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ABSTRACT: Here, we describe a strategy for preparing CdS/MoS2
heterostructures using initially electrodeposited MoSx on a polycrystalline
gold substrate. The excess sulfur intrinsic to the electrodeposited MoS3
surface was derivatized with Cd to form spherical CdS/MoS2 particles by
judicious adjustment of the medium pH and interfacial electrochemistry. The
progression of this conversion was monitored by a combination of cyclic/
linear sweep voltammetry coupled with electrochemical quartz crystal
nanogravimetry. The electrodeposited MoSx and CdS/MoS2 ﬁlms were
further characterized by scanning electron microscopy, energy-dispersive Xray analysis, laser Raman spectroscopy, and X-ray photoelectron spectroscopy. Heterojunction formation between MoS2 and CdS particles was
conﬁrmed by high-resolution transmission electron microscopy as well as
via Kelvin probe measurements of the contact potential diﬀerences, with and
without the presence of CdS on the MoS2 surface. The nonoptimized CdS/MoS2 heterostructures showed improved
photoelectrochemical response compared with CdS or MoS2 for oxidation of sulﬁte species.
KEYWORDS: chalcogenide, hydrogen evolution reaction, thin ﬁlm, photoelectrochemistry, semiconductor
the other hand, MoS6 ﬁlms were electrodeposited from a
Mo2S122− precursor.5 In this study, anodic electrodeposition
was used to prepare the MoSx “precursor” ﬁlm on a
polycrystalline gold surface.
Heterostructures of CdS/MoS2 have been shown in many
studies17−30 to oﬀer enhanced photoelectrochemical (PEC)
performance for the HER. Both MoS2 and CdS share a
hexagonal unit cell structure aﬀording an intimate heterojunction, as elaborated further in what follows. In particular,
CdS is an important “cocatalyst” because of its broad-band
light absorption and negative conduction band edge. While an
impressive array of preparation strategies have been brought to
bear for preparing CdS/MoS2 heterostructures (see, for
example, the listing in ref 18), electrodeposition has been
used only in two studies.19,24 In ref 19, CdS layers were ﬁrst
prepared on a ﬂuorine-doped tin oxide (FTO) substrate by
cathodic electrodeposition. The MoS2 layers were then loaded

1. INTRODUCTION
Transition metal dichalcogenides are currently of much
interest as earth abundant and cost-eﬀective electrocatalyst
alternatives to platinum group metals for the hydrogen
evolution reaction (HER).1,2 For example, molybdenum
disulﬁde (MoS2) has been extensively studied with this
application in perspective.3 Amorphous molybdenum sulﬁde
(MoSx) has also emerged as an eﬃcient HER electrocatalyst.4−7 The stoichiometry and sulfur content of MoSx
ﬁlms (which can be controlled by the precursor, MoS42− or
Mo2S122−) have been shown to inﬂuence the HER electrocatalytic activity.5 Other than for HER, molybdenum sulﬁdes
have also been explored for use in solar cells,1,2 lithium
batteries,8 electrochemical sensors,9 and electrochemical
supercapacitors.10
Electrodeposition11 has been extensively used for the
preparation of molybdenum sulﬁdes4−6,10,12−16 because of
easy scalability, mild process conditions, and overall simplicity.
Especially, the product is conveniently obtained as a ﬁlm
whose composition is easily controlled depending on the
choice of electrolytes and deposition conditions (e.g.,
potential). For example, oxidative (i.e., anodic) deposition
was shown to result in MoS3 while cathodic deposition
produced MoS2 ﬁlms from the same MoS42− precursor.5 On
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Therefore, at potentials beyond ∼−1.0 V, both HER and
ﬁlm deposition occur, the ﬁrst involving obviously no mass
change and the second involving mass gain.
All of the CV-EQCN features in Figure 1 can be assigned
based on previous studies. MoS3 ﬁlms were shown to be
electrodeposited via a two-electron oxidation reaction4−6

