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� Mo doping introduces defect state at
the bottom of conduction band of
CdS.

� Approach of Fermi level and defect
state enhances electron trapping.

� Ununiform charge distribution
facilitates transfer and separation of
carriers.

� Mo-CdS NRs display remarkably
higher catalytic activity than pure
CdS NRs.
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Doping semiconductor with non-noble metal is a promising strategy to modulate the electronic struc-
tures and therefore develop efficient photocatalysts. In this study, we report a facile one-pot solvothermal
strategy to synthesize Mo-doped CdS nanorods (NRs) using ammonium tetrathiomolybdate as the
sources for both of S and Mo, cadmium acetate as the Cd source, and ethanediamine as the solvent heated
at 180 �C for 24 h. The experimental characterizations and theoretical calculations reveal that Mo in the
form of Mo4+ is incorporated into the CdS lattice to substitute Cd2+ ions and the Mo-S-Cd bonds are
formed accordingly. The Mo doping not only introduces localized electron-trapping states at the bottom
of conduction band minimum, but also elevates the Fermi level towards the defect level, which endows
the doped system with enhanced n-type characteristic and the defect state with strong electron-trapping
ability. Moreover, a nonuniform distribution of charge density is formed for the Mo-doped CdS NRs, facil-
itating the separation of photoexcited charge carriers. Therefore, the Mo-doped CdS NRs exhibit remark-
ably enhanced photocatalytic activity, with an average H2 production rate of 14.62 mmol�g�1�h�1 without
using Pt as the co-catalyst, about 5.8 times higher than that of bare CdS. This work provides new insight
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into the facile synthesis of visible-light-driven photocatalysts as well as the effect of metal ion doping on
the modulation of electronic structures.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen (H2) has been regarded as an excellent clean-energy
candidate replacing traditional fuels due to its high energy density
and eco-friendly combustion product (H2O) [1]. The splitting of
water into H2 with semiconductor photocatalysts utilizing solar
energy, is one of the most promising technologies for scale-up H2

production [2,3]. A typical photocatalytic process involves the har-
vest of sunlight, the separation of photogenerated charge carriers,
and the catalytical reaction kinetics, greatly depending on the
structural and electronic natures of the semiconductor
photocatalysts.

Cadmium sulfide (CdS) is a typical metal sulfide semiconductor
with a band gap of ~2.4 eV, and thus fall in the visible light spectral
range as a photocatalyst for overall water splitting [4,5]. Stable
photoactivity towards hydrogen evolution reaction (HER) has been
reported for CdS, but it suffers from the photocorrosion due to the
reaction of photogenerated holes with S2� [6,7]. On the other hand,
the sulfide vacancy (Vs) is dominated native defects in CdS, its
energy level is located between the conduction band minimum
(CBM) and Fermi level (EF) and thus is electron-unoccupied, mak-
ing it acting as electron-trapping center. However, due to low con-
centration of Vs, the EF is far away from the Vs level. As a result, the
photoelectrons trapped by Vs is suspectable to thermal exciton and
easily returns to the CBM under irradiation, leading to weak
electron-trapping ability, which is another factor limiting the pho-
toactivity of CdS [8,9]. In bare CdS nanostructures, weak separation
efficiency of photogenerated charge carriers is the essential cause
of the very low catalytic performance for HER.

Several strategies have been proposed to promote the separa-
tion efficiency of charge carriers, such as (solid solution) hetero-
junction, heteroatom doping, and loading cocatalyst [10–15]. For
example, a two-dimensional Cd0.5Zn0.5S solid solution nanosheet,
synthesized through a multistep chemical transformation strategy,
exhibits remarkably high photocatalytic HER activity without co-
catalyst compared to most of bare photocatalysts [10]. Recently,
heteroatom doping is recognized as a versatile approach to tune
the intrinsic electronic structure, which can not only adjust EF
but also introduce impurity levels between the CBM and valence
band maximum (VBM), generally acting as trapping centers for
photoelectrons [16–18]. For instance, in Mn-doped CdS quantum
dots, a pair of impurity levels is introduced into the band gap,
resulting in decayed recombination kinetics of photogenerated
charge carriers and thereby increased carrier lifetime [19]. The
substitution of Ni for Cd in the doped system effectively promotes
the separation of charge carriers by virtue of the NiCd defects as
temporary trapping sites for photoelectrons to inhibit their recom-
bination rate [20]. Furthermore, recent studies claim that the
defect states can effectively trap photoelectrons only when their
energy levels are slightly higher or equal to EF [21,22], indicating
that the defect states should be rationally optimized for electron
trapping. As photocatalysts for photoreduction, n-type semicon-
ductors are more beneficial to HER [23,24]. Moreover, the coupling
between impurity and native atoms can regulate the charge distri-
bution and facilitate the transfer and separation of photogenerated
charge carriers [25–27]. Some efforts have been made to dope CdS
with two or more reactants as precursors [19–22], probably
encountering the difficulty to finely modulate the nanostructures
and electronic configuration due to the multi-component reaction.
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Therefore, it is still an open challenge developing a facile synthetic
strategy to obtain the doped CdS for refining electronic structures
and boosting photocatalytic HER activity.

