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S-Scheme heterojunction based on the in situ
coated core—shell NiCo,S,@WS, photocatalyst
was constructed for efficient photocatalytic
hydrogen evolution

Shengming Xu,? Jing Xu, &2 *°°¢ Linying Hu,? Ye Liu® and Lijun Ma®

In this paper, NiCo,S,; was coated on the surface of WS, of a 1T/2H mixed phase by a two-step
hydrothermal method to form an in situ core-shell structure. The unique S-scheme heterojunction of
the NiCo,S,@WS, core—shell composite photocatalyst improved the easy recombination of carriers
caused by the narrow band gap of NiCo,S4 and WS,, and improved the photocatalytic hydrogen
production performance. The loading ratio of NiCo,S,@WS,, the addition of Eosin Y, and the pH value
of TEOA were optimized. Under the optimal conditions, the hydrogen production rate reached
5.814 mmol g~* h™, which is about 8.55 times and 3.35 times the hydrogen evolution rates of NiCo,S,4
and WS,, respectively. The composite catalyst exhibits excellent charge separation efficiency in photo-
electrochemistry, PL and BET tests, carrier transport rate and large specific surface area that can provide
more active sites, which are the main factors for the improvement of the hydrogen evolution performance.
This paper demonstrates new design strategies to drive efficient photocatalytic hydrogen production by
building in situ core—shell structures and optimizing the carrier transport paths, which will yield new insights.

1 Introduction

As a kind of clean energy with high combustion value and H,O
combustion product, hydrogen can become an excellent sub-
stitute for the increasingly exhausted fossil fuel. Photocatalytic
cracking of water, as a green method for producing hydrogen,
has been attracting continuous attention since Fujishima and
Honda discovered in 1972 that water can produce hydrogen on
a semiconductor electrode." Some excellent photocatalytic
semiconductor materials, such as TiO,,> CdS,> ZnO,* and
MoS,,” have been treated by doping, modification and other
methods to possess excellent photocatalytic performance.
Transition metal sulfides, such as NiCo,S,, ZnIn,S,, WS,, CdS
and MoS,, have been widely studied as electrode materials in
the field of photoelectric chemistry due to their excellent
photochemical properties.*” Among them, the semiconductor
NiCo,S, with low cost and narrow band gap has been partially
studied in the field of photocatalysis.>'® However, as a binary
metal sulfide with excellent conductivity and many active sites
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of redox, it still has a very broad research prospect.’* > WS, is
also widely used in photocatalytic studies as a non-toxic and
thermochemical stable binary transition metal sulfide. Similar
to MoS,, WS, can simultaneously exist in the metal 1T-phase
with excellent electrical conductivity and semiconductor 2H-phase
with a narrow band gap. Its unique photoelectric properties were
widely used in photocatalytic hydrogen production,*'® electrode
materials,'® catalytic conversion of polysulfides,"”” and humidity
sensors. '

Many reports indicate that the composite photocatalyst
shows much better catalytic activity than the single catalyst
by means of adding a co-catalyst or constructing a hetero-
junction: Sajid et al. synthesized Pt/Zn,V,0Oo nanoparticles
by ultrasound-assisted hydrothermal method." The precious
metal Pt as a co-catalyst broadened its light absorption range
and provided more active sites, which greatly improved the
photocatalytic degradation activity of the MB dye. Li et al.
prepared ZnO/CdSe-DETA by hydrothermal method, and changed
the direction of charge transfer by building a S-scheme hetero-
structure, making the charge accumulate in the position with
stronger redox capacity, showing excellent photocatalytic hydro-
gen production performance.”® As a co-catalyst, precious metals
can improve the catalytic performance of the main catalyst, but
the cost is high and the source is limited. In contrast, improving
the photocatalytic performance by constructing heterojunctions is
a cost-effective and effective method, and it does not reduce the
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redox potential.>' In the field of photocatalytic hydrogen produc-
tion, there is no doubt that the photo-generated carriers generated
by photoexcitation are easy to recombine in the semiconductor
materials with a narrow band gap. It is an effective means to
improve the charge transfer path of the semiconductor composite
heterojunction to enhance the separation of carriers.

