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ABSTRACT: Deposition of cocatalyst is an eﬃcient way for
photocatalytic water splitting to improve solar energy
conversion eﬃciency, and its deposition method has been
known to make a great eﬀect. In this work, we introduced a
sulfurization-assisted deposition method to load earth-abundant cobalt cocatalyst for the purpose of promoting water
oxidation performance of Sm2Ti2S2O5 oxysulﬁde that is
characterized with wide visible light absorption. The cobalt
deposition introduced here undergoes ﬁrst formation of CoSx
by sulfurization at high temperature and subsequent
conversion into CoOx by calcinations in air. Compared to
conventionally impregnated cobalt or IrO2 colloids, the
sulfurization-assisted cobalt deposition well maintains structure of photocatalyst and inhibits the formation of defect sites
leading to better separation of photogenerated carriers and water oxidation performance. The apparent quantum eﬃciency of the
optimized sample reaches 5.0% at 420 nm. The sulfurization-assisted deposition actually open a new way to modify the
(oxy)sulﬁde semiconductors.

■

INTRODUCTION
Semiconductor-based powder photocatalyst for water splitting
or reduction of CO2 is regarded as one of the ideal ways to
convert solar energy into chemical energy,1−4 among which
water oxidation process is the key challenging step.5,6 To
achieve eﬃcient water oxidation, loading of active oxidation
cocatalyst is necessary. Structures and chemical states of the
cocatalyst are very important factors aﬀecting the water
oxidation performance and both of which are greatly related
to the loading way of the cocatalyst onto the semiconductor.7,8
Thus, it is desirable to develop eﬀective deposition method
and/or processes to control the local structure of the deposited
cocatalysts.
Some noble metal oxides such as RuO29−12 and IrO213−16
have been found to be eﬃcient O2 evolution cocatalysts in
many photocatalytic systems, but eﬃcient cocatalysts composed
of only earth-abundant elements are still limited. Recently,
cobalt-based cocatalysts such as CoPi,17−19 NiCo2O4,20,21 and
CoOx22−24 have been reported to be active for photo(electro)chemical water splitting, showing potential to replace noble
metal oxides, and various preparation methods have been
reported.
© 2012 American Chemical Society

Some (oxy)nitrides and oxysulﬁdes have been developed as
potential water splitting materials with wide visible light
absorption.14,23,25−30 In order to improve water oxidation
activity of these materials, a series of metal oxides have been
deposited as oxidation cocatalysts by impregnation or
absorption methods.31−34 Oxysulﬁde Sm2Ti2S2O5 (STSO) is
a kind of visible light-driven photocatalysts with a band gap of
2.0 eV and shows stable photocatalytic H2 or O2 evolution in
the presence of sacriﬁcial reagents.27,28,35 Although IrO2
colloidal was found to be the best water oxidation cocatalysts
on it, its photocatalytic water oxidation activity is still low.27,28
Herein, we will introduce a novel sulfurization-assisted
deposition method for loading cobalt oxide as cocatalyst on
Sm2Ti2S2O5 oxysulﬁde. Diﬀerent from conventional impregnation process, the cobalt deposition in this work undergoes the
formation of CoSx by sulfurization at high temperature and
subsequent conversion into CoOx by calcination in air.
Compared to conventionally impregnated cobalt oxide or
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the optimal cobalt content was also examined as 2 wt %. The
photocatalyst is here remarked as CoOx(imp)/STSO. In
addition, IrO2 colloid with optimized content of 2 wt % was
adsorbed on the surface of STSO as cocatalyst, and the catalyst
is denoted as IrO2/STSO. If it is not specially stated, the
content of the cocatalyst in this work are all calculated by the
metal weight.
Preparation of Photoelectrodes. The STSO and
CoOx(in)/STSO ﬁlm electrodes (1 × 1 cm2) were prepared
on FTO substrate by electrophoretic deposition. Typically, the
electrophoretic deposition was carried out in an acetone
solution (75 mL) containing powder samples (100 mg) and
iodine (20 mg), which was dispersed by sonication for 15 min.
The FTO electrode was immersed, parallel with the Pt
electrode, the distance between two electrode was 5 cm, and
20 V of bias was applied for 1 min using a potentiostat (ITECH
IT6834). The electrode was dried and then calcined at 573 K
for 1 h.
Photocatalytic Reactions for Water Oxidation. The
photocatalytic water oxidation performances were performed
with a Pyrex reactor at room temperature and carried out in a
closed gas circulation and evacuation system using a 300 W Xe
lamp (Ushio-CERMAXLX300) and optical cutoﬀ ﬁlter (Kenko,
L-42; λ ≥ 420 nm). Normally, 0.10 g of photocatalyst was
dispersed in 150 mL of 0.02 M aqueous AgNO3 solution in a
Pyrex reaction cell and thoroughly degassed by evacuation in
order to drive oﬀ the air inside. 0.20 g of La2O3 was used to
adjust the pH value to 8.5.27,28 The amount of evolved O2 was
determined by an online gas chromatograph (Agilent, GC7890, TCD, Ar carrier). The amount of O2 evolved in the ﬁrst
hour was measured to evaluate the photocatalytic activity of the
samples.
Photoelectrochemical Measurements. Photoelectrochemical performances of STSO and CoOx(in)/STSO electrodes were measured in a three-electrode setup in a 0.1 M NaOH
solution (pH = 13.0). The counter electrode was Pt electrode,
and the reference electrode was saturation mercury electrode
(SCE). For linear sweep voltammetry, the potential was swept
with scan rate of 10 mV/s. A 300 W Xe lamp (CERMAX,
LX300) and optical cutoﬀ ﬁlter (Kenko, L-42; λ ≥ 420 nm)
were used as light source.
Quantum Eﬃciency Measurement. The apparent
quantum eﬃciency (AQE) was measured using a Pyrex topirradiation-type reaction vessel and a 300 W xenon lamp ﬁtted
with a 420 nm band-pass ﬁlter. Photocatalytic water oxidation
was examined using an aqueous solution (150 mL) containing
0.20 g of CoOx (in)/STSO, 0.20 g of La2O3, and 0.01 M
AgNO3 reagents. The number of photons reaching the solution
was measured with a Si photodiode. Quantum eﬃciency (Φ)
values were calculated using the equation