The aim of this study is to explore the effects of Mo doping on
photoactivity of CdS towards HER. The Mo-doped CdS nanorod
(Mo-CdS NR) was prepared by a facile one-pot solvothermal strat-
egy using ammonium tetrathiomolybdate ((NH4)2MoS4) as the
sources for both of S and Mo, cadmium diacetate dihydrate (Cd
(CH3COO)2�2H2O) as the Cd source, and ethylenediamine
(C2H8N2) as the solvent heated at 180 �C for 24 h. As a comparison,
the bare CdS NR was synthesized using the same procedures
except the replacement of (NH4)2MoS4 with thiourea (H2NCSNH2).
The morphology, structure, and phase constitution of both materi-
als were characterized by Powder X-ray diffraction (XRD), scanning
electron microscopy (SEM), and transmission electron microscopy
(TEM) analysis. The composition and elemental chemical state of
both materials, especially Mo valence state in Mo-CdS, were
revealed by X-ray photoelectron spectroscopy (XPS) analysis. Fur-
thermore, density functional theory (DFT) calculation was con-
ducted to understand the influence of Mo doping on the
electronic structure of CdS NRs. The photocatalytic HER experi-
ment was engaged to assess the photocatalytic activity of both
materials. Finally, a series of photoelectrochemical and electro-
chemical measurements were carried out to address the origin of
photocatalytic activity and the effects of Mo doping on photocatal-
ysis. This work first demonstrates the potential of the Mo-CdS NRs
as visible-light-driven photocatalysts for water reduction as well
as the effect of metal ion doping on the modulation of electronic
structures.
2. Experimental section

2.1. Materials

Cd(CH3COO)2�2H2O, (NH4)2MoS4, C2H8N2, H2NCSNH2, lactic acid
(C3H6O3), chloroplatinic acid aqueous solution (H2PtCl6, 4 g/L), tri-
ethanolamine (TEOA), sodium sulfide (Na2S), sodium sulfite (Na2-
SO3), sodium sulfate (Na2SO4), potassium chloride (KCl),
potassium ferricyanide (K3[Fe(CN)6]), all reagents were of analyti-
cal grade, purchased from the Shanghai Chemical Reagent Factory
and used as received without further purification. Doubly distilled
water was used throughout the experiments.
2.2. Synthesis of CdS and Mo-CdS NRs

Mo-CdS NRs were synthesized by a solvothermal method. Typ-
ically, 107 mg of Cd(CH3COO)2�2H2O and 27 mg of (NH4)2MoS4
were dispersed in a round-bottom flask containing 40 mL of
C2H8N2. The resulting wine-red homogeneous solution was then
transferred into a 50 mL Teflon-lined autoclave and held at
180 �C for 24 h. The resultant products were cooled down to room
temperature and collected by centrifugation, and then rinsed with
deionized water and anhydrous ethanol several times, respectively.
The final product was dried in an oven at 60 �C for 12 h. The sample
of pure CdS NRs was synthesized following the same procedure
described above, except the replacement of 27 mg (NH4)2MoS4
with 101 mg H2NCSNH2.
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2.3. Synthesis of CdS/Pt and Mo-CdS/Pt

The deposition of Pt on Mo-CdS NRs or pure CdS NRs (denoted
as Mo-CdS/Pt and CdS/Pt, respectively) was carried out by a simple
in-situ photodeposition method. Firstly, 20 mg of Mo-CdS NRs or
pure CdS NRs was dispersed in 100 mL aqueous solution containing
20 mL of C3H6O3 to form homogeneous suspension by a magnetic
stirrer. Successively, a certain amount of H2PtCl6�6H2O was added
dropwise into the solution. The reactant solution was degassed
and then exposed to a visible light from a 300 W Xe lamp (Micro-
Solar300, Perfect Light) using an optical cut-on filter (k > 420 nm)
for 3 h. Subsequently, the products were collected by centrifuga-
tion, washed with deionized water and anhydrous ethanol, and
finally dried at 60 �C for 12 h.

2.4. Materials characterization

XRD patterns were acquired at a scanning rate of 0.06� s�1 on a
Philips PW3040/60 X-ray diffractometer using Cu Ka radiation
source. The Raman spectra were collected through a Renishaw
RM1000 confocal microscope with the excitation wavelength of
514 nm. SEM images and energy dispersive X-ray spectroscopy
(EDS) data were recorded on a Hitachi S-4800 scanning electron
micro-analyzer. TEM images, high-resolution transmission electron
microscopy (HRTEM) images, and scanning transmission electron
microscopy (STEM) image and STEM-EDS mapping were collected
on a JEM-2100 field emission electron microscope. XPS measure-
ments were performed with an ESCALab MKII X-ray photoelectron
spectrometer using Mg Ka X-ray as the excitation source. The bind-
ing energieswere referenced to the C 1s line at 284.8 eV fromadven-
titious carbon. The content of elements in the as-prepared sample
was determined by inductively coupled plasma atomic emission
spectrometer (ICP-AES, Leeman Prodigy). UV–vis diffuse reflectance
spectra (UV–vis DRS) were obtained with a Thermo Nicolet Evolu-
tion 500 UV–vis spectrophotometer in the wavelength range of
200–800 nm. The photoluminescence (PL) spectra were measured
using an excitation wavelength of 380 nm on the FLS 980 fluores-
cence spectrophotometer. N2 adsorption and desorption isotherms
were obtained at 77 K on a surface area and porosimetry analyzer
V-Sorb 2800P, all samples degassed in vacuum at 200 �C for 4 h.