The construction of a heterojunction can effectively inhibit
the recombination of the photogenerated charge and improve
the utilization rate of the photogenerated charge generated by
photon excitation.”” In addition, a single catalyst cannot carry
out an efficient hydrogen evolution reaction due to its weak
redox ability, except for its high photocarrier recombination
probability and low photoabsorption efficiency. The S-scheme
heterojunction proposed by Yu et al not only inhibits the
recombination of the photogenerated electron hole pairs in
kinetics, but also makes the redox capacity of the composite
catalyst stronger than that of the single catalyst in thermo-
dynamics.”*>* Peng et al. constructed an S-scheme hetero-
junction based on CdS and MoO;_, with an appropriate band
structure, which shortened the carrier migration distance
and improved the hydrogen evolution activity due to band
bending.>® The efficient photocatalyst can be developed by
constructing the band structure of the photocatalyst to form
an S-scheme heterostructure to improve the carrier separation
and redox ability in the hydrogen evolution system.

In the case of constructing a heterojunction, the core-shell
structure has attracted much attention due to its excellent
performance in the specific surface area and stability. Fang
et al. constructed a CAS@BN core-shell structure by chemi-
sorption method, which improved the photocorrosion problem
of CdS and increased hydrogen production.”” Ravi et al.
improved the photocatalytic performance by attaching a CuO®@
NiO core-shell co-catalyst on the surface of TiO,.>® According to
the above ideas, this paper attempts to construct a NiCo,S,@
WS, core-shell heterostructure through the optimization of the
structure and the construction of a heterojunction to improve
the transmission path of photo-generated carriers to solve the
problem of high carrier compound probability caused by the
narrow band gap.

2 Experimental section

2.1 Materials

Na,WO0,-2H,0, CH;CSNH,, NaH,PO,, NiCl,-6H,0, Co(NO;),-
6H,0, and CH,N,S were obtained from Aladdin Company.
Triethanolamine (TEOA) and Eosin Y (EY) were obtained from
Tianjin Da Mao Chemical Reagent Company. All reagents were
analytically pure and were not further purified before the
experiment.

2.2 Synthesis of photocatalyst

2.2.1 Synthesis of WS,. Transition metal sulfide WS, was
prepared by the one-step hydrothermal method. 0.99 g
Na,W0,-2H,0, 1.13 g CH;CSNH,, 4.77 g NaH,PO, and 50 mL
H,O were mixed and dissolved in a beaker, followed by
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ultrasonication for 10 min and stirring for 20 min to make it
completely dissolved. The obtained mixture solution was trans-
ferred to a stainless steel high-pressure reactor (80 mL) lined
with tetrafluoroethylene for reaction at 180 °C for 24 h. The
resulting product was centrifuged (9000 rpm, 5 min) and
washed with deionized water and anhydrous ethanol, then
dried overnight in an oven at 60 °C. The resulting product
was a black powder, denoted as WS.

2.2.2 Synthesis of NiCo,S,. The bimetallic sulfide NiCo,S,
was prepared by the one-step hydrothermal method. 1.19 g
NiCl,-6H,0, 2.90 g Co(NO3),-6H,0, 1.90 g CH,N,S and 70 mL
H,0 were mixed and dissolved in a beaker, followed by ultra-
sonication for 10 min and stirring for 20 min to make it
completely dissolved. The obtained mixture solution was trans-
ferred to a stainless steel high-pressure reactor (80 mL) lined
with tetrafluoroethylene for reaction at 180 °C for 12 h, and
then cooled naturally. The resulting solution was centrifuged at
9000 rpm for 5 min, washed with deionized water and anhy-
drous ethanol, and then dried overnight in an oven at 60 °C.
The resulting product is a gray powder, denoted as NCS.

2.2.3 Synthesis of NiCo,S,@WS,. The composite photo-
catalyst NiCo,S,@WS, was prepared by hydrothermal deposition.
0.1 g prepared WS, was mixed with a certain amount of NiCl,-
6H,0, Co(NO3),-6H,0, CH4N,S and 70 mL H,0 of NiCo,S, raw
materials and dissolved in a beaker, and then ultrasonication was
carried out for 10 min and stirred for 20 min to make it
completely dissolved. The obtained mixture solution was trans-
ferred to a stainless steel high-pressure reactor (80 mL) lined with
tetrafluoroethylene for reaction at 180 °C for 12 h and then cooled
naturally. The resulting solution was centrifuged at 9000 rpm for
5 min, washed with deionized water and anhydrous ethanol, and
then dried overnight in an oven at 60 °C. The product is a gray
powder. According to the different quality of the NiCo,S, raw
materials, the prepared composite photocatalysts were denoted as
NCS@WS-1, NCS@WS-2, NCS@WS-3, NCS@WS-4, and NCS@WS-5.

