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Strengthening the separation of photogenerated charge carriers is crucial for improving the efficiency of
photocatalytic hydrogen evolution. Herein, t-Mng sCdg sS/Ov-WOs3 (t-MCSW) triple-phase junctions with
rich oxygen vacancies were developed using the calcination-hydrothermal method. The corresponding
morphology and structure of the samples were examined by XRD, TEM and XPS. The formation of the
S-scheme heterostructure in t-MCSW has also been confirmed with in situ XPS, work function analysis
and free radical capture tests. The experimental results demonstrate that t-MCSW-7 exhibited optimal
activity (194.2 mmol g’1 h™), which was about 4 times higher than that of the individual MngsCdg sS
(t-MCS, 48.8 mmol g* h™Y). The apparent quantum vyield of t-MCSW-7 is 29.14% at 420 nm, and the
material exhibits excellent stability after seven cycles of photocatalytic reaction. The excellent photo-
catalytic activity of t-MCSW-7 is attributed to more efficient separation of charge carriers by triple-phase
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Accepted 30th December 2023
DOI: 10.1039/d3dt04104b

vacancies broadens absorption spectra and accelerates surface charge transfer. The synergistic effect of
phase junctions and oxygen vacancies leads to an enhancement of hydrogen evolution activity. This work

Published on 03 January 2024. Downloaded on 6/1/2024 8:16:19 AM.

rsc.li/dalton

1. Introduction

Hydrogen has garnered widespread attention due to its high
energy density, convenient storage, and pollution-free
combustion.'™ The utilization of semiconductor-based photo-
catalytic water splitting to generate hydrogen gas from inex-
haustible solar energy is a viable solution to achieve carbon
neutrality.>” In the domain of photocatalytic hydrogen pro-
duction, sulfide-based semiconductors have been extensively
explored as the most typical photocatalysts, including Cds,*®
CdIn,S4,>° Zn,Cd;_,S,"° " and Mn,Cd,_,S."*"” Among these
photocatalysts, the Mn,Cd,_,S solid solution has led to a new
wave of interest, owing to its adjustable band energy structure
by adjusting the ratio of x-components, strong redox poten-
tials, and effective light response.'®' Although Mn,Cd;_,S
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provides a new idea for preparing efficient photocatalysts.

possesses great potential for photocatalytic hydrogen evol-
ution, it also has some disadvantages such as fast recombina-
tion of photogenerated charge carriers and easy photo-
corrosion.

The combination of different crystal phases or semi-
conductors enables the promotion of the rapid transfer of
photogenerated electron-hole pairs within the system,
prolonging the lifetime of charge carriers, leading to the
enhancement of the photoelectric conversion effect. The for-
mation of a homojunction between two crystal phases in a
material can accelerate the carrier separation, which is attribu-
ted to the built-in electric field across the junction.>*** Wang
et al. first reported a twin Mn,Cd,_,S containing the WZ and
ZB phases prepared using a one-pot solvothermal process,
where the photocatalytic hydrogen activity reached 61.4 mmol
¢~ h™.** In order to further improve the H, efficiency of the
single twin Mn,Cd;_,S photocatalyst, researchers proposed
building heterojunctions. Heterojunctions formed by different
semiconductors can achieve a spatial separation of electrons.
Electrons driven by the heterojunction interface are transferred
to different material surfaces for catalytic reactions.>*™' For
instance, Zhao et al. reported that the hydrogen evolution rate
of Ni;,P5/T-Mng 5Cd, 5S is 96.5 mmol g~ h™.? Liu et al. have
reported NiP,/T-Mn, 5Cd, sS heterojunction composites with a
high H, evolution rate.®® Lv et al. prepared MoO,/Au/

This journal is © The Royal Society of Chemistry 2024
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T-Mn, sCd, sS multiple heterojunctions with significant hydro-
gen evolution activity compared to pristine twin Mng sCd, 5S.>*
Nonetheless, compared with homojunctions, heterojunctions
exhibit slower transfer of photoinduced charge carriers due to
lattice mismatches and poor interfacial contact. If two types of
junctions exist simultaneously, it is necessary to regulate the
surface carrier transfer rate of the heterojunction to achieve a
match with the electron transfer efficiency of the
homojunction.