2.5. Photocatalytic H2 production

Photocatalytic H2 production experiments were performed at
room temperature under visible-near-infrared light irradiation
with a Labsolar-III AG system connected to an online gas chro-
matograph (Agilent Technologies GC-7890B, TCD, Ar carrier) with
a Pyrex reaction vessel. Typically, 20 mg of samples was dispersed
in 100 mL aqueous solution containing 20 mL C3H6O3 as the sacri-
ficial agent by a magnetic stirring. The suspension is thoroughly
degassed to remove air and then irradiated using a 300 W Xe-
lamp (MicroSolar300, Perfect Light) with an ultraviolet cutoff filter
(k > 420 nm). The reaction temperature was maintained at 25 �C by
a precision bath circulator and photocatalytic H2 evolution rate
was analyzed using an online gas chromatograph with a thermal
conductivity detector. The apparent quantum efficiency (AQE) is
defined by the following equation:

AQE ¼ the number of evolved H2 molecules � 2
the number of photons

� 100%

ð1Þ
2.6. Photoelectrochemical and electrochemical measurements

Photoelectrochemical response was measured on an electro-
chemical workstation (Chenhua Instrument CHI840C, China). Stan-
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dard three-electrode setup was employed with Hg/HgO as the
reference electrode, platinum wire as the counter electrode, and
photocatalyst-coated fluorine-doped tin oxide (FTO) glass as the
working electrode. 5 mg of photocatalysts was added to a mixture
of nafion solution (15 mL) and ethanol (50 mL) under sonication, and
the obtained suspension was pipetted onto the surface of FTO glass
to obtain a coated area of 1 � 1 cm2. A 300 W Xe lamp with a cut-
on filter (k > 420 nm) was used as the visible light source and 0.5 M
Na2SO4 aqueous solution was employed as the electrolyte. Electro-
chemical impedance spectroscopy (EIS) measurements were oper-
ated in a 50 mL electrolyte solution including K3[Fe(CN)6] (5 mM)
and KCl (1 M) at an alternating voltage of 5 mV with a frequency
ranging from 0.1 Hz to 100 kHz. Open-circuit voltage (Voc) decay
and linear sweep voltammetry (LSV) were implemented on a Zen-
nium E work station (ZAHNER, Germany) with the same three-
electrode configuration as for the photoelectrochemical measure-
ment. Where, the same electrolyte as for the EIS measurement
was employed, while 0.5 M Na2SO4 aqueous solution was used as
the electrolyte for LSV. The LSV measurement was carried out at
a scanning rate of 2 mV s�1. Both EIS and Mott-Schottky measure-
ments were carried out on the Zennium E work station with a
three-electrode system, in which the glassy carbon electrode was
covered with photocatalysts as the working electrode, calomel
electrode as the reference electrode and platinum wire as the
counter electrode. The Mott-Schottky experiments were carried
out at different frequencies (200, 500, and 1000 Hz) with an ampli-
tude of 10 mV and 0.5 M Na2SO4 solution as the electrolyte.
2.7. DFT calculation details

DFT calculations were carried out by using the Vienna ab initio
simulation package (VASP) code [28]. The gradient-corrected
Perdew-Burke-Ernzerhof exchange-correlation functional for
solids (PBEsol) was used to optimize the structures in this work
[29]. The projector augmented plane wave (PAW) method with a
frozen-core approximation was used to describe the electron-ion
interactions [30]. The valence electrons of Cd, Mo and S atoms
are 4d105s2, 4d55s1, and 3s23p4, respectively. The Monkhorst-
Pack (MP) method was applied into the integrations of Brillouin-
zone. The cutoff energy was set at 500 eV for the plane wave basis
set based on the convergence tests. The Kohn-Sham equations
were solved self-consistently. The energy tolerance was set to
1.0 � 10�5 eV and the maximum Hellmann Feynman force toler-
ance was set to 0.03 eV/Å for the geometry optimization. The lat-
tice constants of CdS bulk optimized in this work are a = b = 4.
143 Å, and c = 6.708 Å with k points of 7 � 7 � 7, which are well
consistent with the experimental values (a = b = 4.141, and c = 6.
720 Å). The 4 � 2 � 2 supercell with Cd32S32 and Cd30MoS32 were
used to simulate the perfect CdS and the Mo-CdS samples with
Mo4+ ion, respectively. For the Mo-CdS supercell, one neighboring
Cd atom is removed to keep the system charge neutral. The k
points were set as 2 � 4 � 2. To investigate charge density change
in the Mo-CdS sample, the charge density difference is calculated
according to the equation: Dq = qCd30MoS32 - qCd30S32 - qMo. The
conventional DFT tends to underestimate band gap, and thus the
Heyd-Scuseria-Ernzerhof (HSE06) [31] screened hybrid functional
was applied to calculate the density of states with k points of
2 � 4 � 2.
3. Results and discussion

The XRD patterns of the as-prepared Mo-CdS NRs and pure CdS
NRs as shown in Fig. 1 reveal that the two samples possess a sim-
ilar diffraction profile and all the diffraction peaks can be well
indexed to the hexagonal CdS (JCPDF No. 41–1049, a = b = 4.141