2.3 Characterizations

The X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) spectra of the photocatalysts were obtained by SmartLabSE
X-ray diffraction and Escalab Xi+ X-ray photoelectron spectro-
scopy instruments. The Brunauer-Emmett-Teller (BET) specific
surface area, nitrogen isothermal adsorption-desorption and
Barrett-Joyner-Halenda (BJH) pore size distribution of the
samples were obtained using the Micromeritics ASAP 2460
specific surface and porosity analyzer. The ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) of the photocata-
lyst at different wavelengths (250 nm-800 nm) were obtained by
a Shimadu UV 2550 UV-vis DRS under the background of
BaSO,. The photocatalyst was detected with photolumines-
cence (PL) spectroscopy and time-resolved fluorescence (TRF)
using a Horiba Scientific Fluoromax-4 and Horiba Jobin Yvon
data station, respectively. The images of scanning electron
microscopy (SEM), transmission electron microscope (TEM),
high-resolution transmission electron microscope (HRTEM)
and element mapping were obtained by Zeiss Sigma 500 and
Jeol JEM-2100, respectively.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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2.4 Photocatalytic hydrogen evolution experiments

Before the hydrogen production test, 30 mL 10%(v/v) TEOA,
20 mg sensitizer (EY) and 10 mg prepared photocatalyst were
added into a quartz reaction flask. The solvent in the bottle was
pretreated (ultrasonic, stirring and nitrogen replacement), and
then hydrogen evolution was tested under a 5 W LED light
source. 0.50 mL gas was extracted from the quartz bottle every
1 hour for hydrogen evolution analysis in gas chromatography
(Ruili SP-2100A). The cyclic stability of the photocatalyst was
tested by 4 groups of 5 hours hydrogen evolution experiments,
in which the sacrificial agent and sensitizer were replaced
before each group.

The apparent quantum yield (AQY) of the photocatalyst at
different wavelengths was measured by using different narrow-
band filters (420-520 nm). The apparent quantum yield was
calculated by the following formula:*°

AQY (%) = (2 x number of Hy/number of photons) x 100%

(1)

2.5 Photo-electrochemistry measurement

The photocatalyst sample was dissolved in anhydrous ethanol
solution containing 5% Nafion and evenly smeared on the
surface of ITO conductive glass (1 cm x 1 cm) as the test
electrode. The electrochemical workstation (CHI660E) was used
to test the photochemical properties of the photocatalyst in
a three-electrode system with an electrolyte solution of
0.20 mol L™* Na,SQ,, reference electrode of Ag/AgCl electrode
(SCE electrode was used for the Mott-Schottky test of WS,) and
counter electrode of Pb electrode.

3 Results and discussion

In Scheme 1, Na,WO,-2H,0, CH;CSNH,, NaH,PO, and H,O
were synthesized into spinous spherical WS by the one-pot
hydrothermal method, and then the raw materials of WS and
NCS were synthesized by the one-pot hydrothermal method
to prepare the core-shell structure composite photocatalyst
with the core of WS and shell of NCS. Because the core-shell

Scheme 1 Flowchart of the preparation of the NCS@WS-3 core-shell
structure.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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structure was constructed by hydrothermal method through
in situ growth, NCS had a relatively tight coating on WS, which
would shorten the transfer path of the carriers and greatly
accelerate the transfer rate of the carriers.

3.1 Crystal structure and morphology analysis

According to the XRD pattern in Fig. 1a, it can be observed that
the diffraction peaks of NCS and cubic phase NiCo,S, (PDF#20-
0782) correspond well, and the diffraction peaks are narrow
and sharp and have no impurities, which proves that it has
good crystallinity and no impurities appear. In the XRD pattern
of WS, strong diffraction peaks attributed to (002), (004), (100)
and (110) were found, corresponding to the hexagonal crystal
system WS,, which was consistent with previous reports.'® The
diffraction peak belonging to the cubic phase NiCo,S, can be
clearly observed in the synthesized composite photocatalyst.
Due to the high background of NCS, some weak diffraction
peaks belonging to WS can be observed. The results showed
that the NCS@WS composite photocatalyst was successfully
synthesized by hydrothermal method. According to the phase
information, the three-dimensional unit cell structure pictures
of NCS (Fig. 1b) and WS (Fig. 1c) were obtained. The Bravais
unit cell parameters of the cubic phase NCS and hexagonal
phase WSwere a=bh=c=9.387A,a=f=y=90°anda=b =
3.154 A, ¢ =12.362 A, o = f = 90°, y = 120°. NCS has played an
important role in heterostructures due to its superior electron
transport capability, which will be reflected in the following
performance tests.