To achieve the above purpose, surface vacancy engineering
is considered an effective strategy. The effective introduction
of oxygen vacancies on the surface of the metal oxide can effec-
tively accumulate photogenerated electrons and expedite elec-
tron transfer.>® WO, exhibits a narrow band gap of 2.4-2.7 eV,
a high oxidation potential of 3.49 eV vs. SHE and notable
chemical stability.’*® At the present time, various mor-
phologies of WO; have been prepared.**** During the prepa-
ration process, oxygen vacancies appear on the surface of
WO3;.** Inspired by this, we propose to combine rich oxygen
vacancies in WO; (Ov-WO;) with the Mn, 5Cd,sS homojunc-
tion to form a heterojunction, and to use oxygen vacancies to
inject more photogenerated electrons into the Mn,sCdg 5S
homojunction, further ensuring the stability of photogene-
rated electrons on the surface of photocatalysts and improving
hydrogen evolution activity.

In this paper, we synthesized a novel Mn, 5Cd, 5S/Ov-WO;
(t-MCSW-x) triple-phase junction with rich oxygen vacancies
using a simple hydrothermal method. On the one hand, the
lifetime of photogenerated carriers can be prolonged by com-
bining homojunctions and heterojunctions. On the other
hand, the introduction of oxygen vacancies improves the elec-
tron transfer rate on the heterojunction interface, while the
oxygen vacancies as an electron pool inject electrons into the
homojunction to maintain the electronic stability of the
t-MCSW system. Therefore, on the introduction of an Ov-WO;
mass fraction of 7 wt%, the hydrogen production activity of
the tMngsCdysS/Ov-WO;3-7 wt% (t-MCSW-7) composite
material becomes as high as 194.2 mmol g* h™", which is 4
times higher than that of pristine t-MCS. The work provides a
new perspective on the preparation of efficient and photo-
stable photocatalysts.

2. Experimental
2.1. Preparation of Ov-WO; nanosheets

Ov-WO; nanosheets were prepared using the hydrothermal
and high-temperature calcination procedure. Initially, 1 g of
sodium tungstate dihydrate (Na,WO,-2H,0) and 0.6 g of citric
acid (C¢HgO,) were mixed in 70 mL of deionized water and
stirred for 30 minutes. Afterwards, the pH of the mixture was
regulated to around 1 with 6 M HCI, forming a yellow precipi-
tate. Then, the suspension was transferred to a 100 ml Teflon-
lined autoclave and maintained at 120 °C for 12 h. The result-
ing sample was centrifuged and dried at 70 °C for 12 h and the
product was named WO;. 600 mg of the WO; sample was cal-
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cined at a rate of 5 °C per minute to 500 °C and maintained
for 2 h in a muffle furnace. The final product was marked as
Ov-WO3;.

2.2. Synthesis of Mn, 5Cd, 5S/Ov-WO; (t-MCSW-x)
nanocomposites

Mn, 5Cdy 5S/Ov-WO; (t-MCSW-x) nanocomposites were pre-
pared via an in situ one-pot hydrothermal method. Firstly,
5 mmol of Mn(CH;C00),4H,0, 5 mmol of Cd
(CH3C00),-2H,0 and 13 mmol of thioacetamide (TAA) were
mixed with 60 mL of deionized water under stirring for 1 h.
Subsequently, 5 mL of 4 M NaOH was added to the mixture
under constant stirring for 1 h. Then, different qualities of Ov-
WO; nanosheets were added to the above solution and stirred
fully for 30 minutes. The solutions were transferred to a
100 mL Teflon-lined autoclave and heated at 160 °C for 24 h.
After completion of the reaction, the samples were centrifuged
five times with water and ethanol and dried at 80 °C overnight.
The mass fractions (wt%) of Ov-WO; added to Mng 5Cdg 5S
(t-MCS) were 0%, 1%, 3%, 5%, 7%, and 10%, respectively. The
resulting nanocomposites were denoted as t-MCS, t-MCSW-1,
t-MCSW-3, t-MCSW-5, t-MCSW-7, and t-MCSW-10.

In addition, the hydrothermal method described above was
utilized to prepare a series of nanotwin Mn,Cd,_,S samples
without the introduction of Ov-WO; sheets. The process
involved using x mmol of Mn(CH;COO),-4H,0 and 1-x mmol
of Cd(CH;COO0),-2H,0 as precursor materials. The final pro-
ducts were marked as CdS, Mn,,CdysS, Mng;Cd, S,
Mn, 5Cd, 5S (t-MCS), Mn, ;Cd, 3S, Mn, gCdo »S and MnS when
the mole amounts of x were 0, 0.2, 0.3, 0.5, 0.7, 0.8 and 1.0,
respectively.