IrO2 colloids, the sulfurization-assisted cobalt deposition shows
much higher water oxidation performance. After the
optimization of the cobalt content and deposition way, the
photocatalytic O2 evolution activity of CoOx(in)/STSO can be
enhanced by about 16 times of the parent STSO photocatalyst
and 6 times of CoOx(imp)/STSO, which was prepared by
traditional impregnation method. The apparent quantum
eﬃciency of CoOx(in)/STSO in the ﬁrst hour irradiation is
measured at 5.0% at 420 nm, which is the highest O2 evolution
eﬃciency for oxysulﬁdes reported so far.

■

EXPERIMENTAL SECTION
Preparation of Photocatalysts. The synthesis of
Sm2Ti2S2O5 is similar to that in previous report.35−37 Generally,
it involves two steps: (i) synthesis of an amorphous oxide
precursor by a polymerized complex method and (ii)
sulfurization of the oxide precursor under an H2S ﬂow. The
oxide precursor was synthesized by the polymerized complex
(PC) method with typical processes as follows: 0.02 mol of
titanium tetraisopropoxide (Kanto Chemicals Co., Purity
98.0%) was dissolved in 0.2 mol of ethylene glycol (Kanto
Chemicals Co., Purity 99.0%) at room temperature, and 0.3
mol of anhydrous citric acid (Wako Pure Chemicals, Purity
99.5%) was then added and the mixture was heated at 333 K
until it was completely dissolved. Subsequently, 0.02 mol of
Sm(NO3)3·6H2O (Kanto Chemicals Co., purity 99.0%) and 20
mL of methanol were added to the solution in that order. The
mixture was stirred at 403 K until a transparent gel was formed.
The polymer was carbonized at temperatures of 573 K for 1 h
and ﬁnally annealed at 773 K for 12 h to completely remove the
carbon. The as-prepared samples were denoted as “STO”. The
STO precursor was sulfurized at 1223 K for 1 h under a ﬂow of
H2S (10 mL/min). Postcalcination for 2 h in air at 573 K was
then carried out to remove any sulfur species adsorbed on the
surface of the photocatalyst. The as-prepared sample is denoted
as “STSO”. Similarly, 2 wt % cobalt doped STSO sample was
also prepared for comparison. Meanwhile, the cobalt nitrate as
precursor will be added once the transparent gel was formed
during the synthesis of STO.
Deposition of Cocatalysts. Cobalt oxide as cocatalyst was
deposited under the assistance of sulfurization by two diﬀerent
routes: one is called in situ, and the other is ex situ. The in situ
cobalt deposition was achieved simultaneously as the synthesis
of Sm2Ti2S2O5 (STSO). Typically, Sm2Ti2O7 (STO) was
prepared by the PC method, on which a diﬀerent amount of
cobalt nitrate was impregnated. Subsequently, the cobalt
impregnated STO (Co-STO) was sulfurized at 1223 K for 1
h under the ﬂow of H2S (10 mL/min). Postcalcinations in air at
573 K for 1 h were then carried out to convert surface cobalt
species into oxide. The as-achieved sample is denoted as
CoOx(in)/STSO. As for the ex situ cobalt deposition, STSO
powder was ﬁrst prepared by sulfurizing the STO precursor as
above-described, and a calculated amount of cobalt nitrate was
then impregnated onto its surface. The impregnated powder
was further transferred into a quartz tube for sulfurization under
the ﬂow of H2S at 773−1073 K for 1 h. The as-sulfurized
powder was annealed in air at 373−673 K for 1 h. In this work,
the temperature eﬀect of the sulfurization and calcinations was
evaluated by the water oxidation performance, and the optimal
values are 973 and 573 K, respectively, which are therefore used
in this work if it is not specially stated. The as-achieved sample
is denoted as CoOx(ex)/STSO. As a comparison, cobalt oxide
was also deposited by conventional impregnation method, and