Fig. 1. (a, b) XRD patterns of the as-prepared CdS and Mo-CdS NRs.
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Å, c = 6.720 Å), indicating that the Mo doping neither alters the
crystal phase nor introduces new impurity phases. However, the
diffraction peaks of Mo-CdS are much broader than those of pure
CdS NRs, suggesting smaller grain size for Mo-CdS NRs, which is
confirmed by the Debye-Scherrer analysis that the grain size of
CdS NRs in h110i direction is reduced from 19 to 10 nm with Mo
doping. Besides, the (100), (001) and (002) diffraction peaks show
an obvious shift towards higher angle for the Mo-CdS NRs (Fig. 1b),
implying crystal shrinkage and successful doping of Mo into the
lattice [32,33]. Since the ionic radius of Mo4+ is smaller than that
of Cd2+ (6 coordinated radii: 0.65 versus 0.95 Å), the substitution
of Mo4+ for Cd2+ would result in compressive strain, leading to
the lattice shrinkage. In contrast, the interstitial case would cause
extensive strain and thus lattice expansion, corresponding to neg-
atively shifted diffraction peaks. This phenomenon is confirmed by
the Raman spectra of the two samples (Fig. S1, see Supporting
Information), where the Mo-CdS NRs show two characteristic
Raman bands with stronger intensity, broader half-width and
slightly red-shifted energy compared to pure CdS NRs, which indi-
cates the structural changes with Mo doping [34,35]. The A1 (1LO)
phonon mode corresponds to atomic oscillations along the c-axis.
The peak value of this mode is sensitive to lattice strain along
the c-axis. The crystal strain is calculated using equation S1 in
terms of the shift of 1LO band in pure CdS and Mo-CdS NRs relative
to bulk CdS [36]. Compared to pure CdS, the Mo-CdS displays a rel-
atively small compressive strain (�0.005%), in agreement with the
XRD analysis. To sum up, the above results demonstrate that Mo is
successfully incorporated into the CdS lattice, occupying the Cd
sites, via one-pot solvothermal reaction with (NH4)2MoS4 as the
sources for both of Mo and S.

The morphological and structural characteristic of the Mo-CdS
NRs were further revealed by the SEM and TEM analyses. The bare
CdS NRs obtained using H2NCSNH2 instead of (NH4)2MoS4 take a
one-dimensional (1D) rod-like morphology with a size of 0.6–
0.7 mm in length and ca. 60 nm in diameter (Fig. S2). In contrast,
the size of Mo-CdS NRs decreases to 0.2–0.5 mm in length and ca.
20 nm in diameter, in good agreement with the XRD analysis
(Fig. 2a, b). The reduced size can significantly shorten the transport
distance of charge carriers to the surface, and thus improve the
separation efficiency of photogenerated electron-hole pairs. The
HRTEM image for the side of a Mo-CdS rod in Fig. 2b shows that
the lattice fringes are structurally uniform with a spacing of
0.340 nm (Fig. 2c), in good agreement with the planar distance of
the (002) plane of hexagonal CdS phase, indicating the preferential
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growth of the Mo-CdS NRs along the h001i direction. The STEM
image (Fig. 2d) and the STEM-EDS element mapping (Fig. 2e-g) of
the Mo-CdS NRs confirm the presence of Cd (yellow), S (green),
and Mo (red) elements and uniform distribution over the whole
NR, also supporting the successful doping of Mo into the CdS
lattice.

The Mo content in Mo-CdS NR is further investigated by the ICP
technique and SEM-EDS analysis. The atomic ratio of Mo and Cd is
determined to be about 2.14% by ICP measurement. Provided that
the actual atomic ratio of Cd and S is equal to 1:1, the atomic per-
centage of Mo in Mo-CdS is calculated to be 1.1 at%. Accordingly,
the Mo content in mass fraction is determined to be 1.5 wt%. The
SEM-EDS of Mo-CdS as shown in Fig. S3 shows the atomic percent-
age of Mo is also relatively low, about 1.72%. Furthermore, the Cd/S
ratio of CdS is slightly reduced with Mo doping, implying the sub-
stitution of Mo for Cd in the CdS lattice.

To further study the Mo content, chemical state and electronic
structure of the Mo-CdS NRs, the XPS measurements were con-
ducted as shown in Fig. 3. The survey spectrum reveals the pres-
ence of Cd, S, and Mo elements with atomic percentages of 46.1,
52.8, and 1.1 at%, respectively (Fig. 3a). The Mo content is consis-
tent with the ICP and EDS results. For pure CdS NRs, the high-
resolution XPS spectrum of Cd 3d orbital region displays two char-
acteristic peaks located at 404.8 and 411.5 eV, corresponding to the
binding energy of Cd 3d5/2 and Cd 3d3/2, respectively (Fig. 3b). The
splitting energy of 6.7 eV between the two 3d orbitals is a signa-
ture of Cd2+ [37]. In contrast, the Mo-CdS NRs show a similar Cd
3d XPS high-resolution spectrum, except the obvious shift towards
higher binding energy, indicating the reduced electron density of
Cd. The S 2p high-resolution spectra in Fig. 3c show the binding
energies of S 2p1/2 and S 2p3/2 in pure CdS NRs at 162.0 and
160.8 eV, respectively, which are in good agreement with the ref-
erence values for S2� [38]. With Mo doping, the two peaks shift
towards the higher energy in Mo-CdS NRs, indicating the electron
density of S is reduced as well. Notably, the Mo-S bonds with rel-
atively weak signal are formed due to low concentration of Mo
doping in CdS lattice. The raised binding energies of S 2p for S-
Mo bonds may be attributed to strong electron-drawing capability
of high-valence Mo. The Mo XPS spectrum shows two components:
A doublet at 232.5 and 229.3 eV, which corresponds to the binding
energy of Mo 3d3/2 and Mo 3d5/2 of Mo4+ in MoS2 [39] (Fig. 3d). The
peak at 229.1 eV near Mo 3d5/2 could be assigned to elemental S 2s
orbital [40], probably due to slight oxidation of MoS42� in the
solvothermal process. Moreover, as a shoulder of Mo 3d peaks,