2.3. Photocatalytic H, production experiment

To evaluate the photocatalytic hydrogen evolution activity,
10 mg of the photocatalyst was dispersed in 100 ml of 0.25 M
Na,S and 0.35 M Na,SOj; sacrificial agents, in a Pyrex glass
system equipped with a 300W Xe lamp (CEL-SPH2N) with a
UV-cutoff filter (A > 420 nm). This system was linked to a GC
7900 online gas chromatograph with a TCD detector. A more
detailed process for the photocatalytic evaluation and calcu-
lation of the apparent quantum yield (AQY) can be found in
the ESL.}

3. Results and discussion
3.1. Typical structure and morphology analysis

X-ray diffraction (XRD) was utilized to characterize the crystal
structure and phase composition of the materials. As shown in
Fig. 1a, the characteristic peaks of the as-prepared Ov-WO; are
located at 23.08°, 23.67°, 24.10°, 33.19° and 34.14° corres-
ponding to the (001), (020), (200), (021) and (220) planes of
WO, (PDF#20-1324), respectively.’® XRD patterns of a series of
Mn,Cd,;_,S are shown in Fig. 1b. Compared with the character-
istic peak position of CdS, the peaks of Mn,Cd,_,S shift
towards a higher angle with an increase in the Mn** molar
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Fig. 1 Typical powder XRD diffraction patterns of (a) Ov-WOs3, (b) Mn,Cd;_,S nanotwins, and (c) t-MCSW-x.

ratio.”"*>** Compared with the peaks of CdS and MnS, the
peaks of Mn, sCd, sS exhibit a significant shift. This shift in
the angle is a clear indication that the Mn, 5Cd, 5S solid solu-
tion has been successfully fabricated. In the EDS spectra
(Fig. S1t%), it is further confirmed that the molar ratio of
Mn*":Cd>" is close to 1:1. Fig. S2f shows that peaks of
Mnyg 5Cd, 5S at 25.37°, 26.80°, 28.74°, 31.01°, 44.63° and 52.70°
are assigned to the (100), (002), (101), (200), (220) and (311)
crystal planes of CdS (PDF#41-1049, PDF#10-0454) and MnS
(PDF#40-1289,  PDF#06-0518),  respectively.">*>**®  In
addition, for the Mn,gCd,,S material, characteristic peaks
located at 31° and 62° corresponding to cubic MnS (PDF#06-
0518) appear, suggesting that Mn, gCd, ,S is a mixture consist-
ing of cubic MnS and Mn-Cd-S solid solution.®

Fig. 1c presents XRD patterns of the obtained
t-Mn, 5Cdy 5S/Ov-WO3-x (t-MCSW-x) composites. With the
increase in the loading content of Ov-WO; in t-MCSW-x com-
posites, the characteristic peaks of Ov-WO; become more pro-
minent. Importantly, the introduction of Ov-WO; does not
induce any disruption in the peaks of t-MCS. This observation
suggests the nanocomposite is primarily composed of t-MCS
and Ov-WO;.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images were employed to assess the
morphology of the samples. As shown in Fig. 2a, t-MCS con-
tains non-uniform nanoparticles. Ov-WOj; exhibits a nanosheet
structure with a relatively small size and a thickness of about
20-30 nm (Fig. 2b, Fig. S3f). From Fig. 2c and d, it is easy to
observe that t-MCS nanoparticles are loaded on Ov-WOj;
nanosheets in the t-MCSW-7 nanocomposite. Fig. S4f shows
the high-resolution transmission electron microscopic
(HRTEM) image of t-MCS. It can be clearly observed that the
lattice fringes exhibit a staggered arrangement of the ZB phase
and WZ phase of Mn, sCd, 5S, indicating the successful for-
mation of nanotwin MCS.>**** The homojunction interface
between the ZB and WZ phases ensures fluent electron trans-
fer, resulting in promoted photocatalytic activity. The HRTEM
of -MCSW-7 in Fig. 2e also clearly shows the interface between
t-MCS and Ov-WOj3;, marked with a red dashed line. The inti-
mate contact interface demonstrates the formation of t-MCS
and Ov-WO; heterojunctions. The lattice spacings of 0.312 nm
and 0.332 nm belong to the t-MCS (002) and Ov-WO; (200)
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crystal facets, respectively.®® In addition, significant atomic

defects can be observed in the Ov-WO; nanolattice, marked
with a yellow dashed line, indicating the existence of oxygen
vacancies in Ov-WO;. Elemental mappings of the t-MCSW-7
composite photocatalyst show Mn, Cd, S, W, and O elements
as presented in Fig. 2h-1. These results demonstrate the suc-
cessful preparation of t-Mn, 5Cd, 5S/Ov-WO; (t-MCSW) triple-
phase heterojunctions with oxygen vacancies.