After XPS characterization of the photocatalyst, the presence
of elements contained in the photocatalyst could be observed in
the survey spectrum (Fig. 1d). Fine spectra of Ni, Co, W and S
elements were obtained by charge correction based on the peak
position of C 1s at 284.8 eV. The S element spectra of NCS, WS
and NCS@WS-3 were compared and found to have almost the
same binding energy positions. From the fine spectrum of the S
element of NCS (Fig. 1e), it could be found that the spin
splitting peaks with binding energy positions of 161.78 eV
and 162.94 eV corresponded to the existence of $>7,>° and the
binding energy positions of the spin splitting peaks corres-
ponding to S,>~ were 163.11 eV and 164.41 eV.*' The peaks
occurring at 168.63 eV and 169.86 eV were attributed to sulfate
produced by redox reaction during the synthesis of NCS.'°
During the synthesis of WS, the valence state of the S element
hardly changed, so no corresponding sulfate peak was observed
in the fine spectrum of the S element of WS. For the fine
spectrum of the Ni 2p element of NCS (Fig. 1f), the spin
splitting peaks of 853.60 eV, 870.12 eV and 856.45 €V corre-
sponded to Ni(un) and Ni(m), respectively. Both valence states
exist in the NCS lattice, and the peak of the Co element was
similar to it and accompanied by a pair of satellite peaks.**** In
the fine spectrum of the NCS Co 2p element (Fig. 1g), the peaks
of 779.11 eV, 793.55 eV and 781.81 eV, and 797.31 eV corre-
sponded to Co(ui) and Co(u), respectively. The synergistic effect
of nickel and cobalt ions with abundant valence states in NCS
provided abundant redox active sites compared to single metal
sulfides. By comparing the fine spectrum of Ni 2p and Co 2p

New J. Chem., 2022, 46, 57-69 | 59
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Fig. 1 (a) XRD patterns of NCS, WS and NCS@WS-3; unit cell images of (b) NCS and (c) WS; XPS spectra of NCS, WS and NCS@WS-3: (d) survey

spectrum, (e) S 2p, (f) Ni 2p, (g) Co 2p and (h) W 4f.

elements of NCS with NCS@WS-3, it was found that the peak
position of NCS was obviously shifted to the direction of low
binding energy. By observing the elemental fine spectrum of
W 4f (Fig. 1h), it could be found that there were two peaks
corresponding to the WS, 2H-phase at 32.74 eV and 35.64 eV.
Some of them transferred to 32.74 eV and 35.64 eV for low
binding energy, and converted from the semiconductor 2H-
phase to the metal 1T-phase, forming a 1T/2H mixed phase
WS.** By comparing the fine spectrum of W 4f element between
WS and NCS@WS-3, it was found that the peak position had
shifted towards the higher binding energy. The binding energy
displacement of the Ni, Co and W elements indicated that there
was a strong interaction between NCS and WS, and they were
closely connected with each other due to the formation of
heterogeneous structures, rather than the simple physical inter-
face contact. A major reason for this phenomenon is that the
composite photocatalyst was synthesized by hydrothermal
deposition of NCS in situ on the surface of WS, rather than
simply mixing the two physically. The direction of the binding

60 | New J Chem., 2022, 46, 57-69

energy displacement of the element also indicated that the
electron was transferred from NCS to WS.>>*® The direction of
the electron transfer provided proof for the construction of the
following heterojunction mechanism.