on the CdS ﬁlm by chemical bath deposition. On the other
hand, in ref 24, electrodeposition was only utilized to
electrodeposit Cd metal on a Mo mesh; the composite was
then converted to CdS/MoS2 by thermal sulfurization. In
particular, we are not aware of precedence for a derivatization
strategy such as that presented below using the precursor MoSx
surface chemistry/electrochemistry.
As in our companion studies,31−35 the combination of linear
sweep or cyclic voltammetry (LSV or CV) and electrochemical
quartz crystal nanogravimetry (EQCN) oﬀered insights into
the ﬁlm conversion process. Product conﬁrmation was
furnished by a variety of ex situ chemical characterization
tools in concert.

MoS4 2 − → MoS3 +

1
S8 + 2e−
8

(1)

Anodic oxidation of MoS42− (the precursor also used in this
study) was also shown to yield a 4:1 S/Mo ratio or a MoS4 ﬁlm
on a ﬂuorine-doped tin oxide electrode5
MoS4 2 − → MoS4 + 2e−

2. RESULTS AND DISCUSSION
2.1. Electrosynthesis and Characterization of MoSx.
Figure 1 contains combined CV-EQCN data for a Au-EQCN

(2)

According to the previous studies,4−6 oxidative deposition
beginning at ∼0.0 V can be attributed to the formation of
MoS3 along with elemental sulfur, which is cathodically
stripped to MoS42− according to the reverse of reaction 1.
From the fact that the frequency returned to the original value
during the reverse scan at ∼−1.0 V (Figure 1), it can be
deduced that all of the deposited ﬁlms are reduced during the
cathodic scan, suggesting that reaction 1 proceeds almost
reversibly. The observed (minor) decrease in frequency (ﬁlm
formation) beyond potentials of ∼−1.0 V (Figure 1) can be
assigned to the reduction of MoS42− to MoS2 via reaction 34,12
or reaction 414
MoS4 2 − + 2H 2O + 2e− → MoS2 + 2HS− + 2OH−

(3)

MoS4 2 − + 4H+ + 2e− → MoS2 + 2H 2S

(4)
2−

Unlike the MoS3 produced by oxidation of MoS4 , the
cathodically electrodeposited MoS2 ﬁlm remained stable
during the following cycles even in acidic electrolytes (see
below).4 Evidence for this follows from the trend seen in the
EQCN data where the frequency did not return to the previous
value in subsequent cycles (Figure 1). The decrease in
frequency at potentials beyond −1.0 V remained low because
of the correspondingly low concentration of MoS42− generated
by the reverse of reaction 1 (or reaction 2).
What happens when the potential window encompassed by
the CV-EQCN data is systematically expanded? Figure 2
contains the results; the termination potential was expanded
systematically from −0.2 V (Figure 2A) to −1.0 V (Figure
2D). The positive potential limit was maintained constant in all
of the cases at +0.4 V. The data in Figure 2A reﬂect reaction 1,
and no ﬁlm dissolution was observed during the returning
negative-going scans, as indicated by the fact that the EQCN
frequency remained constant. When the potential window was
extended to more negative potentials, cathodic stripping of the
anodically deposited MoSx ﬁlm (according to the reverse of
reactions 1 and 2) was observed during the cathodic scan, as
evidenced from the frequency increase from ∼−0.5 V (Figure
2B) until the potential scan was reversed at −0.7 V (Figure
2C). The increase in frequency continued until the potential
was scanned to ∼0.0 V. As the potential was further scanned to
−1.0 V (Figure 2D), the decrease in frequency could be seen at
potentials beyond ∼−0.9 V. As mentioned earlier, this signaled
the formation of MoS2 via reactions 3 and 4. A subtle aspect of
these data is that MoSx ﬁlms were cathodically stripped in two
distinct stages only in the ﬁrst cycle (Figures 1 and 2D).
Figure 3 shows an LSV scan with EQCN frequency changes
for a MoSx-modiﬁed Au electrode in a 0.1 M KNO3 blank