X-ray photoelectron spectroscopy (XPS) was employed to
examine elemental information and valence states of the
surface of the samples, as well as to ascertain the direction of
the electron migration at the interface of the t MCSW-7 compo-
site by analyzing the change in the binding energy. As illus-
trated in Fig. 3a, the survey spectrum of t-MCSW-7 detects
elemental peaks of Mn, Cd, S, W, and O, which are consistent
with the elemental mappings. For pristine t-MCS, the high-
resolution XPS spectrum of Cd 3d displays two symmetrical
peaks located at 404.44 eV and 411.2 eV, belonging to Cd 3ds/,
and Cd 3d;, of Cd*", respectively (Fig. 3b).*” In the Mn 2p XPS
spectrum, three peaks at 640.7 eV, 651.8 eV, and 645.1 eV are
attributed to Mn 2p;/,, Mn 2py,, and a satellite peak of Mn>",
respectively (Fig. 3¢).*® S 2p peaks at approximately 160.86 eV
and 162.00 eV correspond to S 2p;/, and S 2py, of $>7, respect-
ively (Fig. 3d). For Ov-WO3;, W 4f peaks at 35.24 eV and 37.40
eV are assigned to W 4f,, and W 4f;, of W®, respectively
(Fig. 3e).*”*?* In addition, in the O 1s XPS spectrum (Fig. 3f),
the primary peak at about 530.06 eV corresponds to lattice
oxides, while the binding energy at 531.79 eV is attributed to
the oxygen vacancy.*®

Compared with pure t-MCS, the binding energy positions of
Mn 2p, Cd 3d, and S 2p of t-MCSW-7 show a positive shift.
Meanwhile, compared with pristine Ov-WO;, peaks of W 4f
and O 1s XPS spectra exhibit negative shifts in t-MCSW. The
changes in the binding energies indicate the presence of
strong interactions between t-MCS and Ov-WOj; in the t MCSW
composite. An increase in the binding energy indicates a
decrease in the electron cloud density, thus electrons drift
from t-MCS to Ov-WO; in the composite. In addition, under
irradiation, all peaks for t-MCSW-7 were observed to move in
the opposite direction compared with that under dark con-
ditions for further analysis of the electron transfer mecha-
nism. In Fig. 4a, a strong EPR signal of the Ov-WO; nanosheet

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM images of (a) t-MCS, (b) Ov-WOs3, (c) t-MCSW-7, (d) TEM, (e) HRTEM, (g) SEM, (h—1) and EDS elemental mapping images of Mn, Cd, S, W,

and O elements.

is observed at a g value of 2.001, demonstrating the presence
of surface oxygen vacancies compared to WOj;, which corres-
ponds well with the XPS result. The above results prove that
the t-MCSW heterojunction has been successfully prepared,
while the presence of oxygen vacancies as electron capture
centers enables the separation of photoinduced charge carriers
and amplifies the interface electric field.*®

The N, adsorption-desorption isotherms and pore size dis-
tribution curves for Ov-WQO;, WO;, t-MCS and t-MCSW-7 are
displayed in Fig. 4b. Type IV isotherms and the H3 hysteresis
loop demonstrate mesoporous samples. The corresponding
surface area and pore sizes are presented in Table S1.f
Compared with the surface area of WOj; (11.95 m”> g™ '), the Ov-
WO; nanosheets have a large surface area of 34.62 m> g~'. By
adding Ov-WO; nanosheets, the specific surface area of
t-MCSW-7 increases to 18.40 m> g~ ' compared to that of t-MCS
(6.87 m” g™ "), indicating oxygen vacancies increase the specific

This journal is © The Royal Society of Chemistry 2024

surface area and provide a number of reaction active sites for
enhanced photocatalytic activity.

