
One-Step Sublimation and Epitaxial Growth of CdS-Cd
Heterogeneous Nanoparticles on S‑Doped MoO2 Nanosheets for
Efficient Visible Light-Driven Photocatalytic H2 Generation
Hui Liu,†,‡,§ Jiayuan Yu,§ Yuke Chen,‡ Ziqian Zhou,§ Guowei Xiong,‡ Lili Zeng,§ Haidong Li,∥

Zhen Liu,‡ Lili Zhao,‡ Jingang Wang,‡ Benli Chu,*,† Hong Liu,*,‡,⊥ and Weijia Zhou*,‡,§

†School of Physics and Telecommunication Engineering, South China Normal University, Guangzhou Higher Education Mega
Center, Guangzhou, Guangdong 510006, P. R. China
‡Collaborative Innovation Center of Technology and Equipment for Biological Diagnosis and Therapy in Universities of Shandong,
Institute for Advanced Interdisciplinary Research (iAIR), University of Jinan, Jinan 250022, P. R. China
§Guangzhou Key Laboratory for Surface Chemistry of Energy Materials, New Energy Research Institute, School of Environment and
Energy, South China University of Technology, Guangzhou Higher Education Mega Center, Guangzhou, Guangdong 510006, P. R.
China
∥College of Materials Science and Engineering, Qingdao University, Qingdao 266071, P. R. China
⊥State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, P. R. China

*S Supporting Information

ABSTRACT: As a green, pollution-free, and renewable clean energy source, photocatalytic H2 production has attracted great
attention. Here, epitaxial growth of pyramidal CdS-Cd nanoparticles on S-doped MoO2 nanosheets (CdS-Cd/S-MoO2) was
prepared by one-step co-sublimation of CdS and MoO3. The photogenerated electrons of CdS as a photocatalyst are transferred
to Cd and S-MoO2 as co-catalysts for H2 production, which is observed by surface photovoltage (SPV) under visible light
irradiation. At last, the obtained CdS-Cd/S-MoO2 presented an efficient photocatalytic performance under the visible light
(>420 nm) with a prominent H2 generation rate of as high as 24.98 μmol h−1 mg−1, which is 11 times higher than that of the
CdS-Cd nanoparticles (2.26 μmol h−1 mg−1), and it is superior than that of the CdS (1.51 μmol h−1 mg−1).
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1. INTRODUCTION

At present, environmental problems are getting worse due to
the population explosion and industrial development; as a
result, energy demand becomes urgent. As a renewable and
clean energy source, H2 production is a hot topic in research.
Photocatalytic water splitting for H2 production is considered
to be the most promising way. Since TiO2 was first reported as
a catalyst for photocatalytic water splitting to H2 production in
1972,1 semiconductors for photocatalytic H2 production have
been extensively studied.2−7 Among them, cadmium sulfide
(CdS) as a semiconductor with a suitable band gap of 2.4 eV
has a good visible light absorption range, and electrical
conductivity for photocatalytic H2 production has drawn
intensive attention.8−12 In the past decades, plenty of
modification methods have been widely proposed, including
the fabrication of nanostructured CdS,13 constructing semi-
conductor heterojunctions,14−19 and coupling with car-
bons.20,21 Shang et al. reported that metal Cd nanosheets

with thicknesses ranging around 30−50 nm were transformed
into CdS nanoparticles decorated Cd nanosheet heterostruc-
tured photocatalysts (CdS NP/Cd NSs) by an oxidation−
sulfurization process, which showed significantly enhanced
activity in visible light-driven photocatalytic H2 production
because of the electrical conductivity and efficient charge
carrier separation among the rectifying Schottky junctions
formed between the CdS NP absorbers and Cd NSs.22

Co-catalysts, supporting on semiconductor photocatalysts,
can greatly improve the activity of the catalysts. It is an
effective way to restrain charge carrier recombination.23−27 It is
generally believed that noble metals, such as platinum, can
effectively be photodeposited on cadmium sulfide photo-
catalysts.28 The obtained quantum efficiency of photocatalytic
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H2 generation is very high due to the promotion of charge
separation and the improvement of H2 production kinetics.
Layered transition metal dichalcogenide nanosheets, as another
kind of cocatalysts, such as MS2 (M = W or Mo),29−33