Fig. 2. (a) SEM, (b) TEM, (c) HRTEM, (d) STEM, and (e-g) STEM-EDS elemental mapping images of the Mo-CdS NRs with Cd (yellow), S (green), and Mo (red) distribution. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the S2� 2s peak at lower binding energy is also observed [39].
Taken together, the Mo doping induces the charge transfer and
re-distribution of the charge density for the CdS NRs. It has been
reported that the similar charge transfer occurs between two
metallic ions mixed at atomic level, forming a heterogeneous link-
age of MA-O-MB (where Mi represents different metallic species)
[41]. Depending on the cation charge and the electronegativity of
elements, the electron cloud tends to transfer from one type of
cation to the other through their oxygen bridge in the linkage
structure. In the present case, electron transfer is likely to occur
from Cd2+ to Mo4+ through the sulfur bridge because of their differ-
ence in electronegativity (Mo = 2.16 versus Cd = 1.69) and in
valence state. Therefore, the above complementary binding energy
shifts support that Mo4+ ions are incorporated into CdS lattice with
the formation of Mo-S-Cd bonds.

Besides of the ionic replacement of Mo4+ for Cd2+, native defects
such as Cd vacancies should be created in order to keep the Mo-CdS
system charge neutral. Considering the smaller size of Mo4+ com-
pared to Cd2+, both substitutional and interstitial doping would
result in the shrinkage of CdS lattice. To demonstrate the specific
state of Mo4+, the DFT calculations were carried out. A 4 � 2 � 2
supercell with Cd32S32 and Cd30MoS32 were used to simulate the
perfect CdS and Mo-CdS samples with Mo4+ ion, respectively. It is
found that the free formation energy for Mo-CdS with substitu-
tional Mo4+ is thermodynamically lower than that for Mo-CdS with
interstitial Mo4+ (-6.93 versus �6.37 eV), indicating the substitu-
tion of Mo4+ for Cd2+ is energetically more favored. With Mo dop-
ing, the CdS lattice is slightly compressed, with lattice parameters
decreasing from a = 16.547, b = 8.273 Å, c = 13.456 Å to a = 16.4
55 Å, b = 8.249 Å, c = 13.390 Å, in good agreement with the XRD
and Raman analysis. Therefore, the Mo-CdS model with substitu-
tional Mo was used for the following calculations.

The substitution of Mo4+ for Cd2+ would lead to the formation of
point defects with highly positive charge, which creates the defect
state for electron trapping. It is also expected that both electroneg-
ative differences and high valance of Mo would tune charge distri-
bution of the doped system through the Mo-S-Cd bonds. To this
end, the charge density difference for Mo-CdS NRs was calculated
as shown in Fig. S4, which reveals that the electron density distri-
bution in CdS is obviously regulated with Mo doping. The replace-
ment of a Mo4+ ion for a Cd2+ ion results in one Cd vacancy near the
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defect site and thereby an electron-deficient state is formed
around Mo, supporting the formed point defects as electron-
trapping sites. Due to the electron drawing by Mo4+ and the pres-
ence of Mo-S-Cd bonds, the electron accumulation occurs near the
S atoms bonding to Mo. Moreover, the electron regulation also
breaks the equilibrium state of intrinsic charge distribution in
CdS, leading to nonuniform distribution of charge density in Mo-
CdS NRs. The refinement of electronic structure would induce
and facilitate the separation and migration of photogenerated
electron-hole pairs in catalytic process [42,43]. In addition, the
covalency of Mo-S bonds is also enhanced by virtue of shorter bond
length (Fig. S5), which favors the electron transfer from active sites
on the surface to absorbed species [44].

To investigate the effects of Mo doping on the band structure of
CdS, UV–vis DRS and Mott-Schottky measurements were imple-
mented on bare CdS and Mo-CdS NRs. Compared to pure CdS, the
Mo-CdS shows a slight red-shift of the absorption edge (Fig. 4a).
The Tauc plots of the two samples converted from the UV–vis
absorption spectra are presented in Fig. 4b. The band gaps for pure
CdS and Mo-CdS NRs were determined to be 2.16 and 2.10 eV,
respectively. The Mott-Schottky plots with positive slope indicate
the nature of a n-type semiconductor for both samples (Fig. 4c
and d) [45]. For n-type semiconductors, the deviation between flat
band potential (Efb) and the CBM is inappreciable, and the CBM is
approximately equal to the Efb (i.e., Ecb � Efb) [46]. Through the
extrapolation of the Mott-Schottky curves, the Efb of pure CdS
and Mo-CdS NRs are determined to be �0.38 and �0.22 eV (versus
the reversible hydrogen electrode, RHE), respectively. The VBM
level of pure CdS and Mo-CdS are calculated by Eg + Ecb as 1.78
and 1.88 eV, respectively. In a word, the Eg and band edges of
CdS NRs is slightly changed with the Mo doping. Furthermore,
the change in position of the EF is calculated according to the equa-
tion (2):