3.2. UV-vis diffuse reflection spectra

UV-vis diffuse reflection spectra (UV-vis DRS) represent the
sample’s optical absorption capacity. The absorption spectra
of nanotwin Mn,Cd,_,S solid solutions are shown in Fig. S5.7
The absorption band edges were gradually blue-shifted as the
Mn content increased, indicating that the bandgaps of the
Mn,Cd,_,S solid solution gradually increased compared to
that of CdS. A suitable bandgap can effectively suppress the
recombination of photoinduced carriers, helping to promote
photocatalytic hydrogen evolution. As shown in Fig. 4c, com-
pared to WO3;, the absorption band edge of Ov-WO; displays a
red-shift and its optical intensity is notably improved between
500 and 800 nm after the introduction of oxygen vacancies.
Notably, with the introduction of Ov-WO;, the

Dalton Trans., 2024, 53, 2008-2017 | 201
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Fig. 4 (a) EPR spectra of samples, (b) BET isotherms (inset shows pore size distribution curves), (c) UV-vis DRS of samples, (d) the energy gaps, (e)

XPS VB spectra, and (f) band gap diagram of t-MCS and Ov-WOs.

t-MCSW-7 material demonstrates excellent photo-response.
These results suggest that the absorption efficiency of t-MCSW
is boosted after loading Ov-WO3, which is more conducive to
the improvement of hydrogen evolution.

The corresponding bandgaps of the samples can be calcu-
lated using the following formula:

ahv = A(hv — Eg)"?, (1)

where n = 1 for a direct energy gap semiconductor and n = 4
for an indirect bandgap semiconductor.'®**>! The t-MCS is a

2012 | Dalton Trans., 2024, 53, 2008-2017

direct semiconductor, whereas Ov-WOj; is an indirect bandgap
semiconductor, according to the literature.?® It is observed
that the construction of the vacancy narrows the energy gap of
pure WO;. The optical intrinsic bandgaps of t-MCS and Ov-
WO; are measured to be 2.25 eV and 2.77 eV, respectively
(Fig. 4d), which are in agreement with the theoretical calcu-
lation (Fig. S61).>®***> The excellent photocatalysts need a
reasonable CB potential and VB potential in addition to
having an appropriate bandgap energy.*®> Furthermore, the VB
potentials of the t-MCS and Ov-WO; are 1.15 eV and 2.65 eV
attained from XPS VB spectra, respectively (Fig. 4e). Based on

This journal is © The Royal Society of Chemistry 2024
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the equation E,; = Eyg — Ecg, the CB potentials of t-MCS and
Ov-WO; were calculated to be —1.10 eV and —0.12 eV, respect-
ively, which is consistent with the Mott-Schottky curve results
(Fig. S71).** The schematic diagram of the corresponding
bandgap, valence, and conduction band positions is shown in
Fig. 4f for further analysis of the mechanism.

3.3. Photocatalytic hydrogen activity

The photocatalytic hydrogen evolution performance of the
samples was evaluated using Na,S/Na,SO; sacrificial agents
under visible light. Fig. 5a and Fig. S8t illustrate the photo-
catalytic hydrogen evolution activity of a series of nanotwin
Mn,Cd;_,S samples. Single CdS presents a comparatively low
H, rate of 11.8 mmol g~' h™', which can be credited to the
quick recombination of photo-generated carriers.”* Pure MnS
also demonstrates a negligible H, rate. With the increase in
Mn?>*, the rate of hydrogen evolution of Mn,Cd,;_,S increases
gradually and reaches a maximum of 48.8 mmol ¢~* h™" for
t-MCS.

Fig. 5b and c depicts the hydrogen performance of
t-Mn, 5Cdy 5S/Ov-WO3-x (t-MCSW-x) loaded with different
amounts of Ov-WO;. It can be seen that the hydrogen pro-
duction activity shows a volcanic trend. Obviously, the activity
of t-MCSW-x is related to the content of Ov-WO;. When an
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introduction amount of Ov-WQO; is 7 wt%, t-MCSW-7 achieves
maximum hydrogen evolution activity at 194.2 mmol g~ * h™%,
which is 4-fold higher compared with t-MCS (48.8 mmol g™*
h™"). Meanwhile, it can be observed that the hydrogen rate of
t-MCSW-7 is significantly higher than that of t-MCS/WO;-7
(physical mixture, 96.7 mmol g~* h™"). The results indicate
that the photocatalytic activity is not only closely related to the
formation of homojunctions and heterojunctions but also
attributed to the content of oxygen vacancies. An appropriate
amount of oxygen vacancies can serve as electron or hole
capture centers to suppress carrier recombination, but exces-
sive oxygen vacancies can serve as recombination centers for
carriers. Also, the hydrogen evolution rates of different
samples at 4 > 510 nm are shown in Fig. §9.f Obviously, the
hydrogen rate of t-MCSW-7 is significantly higher than that of
pristine t-MCS, indicating that the modification of Ov-WO,
effectively broadens the spectral absorption range at
510-800 nm. In addition, t-MCSW-7 shows better activity com-
pared with recently reported Mn,Cd;_,S-based materials in
photocatalytic hydrogen evolution (Fig. 5c, Table S27).
Furthermore, as illustrated in Fig. 5e, the AQY values of
t-MCSW-7 are 29.14% at 420 nm, 20.63% at 450 nm, 7.81% at
520 nm, and 3.51% at 600 nm, respectively. Its AQY trend
corresponds well with its optical absorption, indicating that