exhibited remarkable performance toward electrocatalytic H2
evolution. Chen et al. reported a facile one-pot wet chemical
method for the preparation of MS2-CdS (M = W or Mo)
nanohybrids, in which a single-layer MS2 nanosheet was
selectively grown on the surface of the CdS-rich (001). These
MS2-CdS nanohybrids with a large number of active edge sites
on the MS2 layers with a lateral size of 4−10 nm possess
enhanced photocatalytic performance under visible light
irradiation (>420 nm) and catalytic stability.34 However, the
synthesis of CdS photocatalysts containing non-noble metal
co-catalysts on a large scale via green technology is still
required.
Consequently, we fabricated CdS-Cd nanopyramid deco-

rated S-doped MoO2 nanosheets (CdS-Cd/S-MoO2-55%) by a
one-step sublimation of CdS and MoO3. It is worth noting that
the one-step and large scale of the synthesis process were
simple and environment-friendly, which avoided producing
sulfurous waste liquid and waste gas. The CdS-Cd/S-MoO2-
55% was composed of CdS nanoparticles as photocatalysts and
Cd and S-MoO2 nanosheets as co-catalysts, which showed
efficient photocatalytic H2 generation performance under the
visible light (>420 nm). The corresponding H2 production rate
of CdS-Cd/S-MoO2-55% was 24.98 μmol h−1 mg−1, which is
11 times higher than that of the CdS-Cd nanoparticles (2.26
μmol h−1 mg−1), and it is superior than that of the CdS (1.51
μmol h−1 mg−1). UV−vis absorption spectra and UPS spectra
confirmed the enhanced light absorption capability and energy
band matching structure of CdS-Cd/S-MoO2. The photo-

luminescence spectra and atomic force microscope also
confirmed the effective photoelectric charge efferent character-
istics between CdS-Cd nanopyramids and S-doped MoO2
nanosheets.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals in this work were of analytical grade

and were used without further purification. Cadmium sulfide (CdS),
molybdenum trioxide (MoO3), sodium sulfide nonahydrate (Na2S·
9H2O; AR), and sodium sulfite (Na2SO3; AR) were purchased from
Sinopharm Chemical Reagents Beijing Co. Ltd.

2.2. Preparation of CdS-Cd Nanoparticle Decorated S-
Doped MoO2 Nanosheets (CdS-Cd/S-MoO2). CdS powder (30
mg) was put in front of the MoO3 powder, and both of them were put
in the heating area of a tubular furnace. The Ar gas was pumped into
the tube to remove air, and then rapidly heated up to 900 °C (20 °C/
min). After that, the calcination temperature was kept at 900 °C for
30 min in the atmosphere of 10% H2/Ar (200 sccm). A large amount
of black powder was blown into the low temperature zone (30 °C) of
the tubular furnace, which was collected as CdS-Cd nanoparticle
decorated S-doped MoO2 nanosheets (CdS-Cd/S-MoO2), and the
yield was about 80%. Samples (431 mg) were synthesized by
increasing the amount of the reactant (300 mg of MoO3 powder and
300 mg of CdS powder), and the existing morphology and structure
can still be maintained, as shown in Figure S1, but the yield will be
reduced to about 71.8%. The loading ratio of CdS onto MoO2 was
adjusted by setting the amount of MoO3 (30 mg) and changing that
of CdS (10, 20, 30, and 40 mg). Because CdS and Cd can be
dissolved by the concentrated hydrochloric acid, the CdS-Cd loading
amounts of the different product were calculated, as shown in Table
S1. The samples were named as CdS-Cd/S-MoO2-15%, CdS-Cd/S-
MoO2-40%, CdS-Cd/S-MoO2-55%, and CdS-Cd/S-MoO2-75%. The
results were basically consistent with those calculated from EDS
element mapping, as shown in Figure S2. In addition, some samples
were synthesized for comparison. The pure MoO2 nanosheets and

Figure 1. (a) TG/DSC curve of MoO3 and CdS sublimation. (b) Schematic of the one-step sublimation synthesis of CdS-Cd/S-MoO2. (c) XRD
patterns of CdS-Cd, S-MoO2, and CdS-Cd/S-MoO2-55%. FESEM images of (d) S-MoO2 nanosheets and (e, f) CdS-Cd/S-MoO2-55%. (g) AFM
topography image. (h) 3D diagram of CdS-Cd/S-MoO2-55%.
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CdS-Cd particles were synthesized without CdS and MoO3 by the
similar process of CdS-Cd/S-MoO2-55%. The pure CdS particles
were synthesized by the similar process of CdS-Cd/S-MoO2-55%,
while the Ar gas was used instead of 10% H2/Ar. The S-doped MoO2
nanosheets (S-MoO2) were prepared in the sublimation of MoO3
powder with 10% H2S/Ar gas.