As can be seen in Fig. 2a, NCS presents nanoparticles with a
diameter of about 300-500 nm, while in Fig. 2b, WS presents
regular and angular flower spheres with a diameter of 4-7 um.
It could be clearly seen from Fig. 2c that NCS was coated in situ
on the surface of WS after hydrothermal deposition, and
formed a uniform core-shell structure with WS core and NCS
shell layer. The TEM test result of the NCS@WS core-shell
composite photocatalyst (Fig. 2d) showed the successful pre-
paration of a spherical core-shell structure, and the morpho-
logy and size were mutually verified with SEM. Lattice fringes of
0.27 nm, 0.17 nm and 0.33 nm could be clearly observed in the
HRTEM image of NCS@WS-3 (Fig. 2e), corresponding to (100)
of WS, (440) and (220) of NCS, respectively. The element
mapping image of NCS@WS-3 (Fig. 2(g-j)) in the region shown
in Fig. 2f showed that the Ni, Co, S and W elements were evenly

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 2 SEMimages of (a) NCS, (b) WS, (c) NCS@WS-3; (d) TEM image and (e) HRTEM image of NCS@WS-3; (f—j) element mapping images of NCS@WS-3.

distributed in the detected region, and the W element was
concentrated in the catalyst region with a core-shell structure,
further confirming the successful synthesis of the core-shell
structure.

3.2 Photocatalytic hydrogen production and BET analysis

NCS@WS composite photocatalysts in different proportions
were prepared by hydrothermal method with different masses
of NiCl,-6H,0, Co(NO3),-6H,0, CH,N,S (Table 1) mixed with
100 mg WS and 70 mL water. Fig. 3a shows the comparison of
the hydrogen evolution amount of NCS, WS and NCS@WS in
different proportions. The total hydrogen evolution amount of
the composite photocatalyst within 5 h reached 290.70 pmol,
and the hydrogen evolution rate was about 5.814 mmol g~ *h™",
which was much higher than the total hydrogen evolution
amount of WS and NCS. It was 8.55 times the total hydrogen
evolution of NCS (34.00 umol) and 3.35 times the total hydro-
gen evolution of WS (86.70 pumol). When the proportion of NCS
decreased, the hydrogen evolution reaction activity decreased

Table1l The reagent mass ratios of different photocatalysts were synthesized

Sample NiCl,-6H,0 (mg) Co(NOs),-6H,0 (mg) CH4N,S (mg)
NCS@WS-1  62.37 152.73 99.87
NCS@WS-2  70.16 171.82 112.36
NCS@WS-3  77.96 190.92 124.84
NCS@WS-4  85.76 210.01 137.32
NCS@WS-5 93.55 229.10 149.81

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

because large areas of WS were exposed when the amount of
NCS coated on the surface was small, and the incomplete core-
shell structure led to the weakening of the core-shell synergis-
tic effect. Conversely, excessive shell NCS could also reduce the
hydrogen evolution by severely shielding WS, blocking the
charge transport channels and closing the pores.’”*®* The pH
of the hydrogen evolution environment in which the catalyst
was located was also an important factor affecting the effect
of hydrogen evolution. Fig. 3b shows the comparison of the
hydrogen evolution amount of the NCS@WS-3 catalyst in
different pH sacrifice agents (TEOA), and found the optimal
pH environment for hydrogen production. When the pH was
too low or too high, the hydrogen evolution effect of the
composite catalyst would be reduced.?® Especially in a highly
alkaline environment, the low concentration of H led to the
failure of the EY-sensitized composite catalyst to fully reduce
H', so the amount of photocatalytic hydrogen evolution in the
system would decrease when the pH was higher.*® Fig. 3c shows
that when the amount of EY was 20 mg, the hydrogen evolution
effect of the photocatalyst reached the best. When EY was less
than 20 mg, EY could not adsorb saturation on the surface
of the NCS shell, which made it impossible to maximize its
promoting effect on hydrogen evolution of the composite
catalyst, thus leading to the decrease of hydrogen evolution.**
However, when EY was more than 20 mg, the excessive absorp-
tion of EY shields the photocatalyst from light absorption and
the photocatalyst could not fully contact the reaction medium,
thus inhibiting the hydrogen evolution reaction. Fig. 3d shows

New J. Chem., 2022, 46, 57-69 | 61
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Fig. 3 (a) Comparison of the hydrogen production between different ratios of the composite catalyst, pure NCS and WS; optimization of (b) the pH of
TEOA solution and (c) EY addition amount; (d) 25 hours hydrogen production cycles of NCS@WS-3; (e) XRD patterns of NCS@WS-3 before and after

reaction; (f) AQY (%) of NCS@WS-3.

