacrificial agents.
The generated H, amounts of pure ZIS and CoV-LDH/ZIS
nanocomposites show an increasing trend, which indicates
that the H, production is enhanced continuously during the
photocatalytic reaction process in Fig. 7(a). As shown in
Fig. 7(b), the pure ZIS shows a lower H, evolution rate of
641.4 pmol g~' h™'. When CoV-LDH is loaded on ZIS, the
CoV-LDH/ZIS nanocomposites initially exhibit an improved photo-
catalytic H, evolution rate and then remarkably decreased. The
optimal 2.0%-CoV-LDH/ZIS shows a H, evolution rate of
1397.3 umol g~ * h™", which is around 2.2 times higher than that
of bare ZIS and is superior to many other ZIS-based catalysts, as
illustrated in Table S1 (ESIt). The highest H, evolution of the 2.0%-
CoV-LDH/ZIS is mainly due to the formation of a heterojunction
between ZIS and CoV-LDH, which is beneficial to the rapid
separation of photogenerated carriers. However, when the CoV-
LDH amount is further increased, the activity of CoV-LDH/ZIS is
significantly decreased in comparison with 2.0%-CoV-LDH/ZIS,
which is due to the light shielding effect of excessive CoV-LDH
and the partial coverage of active sites on ZIS.*® In Table S2 (ESIt),

150 {——ZIS CoV-LDH ——2.0%-CoV-LDH/ZIS
R, R,

120

90 - Q.

60 -

30

05 : : :
0 10 20 30 40

Z' (x10% ohm)
and 2.0%-CoV-LDH/ZIS with the corresponding equivalent circuit models.
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Fig. 7 (a) H, evolution rate versus time and (b) H, evolution rate of pure ZIS and CoV-LDH/ZIS nanocomposites with Na,S and Na,SOs as sacrificial
agents. (c) H, evolution versus irradiation time in the five cycles of using the 2.0%-CoV-LDH/ZIS nanocomposite. (d) XRD patterns of 2.0%-CoV-LDH/ZIS

before and after use for five cycles.

the apparent quantum efficiency (AQE) of 2.0%-CoV-LDH/ZIS is
11.53% at 420 nm, and the AQE value of the photocatalyst is
gradually decreased as the wavelength (450, 475 nm) is increased.
The stability of 2.0%-CoV-LDH/ZIS was evaluated by cyclic tests in
Fig. 7(c). After five cycles, the 2.0%-CoV-LDH/ZIS nanocomposite
still retains superior photocatalytic activity, indicating that it has
good photostability. Furthermore, the XRD pattern (Fig. 7(d))
reveals that the crystal structure of 2%-CoV-LDH/ZIS after the
photocatalytic reaction is similar to that of the fresh catalyst,
showing that 2.0%-CoV-LDH/ZIS has good reusability and stability.

3.4. Band structure

In order to further study the photocatalytic mechanism of the
2.0%-CoV-LDH/ZIS nanocomposite, the Mott-Schottky curves
of CoV-LDH and ZIS were recorded and their electronic band
structures were determined, as shown in Fig. S2 (ESIt). Both
CoV-LDH and ZIS show a positive slope corresponding to n-type
semiconductor properties. In general, the conduction potential
of n-type semiconductors is equal to their flat band potential
(Eg).>® The Eg, values of CoV-LDH and ZIS are —0.65 V and
—1.13 V (vs. Ag/AgCl), respectively. According to the Nernst
equation, the flat-band potentials of CoV-LDH and ZIS are
obtained as —0.45 V and —0.93 V (vs. NHE), respectively.>
Thus, the conduction band values of CoV-LDH and ZIS are
—0.45 V and —0.93 V, respectively. According to the band gap

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

width obtained by UV-Vis DRS and the equation Eyg = Ecg + Eq,
the valence band (VB) values of CoV-LDH and ZIS are deter-
mined to be 1.52 V and 1.73 V (vs. NHE), respectively.