Figure 1. Cyclic voltammograms (black lines) along with EQCN
frequency changes (red lines) for a Au electrode in a 0.1 M KNO3
electrolyte containing 2 mM (NH4)2MoS4 (pH = 6.5). The arrows
indicate the potential scan direction. Scan rate: 50 mV/s.

electrode in a 0.1 M KNO3 electrolyte containing 2 mM
(NH4)2MoS4 (pH = 6.5). The potential scan started at −0.2 V
and cycled between +0.4 and −1.1 V at a scan rate of 50 mV/s.
In the ﬁrst scan, an anodic peak at ∼+0.3 V with a decrease
(mass increase) in frequency was observed and the mass
increase continued until the potential was scanned to +0.2 V
with potential reversal at +0.4 V. A cathodic wave at ∼−0.65 V
was subsequently observed with an increase (mass loss) in
frequency. The increase in frequency associated with the
cathodic wave occurred in two steps during the ﬁrst cycle, each
beginning at ∼−0.6 and ∼−0.8 V. However, voltammograms
obtained from the second and subsequent cycles only showed
a single step in frequency (Figure 1). At potentials beyond
∼−1.0 V, a small decrease in frequency due to ﬁlm formation
and a pronounced current surge (attributable to HER) were
observed. This trend of oxidative deposition and reductive
stripping was repeated in the following cycles, demonstrating
the reversibility of redox reactions occurring in the potential
window between −0.8 and +0.4 V. A net increase in mass with
the number of cycles resulted partially from cathodic
deposition of MoS2 from MoS42− beyond ∼−1.0 V; notably,
the deposited ﬁlm was not stripped oﬀ during the following
anodic scan.
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Figure 2. Cyclic voltammograms (black line) along with EQCN frequency changes (red line) for a Au electrode in a 0.1 M KNO3 electrolyte
containing 2 mM (NH4)2MoS4 (pH = 6.5) with increasingly negative potential limits, (A) −0.2 V, (B) −0.5 V, (C) −0.7, and (D) −1.0. Scan rate:
50 mV/s.

contains diﬀerent species.4,8 Alternatively, initial stripping can
be assigned to the dissolution of surface layers, followed by the
stripping of bulk layers.
No cathodic wave or frequency changes at ∼−0.75 V were
observed in a control LSV-EQCN scan after potential cycling
of the MoSx-modiﬁed electrode between 0.0 and −0.7 V at 50
mV/s in a 0.1 M KNO3 blank electrolyte (pH = 6.5) (Figure
S1). Clearly, the ﬁrst feature of the stripping sequence
disappeared during the precycling treatment.
The sulfur in MoS3 possesses a diﬀerent oxidation state from
sulfur in MoS2 contrasting with the oxidation state of
molybdenum, which is +4 in both MoS2 and MoS3. MoS3
contains bridging S−S2− and S2− anions with a theoretical ratio
of 1:1.7 Figure S2 contains X-ray photoelectron spectroscopy
(XPS) data for a MoS3 ﬁlm electrodeposited in a 0.1 M KNO3
electrolyte containing 2 mM (NH4)2MoS4 at +0.4 V for 1 h.
The signal with binding energy at 229.3 eV (Figure S2A) in the
high-resolution Mo 3d region is attributed to the Mo(IV) ions
in MoS3.4,7 Another set of peaks at 232.5 and 235.6 eV is
assigned to the Mo(VI) species in MoO3, formed adventitiously during the electrodeposition and/or sample transfer
during the measurement. A peak at 226.6 eV due to S 2s
appeared next to the Mo 3d region.36 The peak at the binding
energy of 162.9 eV in the S 2p region (Figure S2B) can be
assigned to bridging S22−.4 Elemental analysis by energydispersive X-ray (EDX) revealed an atomic ratio of S/Mo in
these ﬁlms to be ∼3.8 (Figure S2C,D), a value consistent with
that expected from reaction 1. Thus, the XPS and EDX data,
taken together, conﬁrmed the successful oxidative deposition
of MoS3 with elemental sulfur on the FTO substrate.