—o—Cds b J——tmcs 200 194.2
600 =
5 1504 —o— Mno2CdosS 2, —o—t-MCSW-1 L
3 —o— MnosCdosS 2 ——t-MCSW-3 s 152.7
= )
£ MnosCdosS 2 ——t-MCSW-5 £
E 00— MnusCdoss E 400 ——t:MCSW-7 E
g —o— MnosCdo2S c ——t-MCSW-10 &
3 e Mis .% —o— t-MCS/WO;-7 E 100 91.4 9%6.3
2 50 3 2001 2 507 . 6741 g
g g ;s o m B2 '
3 = : 18 % 8 8 E % 3
: 0 $ = H = = H H H
N ? ? ? ? ? . . . . . . . s
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0 Samples
d Time (h) Time (h)
~ 200 29.14 t-MCSW-7 |30
= -
'Tm . 3
g 150 3101 20.63 =
£ & ry B
rt '§ %) 3 % g 2 E,
%1004 2 :oQ W S Bpeg D 2 8 g
= = c B BEsE Tt d e s e OO SRS S o il 5 0.5+ <
c s c 2 3 5 ° ° b4 s 8 be} o S S e 10
] - SRS RS O S QI L S SO ST O SR S MR 2
E-] £ o F=mol £ 2 3 2 3 2 2 % Tmmm e 2 < 7.81
S " IPERECN S = z £ QM : QN E &
3 2 3 ¢ f & cpm: 1o = =0 = 7 351
5 8 2 8§ 5 & PN Z 2w 2 T % 8 Spdm < 0.0 | . . +—Lo
2 S mim © 2 _ 28 I WN O EERTE 5 & = "2 ol 400 450 500 550 600
[$) = =
Tl TN > Zwmwm v O _& WO = Q z o Wavelength (nm)
——t-MCSW-7 g t-MCSW-7 t-MCSW-7
5600 tMCS
3 19.0%
g - = S2p,,
E s s
§ 2 %‘ After
g 300 2 After E
° 2 “'
2 E T
Q
T 6.6% __ Before
Before =
0 3 6 10 20 30 40 50 60 70 80 158 160 162 164
Tlme (h) 20 (degree) Binding Energy (eV)

Fig. 5 The amount of hydrogen evolution of nanotwin Mn,Cd;_,S materials (a) and (b) t-MCSW-x, (c) hydrogen evolution rate of t-MCSW-x, (d) the
compared photocatalytic hydrogen rate of Mn,Cd;_,S-based photocatalysts, (e) apparent quantum yield of t-MCSW-7, (f) the stability experiment of
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t-MCSW-7 promotes the progress of the photocatalytic reac-
tion.”> Excellent photocatalysts not only have high catalytic
activity but also should have good stability performance. As
shown in Fig. 5f, the stability of t-MCSW-7 and t-MCS was
assessed with long-term cycling experiments. After seven
cycles of photocatalytic reaction, compared to the pristine
t-MCS, the hydrogen production activity of t-MCSW-7 shows a
slight decrease to about 9%, which suggests that the
t-MCSW-7 heterojunction maintains high stability. The result
is due to the introduction of Ov-WO; suppressing photo-cor-
rosion of t-MCS and further improving photostability. In
addition, the activity of t-MCSW-7 decreases after multiple
cycles, which may be mainly due to the loss of the sample
during centrifugation and recovery processes. XRD patterns
and the S 2p XPS spectrum of t-MCSW-7 after the reaction
further reveal the photostability (Fig. 5g and h). Compared to
the XRD pattern before the reaction, diffraction peaks of
t-MCSW-7 do not significantly change after cycling. S, was not
detected in the S 2p XPS spectrum. The results suggest
t-MCSW-7 shows excellent structural stability.