Φ (%) = (AR /I ) × 100%

where A, R, and I represent the coeﬃcients (4 for O2
evolution), the O2 evolution rate (mol h−1), and the rate of
absorption of incident photons, respectively. Here, Φ is the
apparent quantum eﬃciency because we assume that all
incident photons are absorbed by the suspension.
Characterization of Catalyst. The existing states of the
deposited cobalt were characterized by X-ray photoelectron
spectroscopy (XPS) measurements, using a VG ESCALAB
MK2 spectrometer with monochromatized Al Kα excitation.
The binding energy (284.6 eV) of the C 1s peak was used as
reference. A Raman spectrum was carried out on Renisha377
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Scheme 1. Speciﬁc Experiment for the in Situ and ex Situ Cobalt Deposition

winVia Raman microscope. High-resolution TEM (HRTEM)
micrographs were taken on a JEM-2000eX transmission
electron microscope. X-ray powder diﬀraction (XRD) was
carried out on a Rigaku D/Max-2500/PC powder diﬀractometer. The sample powder was scanned using Cu Kα
radiation with an operating voltage of 40 kV and an operating
current of 200 mA. The scan rate of 5°/min was applied to
record the patterns in the range of 10°−80° at a step size of
0.02°. Photoluminescence spectroscopy was measured at 77 K
under 400 nm excitation using an FP-6600 instrument (Jasco).
The transient IR absorption signals were recorded on the
Nicolet 870 FTIR spectrometer with the MCT detector. The
pulse laser at 355 nm (1 Hz, 3 mJ/pulse) was used to excite the
samples. The wavelength of the detection of IR absorption is
from 1000 to 4000 cm−1. The synchronization between laser
excitation and data acquisition was achieved with a Stanford
Research Model DG535 pulse generator.

■

RESULTS AND DISCUSSION
In order to well understand the sulfurization-assisted cobalt
deposition eﬀect, two experimental procedures were used and
compared, which are called here as “in situ” and “ex situ” cobalt
deposition process, respectively. The as-prepared samples are
correspondingly denoted as CoOx(in)/STSO and CoOx(ex)/
STSO, respectively. The cobalt deposition processes are
summarized in Scheme 1. The diﬀerence of the in situ and ex
situ cobalt deposition processes lies in the cobalt deposition
achieved during or after the preparation of STSO.
Figures 1a and 1b show the XRD patterns and UV−vis
spectra of STSO separately, from which single phase of wellcrystallized STSO particles with absorption edge of about 600
nm can be demonstrated. Compared to the XRD diﬀraction
peaks of the parent STSO, similar patterns and widths are
observed for the cobalt-modiﬁed STSO samples shown in
Figure 1c, demonstrating the oxysulﬁde structure is kept after
the cobalt modiﬁcation. In the magniﬁed view of XRD patterns
(Figure 1d), however, the diﬀraction peak of the CoOx(in)/
STSO sample is slightly shifted to higher degree by 0.1° with
respect to STSO, demonstrating that the cobalt atoms are
partially incorporated into the crystal lattice of STSO to replace
Ti atoms. In consideration of the similarity of ion radii between
Ti4+ and Co2+ (Ti4+: 74.5 pm; Co2+: 74.0 pm; Co3+: 68.5 pm;
and Co4+: 67.0 pm), the obvious diﬀraction shift is proposed to
result from the substitution of Ti4+ by cobalt ions with higher
valences such as Co3+ or Co4+. It should be mentioned that the
coordination numbers of Sm3+ and Ti4+ ions in STSO are 12
and 6, respectively, and it is diﬃcult for cobalt ions to have 12coordinated state, so the substitution of cobalt to samarium
atoms is impossible. The substitution of Co to Ti atoms is
further conﬁrmed by the similar diﬀraction shift in the XRD
patterns of Co-doped STSO photocatalyst that was prepared by
sulfurizing Co-doped STO (PC method) sample. The ex situ