Figure 3. Linear sweep voltammogram (black line) with EQCN
frequency changes (red line) for the MoSx-modiﬁed Au electrode in a
0.1 M KNO3 electrolyte (pH = 6.5). The MoSx ﬁlm was
electrodeposited at +0.4 V for 160 s in a 0.1 M KNO3 electrolyte
containing 2 mM (NH4)2MoS4. Scan rate: 50 mV/s.

electrolyte (pH = 6.5). As shown in the ﬁgure, a cathodic
current ﬂow increased slowly without concomitant frequency
change until the potential was scanned to about −0.6 V, when
a composite twin cathodic wave at ∼−0.75 V appeared with a
mass decrease in two distinct stages. A slight mass gain at
negative potentials of ∼−1.0 V also mimics the trends seen
above. Thus, the essential features on the ﬁrst return stripping
scan in Figures 1 and 2D were also captured here. The twostage stripping sequence seen in the ﬁrst cycle in these ﬁgures
may be accommodated by the possibility that the MoSx ﬁlm
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Figure 4. Linear sweep voltammogram (black line) along with EQCN frequency changes (red line) for a MoSx-modiﬁed electrode in (A) 0.1 M
KNO3 electrolyte (pH = 3.5) and (B) 0.5 M H2SO4 (pH = 0.3). Scan rate: 20 mV/s.

electrodeposited by oxidation of MoS42− and thus-synthesized
MoS3 was successfully transformed into MoS2 by electroreduction. Scanning electron microscopy (SEM) images of
anodically deposited MoSx ﬁlms and MoS2 ﬁlms (Figures S2
and S3) indicated that ﬁlms consisted of nanoparticles clearly
segregated and uniformly distributed on the substrates.
2.3. Transformation of the Activated MoSx Surface to
CdS/MoS2 and Characterization of Product. Shown in
Figure 5 is a linear sweep voltammogram accompanied by the

2.2. Activation of the Electrodeposited MoSx Surface.
This is key to our strategy to convert the MoSx layers to CdS/
MoS2 heterostructures, as described in the next section. For
now, we explore the nuances of the activation step. Activation,
herein, refers to the irreversible reductive removal of S atoms
(see above) from the MoSx surface, leaving behind MoS2.4,5 To
this end, LSV-EQCN experiments were conducted on a MoSxmodiﬁed electrode (as in Figure 3) in 0.5 M H2SO4 (pH =
0.3).
When the pH of the supporting electrolyte was decreased
from 6.5 to 3.5 using H2SO4 (Figure 4A), trends in
voltammograms and frequency changes were maintained
except for increased frequency changes after ∼−1.1 V. Recall
that this is assignable to the reduction of MoS42− to MoS2 (see
above). The observed EQCN frequency change in Figure 4A
suggested that dissolution to MoS42− and reduction to MoS2
occurred together during the cathodic scan, as diagnosed from
the incomplete stripping of the MoSx ﬁlm at ∼−1.1 V.
When pH was further lowered to 0.3, the cathodic current
monotonically increased with potential while the frequency
change was almost stable after ∼−0.5 V, implying stability of
the electrogenerated MoS2 ﬁlms in an acidic electrolyte (Figure
4B). Considering the slow deposition of MoS2 ﬁlms at negative
potentials due to the competing HER and fast oxidative
deposition of MoSx, as shown in Figure 1, conversion of
anodically deposited MoSx into MoS2 could be an alternative
strategy for the controlled electrosynthesis of MoS2.
The systematic shift in the onset of (the monotonic)
cathodic current ﬂow to more positive potentials as the pH was
lowered (from ∼6.5 to 3.5, Figures S1 and 4A,B, and 0.3) was
entirely consistent with the trend to be expected for the HER.
The successful transformation (activation) of MoSx into
MoS2 was further conﬁrmed by XPS and EDX analysis (Figure
S3). Again, signals with binding energy at 229.3 and 232.5 eV
(Figure S3A) were attributed to Mo(IV) in MoS2 and Mo(VI)
in MoO3, respectively.4,7,8 The peak at 161.9 eV in the S 2p
region (Figure S3B) was due to terminal S2−.4,9 Again, the peak
at the binding energy of 162.9 eV can be assigned to the
bridging S22−.4 Another peak at 168−171 eV was assigned to
sulfate adsorbed on the surface.16 EDX analyses of the MoS2
ﬁlms converted from MoSx aﬀorded an elemental stoichiometric atomic ratio of ∼1:2.3 (Figure S3C,D), as expected
from the successful synthesis of MoS2 from anodically
electrodeposited MoSx ﬁlms. The results from XPS and EDX
in Figures S2 and S3 conﬁrmed that MoS3 was anodically