3.4. Photoelectrochemical properties analysis

To understand the dynamics of charge carrier separation,
steady-state fluorescence and time-resolved fluorescence
spectra of samples were collected at an excitation wavelength
of 375 nm. Compared with the fluorescence signal of pure
t-MCS, t-MCSW-7 exhibits a significant fluorescence quench-
ing phenomenon (Fig. 6a), indicating a slow rate of charge
carrier recombination in the composite material, demonstrat-
ing more effective charge separation, and leading to the
improvement of photocatalytic hydrogen production.’*>*>°
Meanwhile, the absolute fluorescence quantum yield (®p;) of
t-MCSW-7 (0.31%) is lower than that of single t-MCS (1.33%).
Fig. 6b shows the fluorescence decay curves. The corres-
ponding lifetimes obtained by double exponential fitting are

a bwoo =
%,,=375 nm o, -
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Fig. 6 (a) Steady-state fluorescence spectra (PL), (b) Time-resolved
photoluminescence spectra (TRPL), (c) transient photocurrent density
curves, and (d) electrochemical impedance-Nyquist plots of samples.
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presented in Table S3.f 7; and 7, represent faster and slower
decay times. The faster component is assigned to the direct
formation of electrons and holes, while the slow component
(72) corresponds to an indirect formation of self-trapped exci-
tons. The average lifetimes (rh.) of t-MCS, Ov-WO; and
t-MCSW-7 are 8.226 ns, 7.806 ns, and 8.879 ns, respectively.
The extension of the lifetime indicates that more photo-
induced carriers participate in the catalytic reactions before
recombination.>® The results indicate that triple-phase junc-
tions connected by homojunctions, heterojunctions and
oxygen vacancies can synergistically suppress photogenerated
carrier recombination in the bulk and surface, leading to a
long lifetime.

Transient photocurrent responses of the samples are pre-
sented in Fig. 6¢c. ttMCSW-7 has a larger photocurrent intensity
than single Ov-WO; sheets and pure t-MCS, respectively, indi-
cating the effective separation of photogenerated electron-hole
pairs. The EIS plots of different samples are presented in
Fig. 6d. Normally, the diameter of a Nyquist plot reflects the
magnitude of the charge transfer resistance of samples in the
working electrode. Generally speaking, a smaller radius of a
sample indicates a faster charge transfer rate. Compared to
original Ov-WO; and t-MCS, the t-MCSW-7 material has a
smaller radius, indicating the minimum charge carrier trans-
fer resistance. The above results indicate that multiphase inter-
faces and oxygen vacancies in t-MCSW-7 effectively accelerate
the separation and transfer of photogenerated carriers.

To investigate the charge transfer mechanism, ESR experi-
ments were performed with spin-trapping reagents. Samples
were dispersed in DMPO solutions to identify radical inter-
mediates ("OH and "0,7), respectively.””° "OH radicals and
‘0,~ radicals were generated at 2.34 eV (H, O + hyg" — "OH +
H") and —0.33 eV (O, + ecg~ = "O,7) vs. NHE, respectively.®® As
illustrated in Fig. 7a, after 10 min of irradiation, ESR signals
exhibit four characteristic peaks of DMPO-"OH for Ov-WO; and
t-MCSW-7, suggesting that photogenerated holes in the
samples react at a higher VB than the potential of H,O/"OH
pairs. On the other hand, as shown in Fig. 7b, DMPO-'0O," is
identified with six characteristic ESR signals for t-MCS and
t-MCSW-7, indicating electrons reacted at a lower CB than the
potential of the O,/°0,” couple. Comparing with Fig. 4f, the
VB of pure Ov-WOj; (2.65 eV) is positive compared to the poten-

a b
DMPO--OH =
mcs DMPO-0;,
- _ | tMcs
3 3
S [tMCSW-7 . . s
2 2 |t-MCSW-7
@ 2 £ x 2 A
c c A
5 g \_—_/\/\/\/\/\/\/___
= =
MLMM v,

3360 3380 3440 330 3380 3440

3400 3420 3400 3420
Magpnetic field (G) Magnetic field (G)
Fig. 7 ESR signal results of t-MCS, t-MCSW-7, and Ov-WOs3z samples
for DMPO-"OH detection analysis in the aqueous solution and

DMPO-"0," detection in methanol after 10 min of irradiation.
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tial of H,O/"OH pairs, while the CB of single t-MCS (—1.10 eV)
is more negative compared to the potential of the O,/°0,~
couple, and thus, DMPO-'OH and DMPO-'0O,” signals were
detected, respectively. For t-MCSW-7, both DMPO-"'OH and
DMPO-'0O,~ signals are clearly observed. The strong "O,” and
'OH  signals  verify the  mechanism  that the
t-MCSW-7 heterojunction conforms with the S-scheme band
structure, not the conventional Type-II.