3. RESULTS AND DISCUSSION
As we know, the cadmium sulfide and molybdenum trioxide
possessed the sublimation character at high-temperature
calcination, which were ∼800 °C for CdS and ∼790 °C for
MoO3, respectively, confirmed by the thermogravimetric
differential scanning calorimeter (TG/DSC) in Figure 1a.
The S-doped MoO2 (S-MoO2) nanosheets were synthesized
by annealing MoO3 powders with 10% H2/Ar and 10% H2S/
Ar gas at 900 °C confirmed by XRD (PDF #73-1249; Figure
1c), which possessed characteristic peaks at 18.42, 26, and
37.22° attributed to the (100), (011), and (002) of MoO2,
respectively.35 The obtained S-MoO2 exhibited a hexagonal-
shape nanosheet with a few micrometers and smooth margins
and surfaces (Figure 1d). As shown in Figure S3, the EDS
element mapping of Mo, O, and S in S-MoO2 proved that S
successfully doped into MoO2 nanosheets. The pure MoO2
nanosheets were prepared by 10% H2/Ar gas without H2S,
which possessed the similar morphology and crystal structure,
as shown in Figure S4. In the absence of MoO2 nanosheets, the
large CdS-Cd blocks were obtained by the same process
without regular morphology (1−5 μm; Figure S5). As XRD
and SEM images are shown in Figure S6, CdS nanoparticles
were synthesized by Ar instead of 10% H2/Ar, which were
aggregated into large blocks. In Figure 1c, the XRD diffraction
peaks at 24.9, 26.6, 28.3, 36.8, and 43.9° were attributed to
(100), (002), (101), (102), and (110) crystal facets of CdS
(PDF #80-0006), respectively, and 31.8, 34.7, and 38.3° were
attributed to (002), (100), and (101) crystal facets of metallic
Cd (PDF #85-1328), respectively. Because of the similar
sublimation temperature of CdS and MoO3, the hetero-
structure of CdS-Cd nanoparticle decorated S-doped MoO2
nanosheets (CdS-Cd/S-MoO2-55%) was synthesized during
the calcination at 900 °C, which is shown in Figure 1b. When

CdS and MoO3 were simultaneously sublimated in an Ar-H2
(10% H2) atmosphere at 900 °C, the hexagonal nanosheets
decorated with nanoparticles are observed by FESEM images
in Figure 1e,f. The XRD patterns of CdS-Cd/S-MoO2-55% in
Figure 1c showed the characteristic peaks of MoO2

35 at 18.42,
26, and 37.22°, the characteristic peaks of CdS at 24.9, 26.6,
28.3, 36.8, and 43.9°, and the characteristic peaks of Cd at
31.8, 34.7, and 38.3°. Thus, the nanoparticles on MoO2
nanosheets were speculated as CdS-Cd composites. The
CdS-Cd nanoparticles possessed sizes of 20−60 nm due to
the restriction and supporter effect of MoO2 nanosheets. At
last, the loading amount of CdS on MoO2 nanosheets can be
controlled by adjusting the precursor mass ratios between CdS
and MoO3, the FESEM images and XRD results are listed in
Figure S7. Like the additional amount of CdS, the sizes of
nanoparticles also increase, which were ∼5 (CdS-Cd/S-MoO2-
15%), ∼10 (CdS-Cd/S-MoO2-40%), and ∼100 nm (CdS-Cd/
S-MoO2-75%). It was important that the CdS-Cd/S-MoO2 was
synthesized on a large scale, which was expediently collected at
the end of the quartz tube at room temperature (Figure S8).
Atomic force microscopy (AFM) was used to study the

thickness of S-MoO2 nanosheets and the size of CdS-Cd
nanoparticles, as shown in Figure 1g,h. The thickness of the S-
MoO2 nanosheet as a supporter was 30−40 nm. Interestingly,
the CdS-Cd nanoparticles were not spherical, which were two-
dimensional and triangle flakes in Figure 1g. In the 3D diagram
in Figure 1h, we can also see the uniform distribution of
pyramid structure particles with widths of ∼50 nm and heights
of 10−20 nm on a S-MoO2 nanosheet. Moreover, the AFM
image of CdS-Cd/S-MoO2-75% with large CdS-Cd particles
gave a more intuitive evidence of the pyramid structure, which
is shown in Figure S9.
According to the results mentioned above, the possible

chemical reaction equilibriums were listed as follows. Solid-
state MoO3 was sublimated to gaseous hexavalent molybde-
num (eq 1), which was reduced into MoO2 and then by H2 (eq
2). The similar process was carried out for CdS. Solid-state
CdS was sublimated to gaseous CdS (eq 3), and the CdS was
partially reduced into Cd and H2S by 10% H2/Ar (eq 4). The