Figure 5. Linear sweep voltammogram (black line) along with EQCN
frequency changes (red line) for the MoSx-modiﬁed electrode in 0.5
M H2SO4 containing 10 mM CdSO4. Inset: A control linear sweep
voltammogram (black line) along with EQCN frequency changes (red
line) for a bare Au electrode in 0.5 M H2SO4 containing 10 mM
CdSO4. Scan rate: 20 mV/s.

corresponding EQCN frequency change for a MoSx-modiﬁed
electrode in 0.5 M H2SO4 also containing 10 mM CdSO4. The
MoSx ﬁlms were pre-electrodeposited on the Au substrate by
the same procedure as shown in Figure 3.
Contrasting with the increase (mass decrease) in the
frequency in a 0.5 M H2SO4 blank electrolyte (Figure 4),
the decrease in frequency (mass increase) started at ∼−0.5 and
continued until ∼−1.0 V, followed by a substantial decrease
due to deposition of bulk cadmium beyond ∼−1.0 V. A
cathodic wave at −0.5 V is due to the reduction of MoSx into
MoS2 and sulﬁde, which resulted in CdS/MoS2 by the reaction
of Cd2+ with sulﬁde ions or hydrogen sulﬁde
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Figure 6. (A) Laser Raman spectrum and high-resolution X-ray photoelectron spectra for CdS/MoS2 in (B) Cd 3d, (C) Mo 3d, and (D) S 2p
binding energy region. See the text for sample preparation details. The excitation wavelength for the Raman spectrum was 532.05 nm.

H 2S + Cd2 + → CdS + 2H+

inset) could be ameliorated by shrinking the reduction time to
500 s; now the relative intensity trend was reversed (see Figure
S4).
XPS was employed to further investigate the surface
chemical composition and valence state of the various elements
in the CdS/MoS2 sample. Two peaks at 405.0 and 411.8 eV
were assigned to Cd 3d5/2 and 3d3/2, respectively, characteristic
of Cd2+ in CdS (Figure 6B).18,19,21 The peaks at binding
energies of 229.3 and 232.3 eV (Figure 6C) were again
assigned to Mo(IV) in MoS 2 and Mo(VI) in MoO 3,
respectively.4,7 Next to the Mo 3d doublets, a singlet with a
binding energy of 226.9 eV is from S 2s, which is also a typical
feature of MoS2.4,18 Similarly, peaks at 162.9 and 161.6 eV in
the S 2p spectrum (Figure 6D) corresponded to the oxidation
state of S2− in MoS2. EDX analysis also conﬁrmed that the
ratio of Cd/Mo/S was ∼1:1:3, demonstrating formation of
CdS/MoS2 (Figure S5).
The morphology of the CdS/MoS2 samples was characterized by SEM and EDX elemental mapping measurements. A
typical SEM image displayed in Figure 7A revealed spherical
CdS/MoS2 particles with a diameter ranging from 0.49 to 1.75
μm, uniformly deposited on the MoS2 layers. The inset shows
a magniﬁed CdS/MoS2 particle revealing that the morphology
was very diﬀerent from MoS2 or MoS3 (cf., Figures 7A and S2,
S3). A side view of the composite in Figure 7B shows that
CdS/MoS2 particles were formed on the MoS2 layer that, in