Figure 1. Various characterizations of STSO and cobalt-modiﬁed
STSO samples: (a) XRD patterns; (b) UV−vis spectra; (c, d) XRD
patterns of the STSO samples: (a) STSO, (b) CoOx(ex)/STSO, (c)
Co-doped STSO, (d) CoOx(in)/STSO.

cobalt deposition does not cause obvious shift of diﬀraction,
demonstrating its little or no cobalt doping. No additional
peaks associated with cobalt additives are observed for all the
samples presumably owing to the low content of the deposited
cobalt.
The formation of cobalt oxide on the surface of STSO
sample was determined by high-resolution TEM (HRTEM),
XPS spectroscopy, and Raman spectroscopy. The cobalt oxide
nanoparticles on the surface of STSO powder are directly
observed by the HRTEM micrograph in Figure 2, where the
lattice spaces of the fringes (d = 0.206, 0.237, or 0.287 nm) well
correspond to the (400), (222), and (200) crystal facets of
Co3O4, respectively. It should be mentioned that some CoO
oxides (d = 0.215 or 0.222 nm) and aggregated cobalt oxides
are also observed (Figure S1). For simplicity, the deposited
cobalt is thus described as CoOx. Typical XPS spectra show
that the binding energies of Co 2p3/2 and Co 2p1/2 peaks are
located at 780.9 and 786.9 eV, respectively (Figure S2), which
are in good accordance with the positions of both Co2+and
Co3+ reported in the literature,23,38,39 and the satellite peak at
787.5 eV is a characteristic feature of Co(II) ions. In addition,
the formation of cobalt oxide is further evidenced by the Raman
spectrum of CoOx(in)/STSO together with the parent STSO,
Co3O4, and Co3S4 samples as references shown in Figure 3,
where the Raman band at 691 cm−1 is ascribed to the Co3O4.40
To better understand the formation process of cobalt oxide,
the conversion of cobalt precursor Co(NO3)2 without addition
of STSO photocatalyst was examined by a similar procedure to
378
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Table 1. Inﬂuence of Cocatalysts on the O2 Evolution of
STSO Photocatalysta
entry
1
2
3
4
5
6

cocatalyst
none
2 wt %
1 wt %
2 wt %
2 wt %
2 wt %

CoOx(in)
CoOx(ex)
CoOx(imp)
IrO2
Co-doped

O2 evolution rate (μmol/h)
10
163
65
29
46
38

a
Reaction conditions: catalyst, 0.10 g (0.20 g of La2O3 as a buﬀer);
reaction solution, aqueous silver nitrate solution (0.02 M, 150 mL);
light source, xenon lamp (300 W) with cutoﬀ ﬁlter; reaction vessel,
top-irradiation type; 1 h irradiation.