the cyclic stability test diagram of the catalyst under optimal
reaction conditions, with the loss of TEOA and EY compensated
after 5 h of each reaction. After the catalytic reaction, EY would
be more closely adsorbed on the surface of the catalyst, so its
hydrogen production had a slight increase. After 5 x 5 h
hydrogen evolution cycles, it still had good catalytic activity.
In Fig. 3e, the XRD patterns before and after reaction had no
obvious change of diffraction peak, which further proved the
structural stability of the photocatalyst. The results indicated that
the coating of NCS on WS was uniform and stable, and the
NCS@WS core-shell structure prepared by in situ hydrothermal
method had good stability indeed. It can be seen from Fig. 3f that
the photocatalyst had an approximate narrow-band AQY in the
range of 420-520 nm, indicating that the photocatalyst could carry
out the hydrogen evolution reaction in the visible light range.

62 | New J Chem., 2022, 46, 57-69

Fig. 4a shows the nitrogen (N,) isothermal adsorption-
desorption curves of NCS, WS and NCS@WS-3. From the
characteristics of the curves, they were all of IV-type isotherms
with H3-type hysteresis loops. This indicated that the photo-
catalyst had an abundant mesoporous channel structure.*®
Table 2 shows that after photocatalyst coupling, the BET
specific surface area of NCS@WS-3 (12.46 m”> g~ ') was much
larger than that of NCS (4.41 m® ¢~ ') and WS (2.43 m”> g ). The
larger specific surface area brought by the core-shell structure
meant more surface active adsorption sites. Thus, it could
contact the reaction medium more fully and carried out the
transport of the carrier to enhance the effect of hydrogen
evolution, which was consistent with the hydrogen evolution
test results. The pore volume and average pore size of the
photocatalyst corresponded to the pore size distribution curve

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 4 (a) BET nitrogen isothermal adsorption—desorption curves and (b)

in Fig. 4b, and were consistent with the BET specific surface
area. The pore volume (0.0450 cm® g ') and the average pore
diameter (12.81 nm) of NCS@WS-3 were both increased before
coupling. It shows that the coupled NCS@WS-3 had a more
abundant pore structure, and the photo-generated electron hole pair
could contact and react with the medium molecules more easily.

3.3 Photoelectric chemical performance analysis

In order to study the separation of the photo-generated electron
hole pairs in photocatalyst, steady-state PL tests were carried
out for EY solutions with different photocatalysts and pure EY
solution. All solutions had obvious emission signals at 538 nm
(Fig. 5a), among which the emission peak of the pure EY
solution was the strongest, while the emission peak of the
EY-NCS and EY-WS solution was somewhat weakened by com-
parison, which was due to fluorescence quenching between the
photocatalyst and the EY molecules adsorbed on the surface of
NCS and WS.*?> When NCS@WS-3 was dissolved in EY solution
for testing, the emission peak intensity reached the lowest,
which undoubtedly indicated that the coupled core-shell photo-
catalyst led to a stronger fluorescence quenching phenomenon.*®
This could effectively inhibit the recombination of the photo-
generated carriers and make more photo-generated electrons
participate in the reduction of H". The TRF spectrum (Fig. 5b)
of the photocatalysts was fitted to obtain the average fluorescence
lifetime (Fig. 5c). The NCS@WS-3 core-shell photocatalyst had
the shortest average fluorescence lifetime compared to WS and
NCS, which means that the core-shell structure construction
accelerates the transport of carriers between the photocatalysts,
leading to stronger fluorescence quenching and thus lower
average fluorescence lifetime.*

Table 2 BET specific surface area, BJH pore volume and BJH average
pore diameter parameters of NCS, WS and NCS@WS-3

Specific surface Pore volume Pore
Sample area (m> g7) (em® g™ diameter (nm)
WS 2.43 0.0054 7.45
NCS 4.41 0.0084 6.34
NCS@WS-3 12.46 0.0450 12.81

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

View Article Online

Paper
0.05
——ws (b)

~ 0.4 ——NCS
E —+—NCS@WS-3
T 0.03-
£
g
% 0.02
>
=

0.01

0.00 | T

0 20 40 60 80 100 120 140 160 180 200

Pore Diameter (nm)

BJH pore size distribution of NCS, WS, and NCS@WS-3.