Figure 2. (a) XPS spectra of CdS-Cd, MoO2, S-MoO2, and CdS-Cd/S-MoO2-55%. High-resolution signals of (b) Mo 3d, (c) Cd 3d, and (d) S 2p.
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trace H2S produced was possible to be doped into MoO2
nanosheets (S-MoO2, eq 5) because no MoS2 was detected by
XRD (Figure 1c).

→MoO (s) MoO (g)3 3 (1)

+ → +MoO (g) H MoO (s) H O3 2 2 2 (2)

→CdS (s) CdS (g) (3)

+ → +CdS H Cd H S2 2 (4)

+ → −MoO H S S MoO2 2 2 (5)

To investigate the surface composition and the electronic
states of CdS-Cd, MoO2, S-MoO2, and CdS-Cd/S-MoO2-55%,
X-ray photoelectron spectroscopy (XPS) measurement was
carried out. The XPS survey spectrum in Figure 2a showed
that the Cd, Mo, S, and O elements coexist in CdS-Cd/S-
MoO2-55%. In Figure 2b, for pure MoO2, the characteristic
peaks at 232.9 and 229.2 eV were attributed to the Mo 3d3/2
and Mo 3d5/2 of Mo4+, respectively. The oxidation state Mo6+

peaks at 235.1 (Mo 3d3/2) and 231.5 eV (Mo 3d5/2) were
detected due to the oxidation exposed to air.35 Compared with
MoO2, Mo 3d peaks of S-MoO2 shifted about 0.4 eV to low
binding energy, possibly due to the S−Mo bond.26,36−38 In
addition, the S 2 s peak at 225.7 eV also appeared in S-MoO2
and CdS-Cd/S-MoO2-55%. As for CdS-Cd/S-MoO2-55%, the
similar peaks with those of S-MoO2 were observed, indicating
the S doping into MoO2. As for XPS spectra of CdS-Cd, the
four peaks at 411.7 and 404.9 eV and 403.1 and 409.7 eV were
attributed to the Cd 3d3/2 and Cd 3d5/2 of Cd2+ and Cd0,
respectively.39 As for CdS-Cd/S-MoO2-55%, the similar peaks
fitting to ionic and metallic Cd were also detected (Figure 2c).
The high-resolution XPS spectra of the S 2p are displayed in
Figure 2d, two characteristic peaks of S 2p3/2 and S 2p1/2 in
CdS-Cd, S-MoO2, and CdS-Cd/S-MoO2-55% were ob-
served.40 All the above data confirmed the successful synthesis
of the CdS-Cd composite with different valences and S doping
into MoO2.
Transmission electron microscopy (TEM) was obtained to

further analyze the crystal structure of CdS-Cd/S-MoO2-55%,
as shown in Figure 3. The hexagonal nanosheets as a substrate
decorated with uniform nanoparticles were observed, as shown
in Figure 3a. The two pieces of CdS-Cd/S-MoO2-55%
nanosheets overlaid together because of the ultimately thin
shapes of the materials, which were transparent to an electron
beam. It is worth noting that the CdS-Cd nanoparticles
possessed the polygonal structure, as shown in Figure 3a,d.