EF ¼ Ei þ kTln ND=nið Þ ð2Þ
where Ei is approximately the intrinsic Fermi energy level, T is tem-
perature, k is Boltzmann constant, ND is the donor impurity concen-
tration, and ni is the intrinsic carrier concentration [21]. The
calculation results (Table S1) show that the EF of CdS NRs is signif-
icantly elevated due to Mo doping. According to the classic theory of
semiconductor physics, the n-type characteristic is associated with



Fig. 3. (a) XPS survey spectrum and high-resolution spectra of (b) Cd 3d, (c) S 2p, and (d) Mo 3d of the Mo-CdS and bare CdS NRs.

Fig. 4. (a) UV–vis DRS and (b) (ahm)2 versus E curves of the pure CdS and Mo-CdS NRs. Mott-Schottky plots of the (c) pure CdS and (d) Mo-CdS NRs.
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the position of EF between CBM and VBM. The smaller the distance
between EF and CBM, the greater n-type characteristic. With Mo
doping, the CBM is slightly reduced, while the EF is evidently lifted
towards CBM, resulting in smaller distance between them and thus
enhanced n-type characteristic, which benefits for the charge-
transfer kinetics at the electrode/electrolyte interface and the HER
process [21,23,24,47].

To further disclose the electronic band structure of Mo-CdS, the
density of state (DOS) for the pure CdS and Mo-CdS NRs were cal-
culated and plotted in Fig. 5. It is found that the CB and VB of pure
Fig. 5. (a) Total DOS and partial DOSs of Cd 5s and S 3p states of the pure CdS NRs.
(b) Total DOS and partial DOSs of Cd 5s, S 3p and Mo 4d states of the Mo-CdS NRs.

Fig. 6. (a) Time-dependent photocatalytic H2 production and (b) average H2 producti
photocatalytic H2 evolution in pure water for the pure CdS and Mo-CdS samples. (d) AQE
Xe lamp, k > 420 nm, 3 repeated experiments were carried out for all the error estimate
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CdS mainly stem from Cd 5s and S 3p, respectively (Fig. 5a). In con-
trast, a similar DOS profile is observed for the Mo-CdS, where the
position of VBM remains unchanged, while the CBM extends
towards the VBM due to the emergence of defect state at the bot-
tom of CBM (Fig. 5b), accounting for the reduction of Efb in Mo-CdS.
The defect state with asymmetry profile is mostly contributed by
Mo 4d and could act as electron-trapping center to facilitate the
separation of photoexcited electron-hole pairs in photocatalytic
process. Moreover, another defect state, mainly comprising the S
3p, originates from the perturbation of Mo-S bonds for the S 3p
orbital. This defect state is above the VBM but below the EF, and
thereby is electron-occupying, which is consistent with the elec-
tron accumulation near the S atoms bonded with Mo as shown
in Fig. S4. The presence of the defect state not only reduces the
Eg, but also makes electron accumulation for band gap exciton
[48]. More importantly, comparing the two DOS profiles, one can
see that the EF is obviously elevated towards the CBM in Mo-CdS
by 0.7 eV (versus vacuum level), in agreement with the calculated
result using the equation (2). The approach of EF and the electron-
trapping level is essential for the defect state to trap the photoex-
cited electrons more efficiently [21,22].

Upon confirming the modification of electronic structures with
Mo doping, we assess the efficiency of the Mo-CdS NRs for photo-
catalytic H2 production. The influence of sacrificial agents on pho-
tocatalytic HER activity of Mo-CdS is firstly examined in aqueous
solution using TEOA, C3H6O3, and the mixture of Na2S and Na2SO3