the parent STSO sample. Similarly, the conventionally
impregnated cobalt or adsorption of IrO2 colloids can improve
the photocatalytic water oxidation performance, but the
promotion eﬀect is not as evident as the sulfurization-assisted
sample here, especially for the in situ process. In addition, the
Co-doped STSO photocatalyst shows higher water oxidation
performance than the parent STSO one, indicating availability
of cobalt ion doping in promoting water oxidation. It should be
pointed out that the CoOx itself does not work for water
oxidation even in the AgNO3-containing aqueous solution with
or without light irradiation. The apparent quantum eﬃciency
on the 2 wt % CoOx(in)/STSO sample was measured as 5.0%
at 420 nm. To the best of our knowledge, this is the highest O2
evolution eﬃciency achieved on the oxysulﬁdes.
Time course of O2 evolution on the CoOx(in)/STSO sample
was shown to evaluate the stability of photocatalyst (Figure S5).
No reaction took place in the dark, and the gas evolution began
with the onset of light. The rate of O2 evolution decreased with
the increasing reaction time because the photocatalyst was
covered with the reduced metal Ag, hindering light absorption
and decreasing the number of active sites available. Similar
experimental phenomena have been reported in previous
references using AgNO3 as the electron scavenger.23,41−44 No
obvious changes in the XRD patterns (not given) were
observed for the CoOx(in)/STSO samples before and after
reactions except that some new peaks assigned to La2O3 added
appear in the sample after reaction, indicating good stability of
our sample. Similar stability of the photocatalyst was observed
in previous reports.27,28
To know about the promotion eﬀect of the deposited cobalt
on the water oxidation, several experiments were performed.
The photoelectrochemical performance of the STSO and
cobalt-modiﬁed STSO electrodes are compared. The cobaltmodiﬁed STSO electrode gives a much higher anodic
photocurrent upon visible light irradiation and a more negative
photocurrent onset potential with respect to the bare STSO
electrode (Figure 4). This indicates that CoOx deposited on the
surface of STSO does indeed promote the water oxidation as an
eﬃcient cocatalyst. Another reference experiment also indicates
that when the cobalt-modiﬁed STSO sample was not subject to
postcalcination in air, the photocatalyst shows almost the same
O2 evolution activity as bare STSO, indicating that CoSx is not
eﬃcient for O2 evolution. The photocatalytic activity of
diﬀerent samples with diﬀerent calcination temperature was
also be examined (Figure S6). As the calcination temperature
increased, the higher O2 evolution activity was obtained, and at
573 K, it reached the best performance. With further increase of
temperature, the activity was decreased, which may due to the

Figure 2. High-resolution TEM image of CoOx(in)/STSO.

Figure 3. Raman spectra of CoOx(in)/STSO, STSO, Co3O4, and
Co3S4 samples as references.

the ex situ cobalt deposition. As indicated by the XRD patterns
and Raman spectra (Figure S3), cobalt oxide Co3O4 was
initially formed owing to thermal decomposition of cobalt
nitrate at high temperature annealing and which will be
converted into CoSx (Co3S4 and rare CoS, denoted as CoSx)
after the sulfurization at 1023 K under the ﬂow of H2S.
Afterward, the formed CoSx is transformed into Co3O4 oxide
again after postcalcination in air at 573 K. It is therefore
reasonable to deduce that the formation of CoOx oxide on the
CoOx(in)/STSO photocatalyst undergoes ﬁrst decomposition
of cobalt nitrate into Co3O4 and subsequent sulfurization to
form CoSx which was ﬁnally oxidized into CoOx.
Table 1 compares photocatalytic water oxidation performances of STSO samples without and with diﬀerent cocatalysts
under visible light irradiation in the presence of AgNO3 as
electron acceptor. The parent STSO sample shows very low
photocatalytic O2 activity, while the in situ and ex situ cobalt
deposition lead to obvious enhancement of O2 evolution
activity, demonstrating clear promotion eﬀect on the O2
evolution activity. It is interesting to note that the promotion
eﬀect is strongly dependent on the amount of loaded cobalt,
and the optimal cobalt loading values are 2 and 1 wt % for the
in situ and ex situ cobalt deposition, respectively (Figure S4).
The maximal activity of O2 evolution (163 μmol/h) is achieved
by the in situ cobalt deposition, which is about 16 times that of
379

dx.doi.org/10.1021/jp310138b | J. Phys. Chem. C 2013, 117, 376−382

The Journal of Physical Chemistry C

Article

results, the reduced photoluminescence intensities in both Codoped STSO and CoOx(in)/STSO samples can be ascribed to
prevention of defect sites formation by the cobalt substitution.
Oppositely, the increase of the PL intensities in the
CoOx(imp)/STSO and CoOx(in)/STSO samples should
originate from production of new defect sites during the
calcinations and additional sulfurization process used for the
cobalt deposition.
In order to further understand the inﬂuences of the cobalt
doping and/or deposition on the dynamics of photogenegrated
charge carries, time-resolved infrared absorption (TR-IR)
measurements were conducted. The electron−hole recombination kinetics observed by TP-IR spectroscopy (Figure 6) show