The pyramid shape of CdS-Cd nanoparticles was more clearly
observed for CdS-Cd/S-MoO2-75% with a high loading
amount of CdS (Figure S10), which was consistent with the
AFM image (Figure S9). The well-defined lattice fringes with a
spacing of 0.24 nm were in compliance with the (002) plane of
the MoO2 substrate in Figure 3b. In addition, other lattice
fringes with spacings of 0.334 and 0.23 nm agreed well with the
(002) crystal planes of CdS and (101) crystal planes of Cd on
the same nanoparticle, which implied the heterostructure
between CdS and Cd. The electron-diffraction pattern, as
displayed in Figure 3c, showed that a set of diffraction spot was
consistent with the (002) and (300) planes of MoO2 in the
long range, implying the single-crystal structure of the S-MoO2
nanosheet. Interestingly, the diffraction spots around the spot
of MoO2 can be connected into a triangle and pointed to the
diffraction center and matched with the (102) of CdS and the
(101) of Cd, which were consistent with XRD results (Figure
1c), implying that the lattice orientations of CdS-Cd
nanopyramids were consistent. This was possible that the
epitaxial growth of CdS nanoparticles was induced by the
crystal plane of MoO2 nanosheets with a small lattice
mismatch. The similar results have been reported.41 Moreover,
the discontinuous diffraction rings that constituted diffraction
spots in pairs were the CdS (110) and the crystal plane of the
Cd (102) plane, which also possessed the small lattice
mismatch between them and induced growth of the CdS-Cd
heterostructure. The element mapping characterization is
shown in Figure 3d, which demonstrated that the nanosheets
were uniformly composed of Mo, O, Cd and S elements. The
Cd element was distributed in particle form, and S, Mo, and O
elements were distributed in nanosheet form, which also
confirmed that the CdS-Cd nanopyramids were loaded on the
S-doped MoO2 nanosheets. In addition, the element mapping
of CdS-Cd/S-MoO2-75% with a high loading amount of CdS
(Figure S10), which was washed by acid to remove CdS-Cd
nanoparticles (Figure S11), also demonstrated S doping into
MoO2 nanosheets.
High activity photocatalyst and efficiency co-catalyst have a

good effect on the photocatalytic H2 production system. The
UV−vis absorption spectra were used to measure the light
absorption capacity and calculate the band gap of CdS, S-
MoO2, and CdS-Cd/S-MoO2-55%, as shown in Figure 4a,b. It
is worth noting the fluctuation of light absorption at 850 nm
due to the automatic replacement of light source in a
spectrophotometer. For pure CdS nanoparticles, there was a
light absorbance at a wavelength of around 575 nm, and the
corresponding band gap was about ∼2.16 eV.42 The band gaps
of CdS-Cd and S-MoO2 were measured to be 1.9 and 0.8 eV.
The S-MoO2 obtained had a broad absorption of visible and
near-infrared light. The CdS-Cd/S-MoO2-55% exhibited a flat
plot with an enhanced light harvesting at a wavelength beyond
510 nm, which could be attributed to the stronger light
absorption and metallic nature of the narrow band of S-MoO2.
The band gap value of CdS-Cd/S-MoO2-55% calculated was
∼1.7 eV, indicating that there was a strong electron coupling
between the CdS-Cd polygonal particles and the S-MoO2
nanosheets, that is, how we can achieve the enhanced visible
light absorption.
The semicircle diameter fitted by the EIS Nyquist plots in

Figure 4c showed that the CdS-Cd/S-MoO2-55% offered the
highest charge transfer efficiency and confirmed the excellent
charge separation between photogenerated electrons and
holes.43 Compared with that in the dark condition, the

Figure 3. (a, b) (HR)TEM images of CdS-Cd/S-MoO2-55% with (c)
corresponding electron-diffraction pattern. (d, e) EDS mapping of Cd,
S, Mo, and O for CdS-Cd/S-MoO2-55%.
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charge-transfer resistance (Rct) value of CdS-Cd/S-MoO2-55%
possessed the largest change under visible light illumination,
which was consistent with the photoelectrochemical response
(Figure S12a), photoluminescence (PL) spectra (Figure
S12b), and the fluorescence decay curves (Figure S12c).The
above results proved that CdS-Cd nanoparticles and S-MoO2
nanosheets had a perfect combination to obtain the longer
lifetime of photoinduced electron−hole pairs, which confirmed
the most efficient photocatalytic system.
To discuss the function of each component in CdS-Cd/S-

MoO2-55%, the electrocatalytic properties of the CdS, CdS-
Cd, MoO2, S-MoO2, and CdS-Cd/S-MoO2-55% were
evaluated in a 0.5 M H2SO4 solution with a three-electrode
electrochemical setup, as shown in Figure 4d. The pure CdS
and MoO2 were inert for the hydrogen evolution reaction
(HER), and the onset potentials were larger than 500 mV
versus RHE. The CdS-Cd had a lower onset potential of about
450 mV versus RHE than that of the CdS, which proved that
the Cd was a possible electrocatalyst for HER. The polarization
curve of S-MoO2 showed a lower onset potential of 242 mV
versus RHE than that of MoO2, implying that S doping was
beneficial to the improvement of HER activity of MoO2.
Consequently, the HER activity of CdS-Cd/S-MoO2-55% with
an onset potential of 334 mV versus RHE was attributed to Cd
and S-MoO2.
To evaluate the photocatalytic performance of the CdS-Cd/