as the hole scavenges, respectively. As shown in Fig. S6, these
agents are active in boosting steadily H2 evolution from water over
Mo-CdS NRs, among which lactic acid corresponds to the highest
H2 production rate. Therefore, lactic acid is selected as the sacrifi-
cial agent to further investigate the effect of Mo doping on photo-
on rates on the bare CdS, Mo-CdS, CdS/Pt, and Mo-CdS/Pt NRs. (c) Cyclic tests of
along with the UV–vis absorption spectrum of the Mo-CdS NRs. (light source: 300 W
s.)
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catalytic HER activity of CdS NRs. Fig. 6 compares the photocat-
alytic activity of the bare CdS and Mo-CdS NRs toward HER under
visible-light irradiation (k > 420 nm) without using Pt as the co-
catalyst. As illustrated in Fig. 6a, the bare CdS NRs show a very
low catalytic HER activity with an average H2 production rate of
2.53 mmol g�1 h�1 (Fig. 6b), which begins to decrease after running
for 4 h. In contrast, the Mo-CdS NRs exhibit an average H2 evolu-
tion rate of 14.62 mmol g�1h�1, about 5.8 times higher than bare
CdS NRs. The high H2 production rate remains unchanged within
5 h, implying stable photoactivity towards HER. It is well known
that Pt is the most excellent co-catalyst for HER due to its large
work function, which can act as electron-trapping sites to facilitate
the separation of photoexcited electron-hole pairs [49]. With the
loading of Pt on bare and Mo-CdS NRs, the H2 evolution rate is fur-
ther promoted. In particular, the Mo-CdS/Pt exhibits a high H2 evo-
lution rate of 35.23 mmol g�1h�1, about 4.72 times of the value of
7.47 mmol g�1h�1 for CdS/Pt, which is also comparable to the per-
formance of previously reported CdS-based photocatalysts
(Table S2). Considering the difference of light resource, the H2 pro-
duction rate is outstanding enough among the doped CdS nanos-
tructures. Interestingly, the photoactivity of Mo-CdS outperforms
that of CdS/Pt by about 2 times, indicating that Mo doping is an
excellent strategy for CdS to improve its photocatalytic perfor-
mance. Additionally, we further assess the photocatalytic durabil-
ity over the pure CdS and Mo-CdS samples in pure water. As shown
in Fig. 6c, the H2 production rate is well maintained for the Mo-
doped sample during four cyclic tests (5 h each run). In particular,
the Mo-CdS NRs display steadily and obviously higher H2 produc-
tion rate than pure CdS NRs, demonstrating the advantage of Mo
doping on photocatalysis for CdS and its good cyclic stability. After
photocatalytic HER tests, the phase constitution and morphology
of the Mo-CdS sample remains unchanged (Fig. S7a and b), show-
ing excellent photostability for HER. To evaluate the light utiliza-
tion efficiency, the wavelength-dependent AQE of the Mo-CdS
NRs is determined with various monochromatic light irradiation
(Fig. 6d). The AQE at the irradiation wavelength of 420, 450, 500,
and 550 nm was measured to be 20.5%, 18.1%, 9.8%, and 3.7%,
respectively, which well matches the absorption capability in visi-
ble region. Specifically, the AQE of 20.5% at 420 nm is comparable
Fig. 7. (a) Photocurrent response under visible-light illumination (k > 420 nm), (b) Voc d
from Voc (inset), (c) PL spectra, (d) Polarization curves, (e) Tafel Plots, and (f) EIS spectra
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to the recently reported results [50–52], suggesting significantly
enhanced light utilization efficiency.

To address the origin of the enhanced photocatalytic perfor-
mance, a series of physical and photoelectrochemical characteriza-
tions are carried out for the pure CdS and Mo-CdS NRs. The N2

adsorption and desorption isotherms of both samples are shown
in Fig. S8. Both isotherms are of type II and show small amount
of gas uptake with macroporous feature [53]. The hysteresis loops
are the characteristic of some slit-like pores formed between indi-
vidual nanorods. Moreover, in the relative pressure range of 0.05–
0.30, the Brunauer-Emmett-Teller (BET) surface area of Mo-CdS
NRs was determined to be 26 m2 g�1, only slightly higher than that
(23 m2 g�1) of the pure CdS. By dividing the average H2 evolution
rate by the specific surface area, the normalized hydrogen escape
rate of Mo-CdS is 0.56 mmol m�2h�1, which is still 5.6 times that
(0.10 mmol m�2 h�1) of the bare CdS. Therefore, one can conclude
that the increasement of specific surface area is not the main cause
of the improved photocatalytic activity.

In order to evaluate the effects of modified electronic structures
on the enhanced catalytic activity of the Mo-CdS NRs, the charge
carrier density (ND) of the pure CdS and Mo-CdS NRs were calcu-
lated according to the equation (3):[47,54]

ND ¼ 2
eeCdSe0

� � d 1=C2
� �
d Eð Þ

0
@

1
A

�1

ð3Þ

where e represents the elementary charge value, e0 is the electric
permittivity of the vacuum, eCdS is the relative dielectric constant
of CdS (5.7 F m�1), C is the charge space capacity of the semiconduc-
tor, and E is the potential. As displayed in Table S1, the Mo-CdS NRs
exhibit a ND value of 1.48 � 1021 cm�3, 4 orders of magnitude
higher than that (1.73 � 1017 cm�3) of pure CdS NRs, indicating that
the Mo doping could remarkably promote the separation efficiency
of the electron-hole pairs for CdS NRs. Furthermore, the Debye
lengths (LD) of the pure CdS and Mo-CdS NRs were calculated based
on the equation (4):[49]

LD ¼ e0erkBT
2e2ND

� �1=2

ð4Þ
ecay under visible light illumination and average photoelectron lifetime calculated
of the pure CdS and Mo-CdS NRs.
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Fig. 8. (a) Schematic energy levels of the pure CdS and Mo-CdS NRs. (b) Schematic illustration of the mechanism of photocatalytic H2 evolution on the Mo-CdS NRs under
visible-light irradiation.
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where kB is the Boltzmann constant, er is the dielectric constant
(17.8 F m�1 for CdS), and T denotes the absolute temperature.
According to the Schottky barrier model, the transit time of charge
carriers through the depletion layer is proportional to the square of
LD [55]. A smaller LD corresponds to a less transit time and higher
charge carrier concentration, leading to better charge separation.
As shown in Table S1, The LD of Mo-CdS NRs is determined to be
0.93 nm, almost 2 orders of magnitude smaller than that
(85.56 nm) of pure CdS NRs, confirming the enhanced separation
efficiency of photogenerated charge carriers.