Figure 4. Photoanode currents of STSO electrodes with and without
cobalt loading in 0.1 M NaOH aqueous solution (pH = 13.0). Scan
rate: 10 mV s−1.

oxidative degradation of the oxysulﬁde structure (Figure S7).
This result indicates that the conversion of CoSx into CoOx in
the step 3 is necessary for the water oxidation. That is to say,
the CoOx, not CoSx, is the active cocatalyst for water oxidation.
Compared to the bare STSO powder, the surface area of the
CoOx(in)/STSO sample is slightly decreased from 6.0 to 5.4
m2/g, demonstrating its unfavorable contribution to water
oxidation performance (Table S1).
Photoluminescence (PL) spectra were used to further
examine the inﬂuence of cobalt doping and/or deposition on
the structure of the photocatalysts (Figure 5). The unmodiﬁed

Figure 6. Time-resolved infrared absorption (TR-IR) measurements
of several typical samples: (a) STSO; (b) CoOx(imp)/STSO; (c) Codoped STSO; (d) CoOx(ex)/STSO; and (e) CoOx(in)/STSO. The
pulse laser at 355 nm (1 Hz, 3 mJ/pulse) was used to excite the
samples.

that the lifetime of long-lived photogenerated electrons in the
microsecond time scale for CoOx(in)/STSO is much longer
than other samples. The lifetimes of the exited electrons on
CoOx(ex)/STSO, Co-doped STSO, and CoOx(imp)/STSO
samples are enhanced to a diﬀerent extent with respect to the
parent STSO sample, and charge carriers with longer lifetime
correspond to higher water oxidation activity in Table 1. Such
long-lived electrons are most likely responsible for the
enhancement in the photocatalytic activity.45−47 Both CoOx
cocatalyst and cobalt doping play roles in separating the
photogenerated electrons and holes, as should be responsible
for the promotion of water oxidation. In this work, the in situ
cobalt deposition not only produces CoOx cocatalsyt as active
sites but also leads to part cobalt doping to inhibit formation of
Ti3+ ions as defect sites, so the CoOx(in)/STSO photocatalyst
shows the highest O2 activity. Compared to the in situ cobalt
deposition, the ex situ cobalt deposition can also create CoOx
cocatalyst for eﬃcient separation of photogenerated carriers,
but it undergoes an additional sulfurization process to form
increased defect sites indicated by the PL measurement, and it
shows moderate O2 evolution activity. However, the conventional cobalt impregnation just promotes slightly the separation
of carriers but causes more defect sites, so its promotion eﬀect
is the least obvious among all the cocatalysts examined.

Figure 5. Photoluminescence spectra measured at 77 K with 400 nm
excitation: (a) STSO; (b) CoOx(in)/STSO; (c) CoOx(imp)/STSO;
(d) Co-doped STSO; and (e) CoOx(ex)/STSO.

STSO sample generated luminescence centered at 827 nm
upon excitation with 400 nm photons, similar to previous
observation.37 An obvious reduction in photoluminescence
intensity without changing the maximum wavelength is
observed for both Co-doped STSO and CoOx(in)/STSO
samples, while the PL intensities on the CoOx(imp)/STSO and
CoOx(ex)/STSO samples are both increased. It means that the
cobalt doping or in situ cobalt deposition can eﬃciently
passivate the defect sites that generally act as electron−hole
recombination centers, while the conventional cobalt impregnation or ex situ sulfurization-assisted deposition leads to
increased amount of defect sites. Since partial doping of Co to
substitute Ti atoms has been indicated by the above XRD
380
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CONCLUSIONS
In summary, cobalt oxide is found to be eﬃcient cocatalyst for
photocatalytic water oxidation on the CoOx/Sm2Ti2S2O5
catalyst under visible light irradiation. A remarkable promotion
of O2 evolution rate is achieved and ascribed to novel
deposition of cobalt cocatalyst by the sulfurization-assisted in
situ or ex situ processes. The in situ cobalt deposition
introduced in this work not only produces active CoOx
cocatalysts but also maintains the structure of photocatalyst
and inhibits formation of defect sites; all of the advantages
together contribute to the highest water oxidation performance
among the oxysulﬁde photocatalysts to date. The apparent
quantum eﬃciency is 5.0% at 420 nm, which is the highest O2
evolution eﬃciency for oxysulﬁdes reported so far. The
sulfurization-assisted cobalt deposition is expected to be a
promising way of loading modiﬁers to fabricate (oxy)sulﬁdebased composites.
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