S-MoO2 system, the photocatalytic H2 evolution with Na2S
and Na2SO3 as hole sacrificial agents under the visible light
with a light wavelength of >420 nm was performed (Figure
4e). It is worth noting that the 0.25 M Na2SO3 and 0.35 M
Na2S aqueous solutions without photocatalysts were tested
with visible light (>420 nm), and no hydrogen was produced.
In Figure S13, the photocatalytic hydrogen production
performance of CdS, CdS-Cd, and 0.5 wt % Pt/CdS confirmed
that the Cd as a co-catalyst promoted the photocatalytic
activity of CdS, and the corresponding H2 evolution rates were
1.51, 2.26, and 2.91 μmol h−1 mg−1. In addition, the MoO2 and

S-MoO2 nanosheets that produced negligible hydrogen values
of 0 and 0.21 μmol h−1 mg−1 (Figure S14) under visible light
(>420 nm), respectively, confirmed that the S-MoO2 possessed
weak photocatalytic H2 production activity. Based on the
results above, CdS-Cd/S-MoO2-55% was composed of the Cd
and S-MoO2 electrocatalysts as cocatalysts with enhanced the
electrocatalytic activity, and CdS as a photocatalyst with
enhanced light absorption capacity caused the high photo-
catalytic performance for H2 production. In addition, Figure 4e
shows that the H2 evolution rate of CdS-Cd/S-MoO2-55%
(24.98 μmol h−1 mg−1) is over 11 times higher than that of the
CdS-Cd nanoparticles (2.26 μmol h−1 mg−1) under the visible
light radiation. With the increased loading of CdS, photo-
catalytic H2 production performances of CdS-Cd/S-MoO2
were improved, which were 0.28, 6.47, and 24.98 μmol h−1

mg−1. However, by further increasing the CdS loading, the
amount of photocatalytic H2 production decreased to a certain
extent, which was 22.29 μmol h−1 mg−1 of CdS-Cd/S-MoO2-
75%. This implied that the enhanced photocatalytic activity
was not only because of the increased amount of CdS as
photocatalyst but also because of the intimate interaction
between the CdS photocatalyst and S-MoO2 co-catalysts.
In Figure 4f, the 20 h photocatalytic tests of CdS-Cd/S-

MoO2-55% showed no significant deactivation during 10 runs
of experiments, which confirmed the good photocatalytic
stability. The XRD (Figure S15a), XPS curve of Mo 3d (Figure
S15b), and Cd 3d (Figure S15c) of CdS-Cd/S-MoO2-55%
before and after the photocatalytic reaction showed no
significant change of the crystal structure and surface elements,
which confirmed the structure stability. The corresponding
apparent quantum efficiency (AQE) and H2 evolution amount
of the different photocatalysts under 420 nm and CdS-Cd/S-
MoO2-55% under different homogeneous lights (420, 500,
600, and 650 nm) are listed in Figure S16 a,b, the highest AQE
value was 64.9% for CdS-Cd/S-MoO2-55% under 420 nm. In
addition, the photocatalytic hydrogen evolution activity of

Figure 4. (a) UV−vis absorption spectra, (b) the plots of (F(R)E)1/2, and (c) Nyquist plots from electrochemical impedance spectroscopy of CdS,
CdS-Cd, S-MoO2, and CdS-Cd/S-MoO2-55%. (d) Polarization curves of CdS, CdS-Cd, MoO2, S-MoO2, and CdS-Cd/S-MoO2-55%. (e) H2
evolution rates of CdS-Cd, S-MoO2, and different loading of a CdS-Cd/S-MoO2 light wavelength of >420 nm. (f) Cycling test of the photocatalytic
activity of CdS-Cd/S-MoO2-55%.
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various catalysts in other particles is listed in Table S2, which
can be seen that the sample has good performance.
To better understand the detailed band structure of CdS-