The photocurrent response of the bare CdS and Mo-CdS NRs
under visible light irradiation (k > 420 nm) is displayed in Fig. 7a,
both samples are current-silent in dark, and upon irradiation the
Mo-CdS NRs exhibit a photocurrent intensity of more than 100
lA cm�2, about 5-fold that of the pure CdS NRs, in consistent with
the higher ND in Table S1. Moreover, the high photocurrent
response can reproducibly increase upon light irradiation and
quickly recover upon ceasing irradiation, demonstrating greatly
promoted visible-light response and photoelectrical efficiency for
CdS with Mo doping. The Voc decay measurement under light irra-
diation gives information on the recombination rate and lifetime of
photogenerated charge carriers [56,57]. As presented in Fig. 7b, the
stationary Voc value in the dark condition is the equilibrium poten-
tial. Upon irradiation, the charge carriers are generated by band
gap excitation. Since CdS is an n-type semiconductor, the Voc tends
to be a negative value. When the competition between the electron
accumulation and charge recombination reaches an equilibrium
state, Voc reaches the maximum value in a steady state. When
the illumination is turned off, photovoltage decays and the accu-
mulated electrons recombine with holes. Note that the Voc for
Mo-CdS NRs takes longer time to return to the baseline than that
for pure CdS NRs, demonstrating remarkable prolonged electron
lifetime. The average lifetime of photoelectrons was determined
by tracking the Voc decay rate according to the the equation (5):
[58]

s ¼ � TkB
e

dVoc

dt

� ��1

ð5Þ

where T is the temperature, kB is the Boltzmann constant, e is the
charge of a single electron, and s represents the photoelectron life-
time. As shown in the inset of Fig. 7b, the average lifetime of pho-
toelectrons in the Mo-CdS NRs is about 3-fold longer than that in
pure CdS NRs, which is consistent with the results of photocurrent
response. This is further confirmed by their PL spectra shown in
Fig. 7c. The PL emission of CdS NRs is obviously quenched with
669
Mo doping, revealing that the recombination of both bulk
electron-hole pairs in Mo-CdS NRs and electrons with surface oxy-
gen vacancies are dramatically reduced [50].

The LSV method was employed to identify the correlation of the
photocatalytic activity with the overpotential of HER reaction [59].
As shown in Fig. 7d, to drive a current density of 10 mA cm�2, the
Mo-CdS NRs display a much lower overpotential (98 mV) than the
pure CdS NRs (115 mV), indicating reduced energy barrier for HER.
Furthermore, the Tafel slope of the Mo-CdS NRs electrode is
observed to be lower than that of the CdS NRs (Fig. 7e), implying
accelerated electron transfer process on the electrodes and at the
contact between electrode and electrolyte for HER. Besides, the
Mo-CdS NRs display a much smaller circular radius than the pure
CdS NRs (Fig. 7f), indicating lower charge-transfer resistance and
thus effective transport and separation of charge carriers [60].

Based on the above analyses, a plausible mechanism for the
enhanced photocatalytic H2 production on the Mo-CdS NRs is
described in Fig. 8. For pure CdS, the inherent Vs above but far from
EF is a weak electron-trapping site, leading to low photocatalytic
activity. With Mo doping, a new defect state is created at the bot-
tom of the CBM, which serves as new electron-trapping centers to
facilitate the separation of photoexcited electron-hole pairs
(Fig. 8a). Meanwhile, Mo doping lifts the EF of CdS towards the
defect state. The approach of EF and the defect level enables the
defect state to capture photoelectrons more effectively. As shown
in Fig. 8b, upon irradiation the electrons in VB are excited to CB
of CdS. Subsequently, there are three possible transfer pathways
available for these photoelectrons. (i) Photoelectrons migrate to
the surface of CdS NRs to participate in HER. (ii) Photoelectrons
return to VB, resulting in a recombination of carriers. (iii) Photo-
electrons are captured by the defect state and then thermally
excited to CB again to take part in HER [22,39]. Due to the
enhanced electron-trapping ability of the defect state by lifting
EF, the transfer pathway (ii) is strongly suppressed, while the path-
way (iii) is promoted substantially, resulting in enhanced photo-
electronic efficiency and boosted photocatalytic HER activity. As
such, the boosted photocatalytic activity is also contributed by
additional effects with Mo doping, such as increased carrier den-
sity, reduced diffusion distance of photoelectrons, and nonuniform
charge density.
4. Conclusions

By using one-pot solvothermal reaction with (NH4)2MoS4 as the
sources for both of S and Mo, we have developed a facile strategy to
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dope Mo into CdS NRs, where the Mo (IV) species was identified to
occupy the Cd site in CdS lattices and thus the Mo-S-Cd bonds are
formed. The as-prepared Mo-CdS NRs exhibit a boosted average H2

evolution rate of 14.62 mmol g�1 h�1 under visible-light irradia-
tion, even without using Pt as the co-catalyst, significantly higher
than that of pure CdS NRs. Compared to previous investigations
[19–22], this work provides new insights into constructing non-
noble metal doped semiconductors via solvothermal reactions
with less reactants. Additionally, benefiting from the introduction
of an electron-trapping level, lifted EF towards the trapping level
as well as a nonuniform distribution of charge density due to the
Mo doping, the catalytic performance of the as-prepared Mo-CdS
NRs for HER is superior to previously reported CdS-based photocat-
alysts (see Table S2). Therefore, the presented strategy is demon-
strated to synthesize non-noble metal doped semiconductor
photocatalysts and highlights the key role of metal ion doping on
the modulation of electronic structures towards photocatalytic
process.
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