We further determined the work function (¢) of Cov-LDH
and ZIS by ultraviolet photoelectron spectroscopy (UPS). The
cutoff edges (Ecutorr) of COV-LDH and ZIS are obtained from the
UPS spectra shown in Fig. 8(a) and (b), and the work function
(@) is calculated according to the formula @ = 21.22 — Eyeosr.””
Therefore, the @ values of CoV-LDH and ZIS are 4.37 eV and
4.60 eV, respectively. Meanwhile, the position of the E¢ level in
the band structure is shown in Fig. 8(c). ZIS has a high ¢ value
and a low Eg level. In contrast, CoV-LDH has higher E; levels. In
the case of Ef energy difference between two n-type semicon-
ductors, electrons can be transferred from CoV-LDH to ZIS until
the energy levels are in equilibrium. Since the vacuum electron
energy of the reversible hydrogen electrode is —4.5 eV, it needs
to be converted into electrochemical energy, so that the Eyg and
Ecp values of CoV-LDH are 1.42 V and —0.55 V, respectively, and
the Eyg and Ecg values of ZIS are 1.85 V and —0.81 V,
respectively.*® This is consistent with the trend of the results
measured using the Mott-Schottky curve.

3.5. Mechanism of photocatalytic hydrogen evolution

Based on the above experimental results and analysis, a possi-
ble mechanism for photocatalytic hydrogen production is

New J. Chem., 2024, 48, 11949-11958 | 11955
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Fig. 8 The magnified UPS spectra of (a) CoV-LDH and (b) ZIS. (c) Work functions, Ecg and Eyg of CoV-LDH and ZIS derived based on UPS calculations.

proposed, as shown in Fig. 9. When ZIS and CoV-LDH are
combined with each other, since the Fermi level of CoV-LDH
(4.37 eV vs. E,,) is higher than that of ZIS (4.60 eV vs. E,,), the
electrons of CoV-LDH will be transferred to ZIS, causing the Fermi
level of CoV-LDH to decrease and that of ZIS to increase, directing
the Fermi levels of both to reach a new equilibrium.*® Therefore,
CoV-LDH and ZIS are positively and negatively charged, respec-
tively, thus establishing a built-in electric field, as shown in
Fig. 9(a). As shown in Fig. 9(b), CoV-LDH and ZIS were excited to
generate photogenerated electrons and holes under visible light

(b)

After contact

irradiation. The CB of ZIS was more negative than that of CoV-LDH,
so the photogenerated electrons would be transferred to the CB of
CoV-LDH. Then the absorbed H' would be reduced to produce H,.
In addition, the holes in the VB of ZIS were transferred to the VB of
CoV-LDH because the VB of ZIS was more positive than that of CoV-
LDH and consumed by the sacrificial agent. The combination of
CoV-LDH and ZIS formed a type-I heterostructure, which acceler-
ated the separation and migration of photogenerated carriers and
effectively inhibited the recombination of photogenerated electrons
and holes, thus improving the photocatalytic performance.

$2/S0,*

Lightirradiation

$,0,2/S0,%

Fig. 9 The photocatalytic reaction mechanism of CoV-LDH/ZIS nanocomposites: (a) After contact; (b) Light irradiation.
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4. Conclusions

The type I heterojunction CoV-LDH/ZIS was synthesized using a
solvothermal and self-assembly method to investigate the impact
of CoV-LDH on the hydrogen production of CoV-LDH/ZIS nano-
composites. XRD and TEM characterization studies confirmed the
successful synthesis of CoV-LDH/ZIS. 2.0%-CoV-LDH/ZIS showed
optimal photocatalytic hydrogen production performance, with a
hydrogen production rate of 1397.3 pmol g~ h™"', approximately
2.2 times higher than that of pure ZIS and also showed good cyclic
stability over five cycles. XPS measurement results revealed a
strong interface interaction between CoV-LDH and ZIS, indicating
more than simple mechanical mixing between the two materials.
The fluorescence spectra and TRPL spectra indicated that electron
and hole recombination was significantly decreased in CoV-LDH/
ZIS nanocomposites and efficient interfacial charge transfer and
separation were achieved. Based on the experimental results and
analysis, a possible interfacial electron transfer mechanism in
CoV-LDH/ZIS nanocomposites was proposed, revealing insights
into promoting photogenerated carrier separation and enhancing
photocatalytic hydrogen production activity.
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