Cd/S-MoO2, the ultraviolet photoelectron spectra (UPS) of
CdS, S-MoO2, and CdS-Cd/S-MoO2-55% were recorded, the
secondary electron cutoff (Ecutoff) and valence band maximum
(EVBM) are shown in Figure 5a,b, respectively. The valence
band maximum (VBM) energy levels were obtained by
calculating the UPS data from the following formula12,44

VBM = hν − (Ecutoff − EVBM)where hν (21.22 eV) was the
incident photon energy and EVBM was the onset relative to the
Fermi level (EF) of the Si substrate. The work functions (ϕ)
calculated by Ecutoff were 2.92, 3.92, and 2.72 eV for CdS, S-
MoO2, and CdS-Cd/S-MoO2-55%, respectively. The valence
band energies (EVB) were also determined to be 5.7, 5.12, and
5.85 eV, respectively. Furthermore, due to the Eg = EVB − ECB,
combined with the UV−vis result, the conduction band
energies (ECB) of CdS, S-MoO2, and CdS-Cd/S-MoO2-55%
were thus determined to be 3.54, 4.32, and 4.15 eV,
respectively. Based on UPS and UV−vis data, the energy
band diagram is found in Figure 5c. The CdS with an energy
gap of 2.16 eV possessed a valence band position at 5.7 eV
versus vacuum and a conduction band (CB) at 3.54 eV versus
vacuum, which was similar with the reported result.45 After
being loaded onto S-MoO2 nanosheets, the conduction band
of CdS-Cd/S-MoO2-55% moved down to 4.15 eV versus
vacuum for H2 production and the reduced energy gap of 1.7
eV, which increased light absorption. Besides, the calculated
conduction band of S-MoO2 was close to 0 eV versus RHE.
However, the photocatalytic activity of S-MoO2 was negligible,
which was thought to act as a co-catalyst. As the result above,
photocatalytic H2 generation mechanism can be seen in Figure
5d. Under visible light irradiation, the photogenerated
electrons of CdS were transferred to co-catalysts of Cd and
S-MoO2 nanosheets, which reduced hydrogen ions to H2
molecules. The photogenerated holes of CdS were consumed
by the sacrificial agent of Na2S and Na2SO3.
To confirm the electron transfer path, the surface potential

images of CdS-Cd/S-MoO2-55% in dark and under light were
carried out by the photoassisted Kelvin probe force microscopy
(KPFM) technique,46 as shown in Figure 5e,f, respectively.
The KPFM image showed a clear difference in potential

distribution between CdS-Cd particles and the S-MoO2
nanosheet region in dark and under 532 nm light irradiation.
The difference value of surface photovoltage (SPV) between
the nanosheet and the particles increased after light
irradiation.47 It can be seen in Figure 5g that the high
potential was distributed on the pyramidal CdS-Cd particles,
and the low potential was distributed on the S-MoO2
nanosheet. The results mentioned above further proved that
the photogenerated electrons of CdS-Cd were transferred to
the S-MoO2 nanosheet under light illumination, and the
photogenerated holes remained on CdS-Cd particles. The
surface potential and SPV images of CdS-Cd/S-MoO2-75%
with larger CdS particles in dark and under light more clearly
proved the transfer path of photoinduced electrons and holes
between CdS-Cd and S-MoO2, as shown in Figure S17a,b.

4. CONCLUSIONS
In summary, the epitaxial growth of CdS-Cd nanopyramids on
S-doped MoO2 nanosheets (CdS-Cd/S-MoO2) were prepared
by cosublimation of CdS and MoO3 at 900 °C under a
reducing atmosphere of 10% H2/Ar. MoO2 nanosheets as
supporting templates limited the size growth and induced the
epitaxial growth of CdS-Cd nanopyramids. CdS-Cd/S-MoO2-
55% was composed of the CdS nanopyramids as photocatalysts
and Cd and S-MoO2 nanosheets as co-catalysts that showed
efficient visible light-driven photocatalytic H2 generation
performance with a H2 production rate of 24.98 μmol h−1

mg−1, which was 11 times higher than that of the CdS-Cd
nanoparticles (2.26 μmol h−1 mg−1). Under the irradiation of
visible light, the photogenerated electrons generated by CdS
were transmitted to Cd and S-doped MoO2, which reduced
hydrogen ions to hydrogen molecules. The separation of the
electron−hole pair and electronic transmission were confirmed
by photoelectrochemical response, UPS and SPV, respectively.
In other words, these findings provided a straightforward,
large-scale, and practical way to produce cheap and efficient
photocatalysts with cocatalysts.
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