The UV-vis DRS spectrum in Fig. 5d shows that the light
absorption performance of NCS@WS-3 was not significantly
improved compared with those of NCS and WS. There is a good
correlation between the absorption spectra of the composite
photocatalyst and AQY. The absorption coefficients of the
photocatalysts were very close in the UV light range, while in
the visible light range, NCS had a lower absorption capacity
than WS, and the composite photocatalysts were in between.
Compared with the composite photocatalyst with different
loading, the light absorption capacity did not change signifi-
cantly. Obviously, the core-shell structure did not optimize the
absorption capacity of the photocatalysts and broaden the
absorption range, which means that no more photons were
absorbed by the composite photocatalyst. Since the improve-
ment of the hydrogen evolution effect cannot be attributed to
the improvement of the light absorption capacity, it is neces-
sary to further study the band structure and carrier transport of
the photocatalyst.

In order to study the transfer and recombination of the
photo-generated carriers before and after photocatalyst recom-
bination, the electrochemical properties of the photocatalyst
were characterized. In Fig. 6a, the I-T curves show that the ITO
glass did not produce any current response under light, while
the NCS@WS-3 core-shell composites showed a very strong
photocurrent response compared with NCS and WS, indicating
that the electron hole pairs of pure NCS and WS were easy to
recombine, and the recombination probability was effectively
reduced after recombination. This is consistent with the pre-
vious results of steady-state PL. In Fig. 6b, the LSV curves
obtained from the photocatalyst test show that NCS@WS-3
had a lower overpotential than pure NCS and WS, which was
due to the formation of a core-shell structure and the surface
was easier for the hydrogen evolution reaction.*” In Fig. 6c, the
EIS curves show that the arc radius of NCS@WS-3 was smaller
than that of NCS and WS, indicating that the charge transfer
resistance was smaller after recombination, and the construction
of the heterojunction significantly improved the efficiency of
the carrier transport and separation. Compared with pure NCS
and WS, the photocatalyst after hydrothermal recombination
undoubtedly improved the transmission rate and separation
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efficiency of the photo-generated carriers. In order to further
study the carrier transmission mechanism, the band structure
of the photocatalysts was analyzed.

3.4 Band structure analysis

UV-vis DRS spectra data were processed to obtain the Tauc
spectra of NCS (Fig. 7a) and WS (Fig. 7b) by Tauc plot method,
and the band gaps of NCS and WS were 1.93 eV and 2.07 eV,
respectively, after analysis. The wide absorption wavelength
range measured for the photocatalysts was due to their narrow
band gap, which also means that the recombination probability
of the photo-generated carriers was increased. The number of

64 | New J Chem., 2022, 46, 57-69

photo-generated electrons available for the hydrogen evolution
reaction by a single photocatalyst with a narrow band gap was
small, which was not conducive to the generation of hydrogen.
The flat band (Eg,) potential of NCS and WS obtained from the
MS curves were —1.36 eV (Fig. 7c) and —0.54 eV (Fig. 7d), and
the slope of the curve was positive, indicating that both NCS
and WS photocatalysts were n-type semiconductors, and the
conduction band (CB) potential of the n-type semiconductors
was generally 0.1 eV lower than the Eg, potential.*®

Exue = Emp (Ag/AgCl) + 0.197 eV — 0.1 eV (2)

Exng = Egb (scr) +0.241 eV — 0.1 eV (3)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Evg =Ecp — Eg (4)

According to the different reference electrodes used in the
test, the guide band positions of NCS and WS were calculated
from (2) and (3) as —1.26 eV (vs. NHE) and —0.4 eV (vs. NHE)."’
Then, according to their band gap values of 1.93 eV and 2.07 eV,
the valence band (VB) positions of NCS and WS were calculated
by (4) as 0.67 €V and 1.67 eV.*®

Two possible carrier transfer mechanisms were proposed for
the heterojunction formed by the composite photocatalyst.
In Scheme 2a, the Type-II heterojunction shows that the
photo-generated electrons and holes were transferred to more
positive CB and more negative VB positions in the other
photocatalyst, which caused the photo-generated carriers to
accumulate in the two photocatalysts, respectively, thus redu-
cing the probability of the recombination of the electron hole
pairs. However, due to the repulsion between an electron and
electron and between hole and hole, the transfer of carriers is
hindered, and the lack of driving force for transfer makes the
separation of carriers difficult to achieve effectively. In addition,
due to the positive CB position and negative VB position, the
accumulated electron and hole positions could not even meet
the reduction potential requirements of H,/H", which weakened
the hydrogen evolution capacity of the photocatalyst. Compared
with the Type-II heterojunction, the S-scheme heterojunction
(Scheme 2b) recombines the electrons on the more negative CB
with the holes on the more positive VB due to the driving force
of the built electric field, which conforms to the gravitational
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interaction between electrons and holes in dynamics.>**%>°

In addition, this mechanism leads to a strong redox capacity
after the accumulation of photo-generated carriers, which can
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improve the hydrogen evolution effect of the composite photo-
catalyst from the perspective of thermodynamics.