The work function (@) is the crucial indicator for elucidat-
ing the charge transfer pathway between two
semiconductors.®®'"®® As illustrated in Fig. 8a and b, the
electrostatic potentials and optimal models of t-MCS and Ov-
WO; further clarify the carrier migrating process through
theoretical simulation. t-MCS (002) and Ov-WO; (200) have a
computed work function of 3.434 eV and 4.061 eV, respectively.
It is clear from the results that the Fermi level (E¢) of Ov-WO;
is more negative than that of t-MCS. The electrons on t-MCS
will flow to Ov-WO; when t-MCS and Ov-WO; are closely com-
bined until the Fermi levels are equivalent.”””°* This creates a
potential difference between t-MCS and Ov-WO3, with positive
charges accumulating on t-MCS and negative charges on Ov-
WO;. Therefore, an internal electric field is formed at the het-
erojunction interface between t-MCS and Ov-WO;. The direc-
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tion of the internal electric field is from t-MCS to Ov-WO;. At
the same time, in in situ XPS spectra, electrons drift from
t-MCS to Ov-WO; in the composite under dark conditions,
while all peaks for t-MCSW-7 are observed to move in the
opposite direction compared with that under dark conditions
under irradiation. Their results are consistent with the ESR
analysis, which indicates that t-MCS and Ov-WO; form an
S-scheme system.

Based on the above results, the photocatalytic charge trans-
fer mechanism diagram of t-MCS/Ov-WO; (t-MCSW) is illus-
trated in Fig. 8c. After the two semiconductors come into
contact, an internal electric field is formed at the heterojunc-
tion interface, and the band edge of t-MCS bends upwards due
to the loss of electrons, while the band edge of Ov-WO; bends
downwards because of the gaining of electrons. Under visible
light, photoinduced electrons are excited from the VB to the
CB of t-MCS and Ov-WO;, respectively. Photogenerated holes
remain in the VB. Within t-MCS, driven by the homojunction
interface, photogenerated electrons are transferred from the
CB of the WZ phase to the CB of the ZB phase.**** Driven by
the built-in electric field and energy band bending of the het-
erojunction interface,***® electrons enriched in oxygen
vacancies of Ov-WOj; are transferred to the VB of t-MCS, so the

5 5
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Fig. 8 Electrostatic potentials of t-MCS (002) (a) and Ov-WO3 (200) (b) planes (inset shows the structural model; the purple, deep purple, yellow,
red and gray spheres represent Cd, Mn, S, O and W atoms, respectively), (c) the proposed S-scheme carrier transfer mechanism over the

t-MCSW-7 heterostructure.
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electrons in the CB of t-MCS and holes in the VB of Ov-WO;
are efficiently separated. Finally, the electrons on the CB of the
ZB phase of t-MCS reduce H' to H,, and holes on the VB of Ov-
WO; oxidize the sacrificial agents. Therefore, the heterojunc-
tion endows the photoinduced electrons and holes with a
stronger redox ability to be retained, contributing to a more
significant photocatalytic hydrogen production performance
for the t-MCSW-7 composite.

4. Conclusions

In summary, a novel Mn, 5Cdg 5S/Ov-WO; (t-MCSW) composite
with nanotwin Mn,sCd,sS and Ov-WO; nanosheets of rich
oxygen vacancies was prepared using the hydrothermal
method for the first time. The presence of homojunctions and
heterojunctions enhances the separation of photogenerated
charge carriers. Meanwhile, the surface oxygen vacancies in
Ov-WO; nanosheets act as hole-capture centers and sites for
oxidizing the sacrificial agent, which further improves the
photostability of t-MCSW-7. In addition, the S-scheme hetero-
junction of t-MCSW provides a stronger reduction potential.
The hydrogen evolution rate of t-MCSW-7 reaches 194.2 mmol
g7' h™' in the Na,S/Na,SO; sacrificial agent environment,
which is four times higher than that of a single t-MCS
(48.8 mmol g™' h™). Cycling stability performance of
t-MCSW-7 has been greatly improved due to the export of
photogenerated holes resulting in the suppression of photo-
corrosion of the materials. This article provides a novel idea
for high-performance photocatalysts.
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