Before the contact (Scheme 2c) of two separate photocata-
lysts, their Fermi levels (Ef) were close to the conduction band
due to the properties of the n-type semiconductors.”*>* The E
reached a balance after the contact (Scheme 2d) of the two
semiconductors, resulting in band bending of NCS and WS,
which promoted the recombination of the holes in the VB of
NCS and the electrons in the CB of WS, so that photo-generated
electrons and photo-generated holes could accumulate in the
CB of NCS and the VB of WS. The spontaneous diffusion of
electrons in NCS to WS after contact would lead to the for-
mation of an electron depletion layer and accumulation layer,
thus making NCS and WS have opposite charges and forming
an internal electric field, which also exists as a driving force to
promote the transfer of photo-generated charge carriers. The
binding energy shift in the previous XPS characterization
provided direct evidence for the migration of photo-generated
electron holes across the NCS and WS interfaces, and combined
with the electrostatic interaction at the semiconductor
interface, the effective recombination of electron hole pairs
with unique transport paths improved the carrier separation
efficiency.

3.5 Mechanism

According to the above characterization data of the catalyst, the
possible mechanism is proposed (Scheme 3): EY in the solution
uniformly concentrates on the outer surface of the NCS shell,
and is excited by light and then transitions to an excited state of
EY'*, and then transitions to a triple excited state of EY**
through fast intersystem crossing (ISC).>> After EY>* contacts
with TEOA, the electrons obtained are reduced to EY *, and
TEOA loses electrons to an oxidation state. The electrons lost
due to the conversion of EY * adsorbed on the surface of the
NCS shell into EY and the electrons generated due to the
intrinsic excitation gather at the CB position of the NCS.>®
The H' free in H,O is adsorbed on the surface of NCS and then
is reduced to H, by photo-generated electrons in its CB, and

66 | New J Chem., 2022, 46, 57-69
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TEOA serves as an electron sacrifice agent to consume the
holes. The unique in situ grown core-shell structure enabled
WS and NCS to have shorter electron transfer paths and faster
charge transfer efficiency. After the electrons in the CB of WS
were recombined with the holes in the VB of NCS, the recom-
bination efficiency of photo-generated carriers of NCS and WS
is greatly reduced. The remaining photo-generated electrons
and holes accumulated in the CB of NCS and the VB of WS,
respectively. The more negative CB potential and the more
positive VB potential indicated stronger redox ability, and the
photo-generated electrons were more likely to reduce H' to H,
for release.

4 Conclusion

A NCS@WS core-shell photocatalyst was prepared by a two-step
in situ hydrothermal method. PL and photochemical charac-
terization confirmed that the composite photocatalyst can
effectively improve the separation efficiency of the photo-
generated carriers. The BET test results showed that the specific
surface area increased after the formation of the core-shell
structure, which could provide more active adsorption sites for
the reaction medium. The transfer direction of the binding
energy of the XPS element fine spectra was used to determine
the charge transport path in the composite catalyst. According
to these data, the photo-generated charge carrier of NCS@WS
was determined to transmit according to the S-scheme path,
which realized the effective separation of the photo-generated
electrons and photo-generated holes, and greatly reduced the
recombination probability. Under the optimal conditions,
the total hydrogen evolution amount of NCS@WS reached
290.70 pmol and the rate of the hydrogen evolution was about
5.814 mmol g~ ' h™', which was 8.55 times that of NCS and
3.35 times that of WS. It has proved that the construction of the
S-scheme heterojunction with core-shell structure is beneficial
to improve the recombination of the photo-generated carriers,
increase the specific surface area, and effectively enhance the
performance of the photocatalytic hydrogen evolution. This
method provided an idea for seeking an efficient hydrogen
production system.
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