(5)

The inset shows a control linear sweep voltammogram along
with EQCN frequency changes for a bare Au electrode in 0.5
M H2SO4 containing 10 mM CdSO4, which proves that the
deposition in Figure 5 that began at ∼−0.5 V is from the
formation of CdS, not cadmium.
Laser Raman spectroscopy, XPS, EDX, and SEM were
performed to probe the composition and morphology of the
CdS/MoS2 heterostructures. To this end, a MoSx ﬁlm was
anodically electrodeposited on the FTO electrode at +0.4 V for
1 h from a 0.1 M KNO3 electrolyte containing 2 mM
(NH 4) 2 MoS4 . Next, the MoS x -modiﬁed electrode was
subjected to potentiostatic reduction at −0.6 V for 30 min in
0.5 M H2SO4 containing 10 mM CdSO4. Figure 6A shows a
Raman spectrum for the resultant sample. The peaks at 297.7
and 595.5 cm−1 were characteristic 1 LO and 2 LO vibrational
modes for CdS.18,22 Additional peaks at 376 and 406 cm−1 in
the inset were indexed to the E2g and A1g vibrational modes of
MoS2,18,22 indicating successful conversion of MoSx to MoS2.
MoS2 is built from layers of Mo sandwiched between layers of
S, and Raman spectroscopy has been used to determine the
number of layers using frequency diﬀerence.37 The observed
frequency diﬀerence of ∼30 cm−1 implied that MoS2 was
deposited as a bulk ﬁlm rather than as a few monolayers.37 The
attenuation of the MoS2 Raman signals (see Figure 6A and the
7566
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Figure 7. SEM images of CdS/MoS2: (A) top view and (B) side view. The inset in the A frame shows a typical CdS/MoS2 particle. (C) Elemental
mapping images of S, Mo, and Cd in the particle.

Films prepared on Au/quartz supports for EQCN measurements are not optimal for photoelectrochemical (PEC)
characterization because they are too thin. Therefore, micrometer-thick CdS/MoS2 ﬁlms were electrosynthesized for this
speciﬁc purpose (see Experimental Section below for details).
The PEC activity and internal-photon-to-electron-conversion
eﬃciency (IPCE) of the CdS/MoS2 samples were evaluated
using sulﬁte as a redox probe. Sodium sulﬁte is a facile hole
scavenger for this purpose. Figure 9A shows the PEC activity
of an electrodeposited and heat-treated CdS/MoS2 ﬁlm under
chopped light illumination. Compared to the negligible
photocurrent for the bare CdS and MoS2 samples (Figures
S6 and S7), the photocurrent was signiﬁcantly enhanced for
the CdS/MoS2 heterojunction electrode, reaching ca. 0.4 mA
cm −2 at +0.1 V (vs Ag/AgCl). Figure 9B contains
corresponding transient photocurrent data at a ﬁxed potential
of +0.1 V in the same electrolyte. The good rectangularity of
the photocurrent transients in Figure 9B and the relative
absence of spikes diagnosed that electron−hole recombination
was suppressed by heterojunction formation. This is consistent
with the proposed vectorial carrier separation, as shown in
Figure 10. Such an enhancement mechanism has been
discussed before in the literature (cf., refs 18 and 19). The
IPCE trace (action spectrum) of the CdS/MoS2 ﬁlm is
displayed in Figure 9C. The maximum IPCE was achieved
below 500 nm, with a cutoﬀ value at ∼580 nm. This value
suggested that the majority of the photocurrent originated
from the CdS part of the heterojunction electrode, and the role
of MoS2 was simply to promote the vectorial separation of
charge carriers generated in CdS (mostly by siphoning

turn, was transformed from MoSx. Elemental mapping
measurements of a single particle in Figure 7B clearly
demonstrated that S, Mo, and Cd were homogeneously
dispersed in the particle (Figure 7C). X-ray diﬀraction of the
as-prepared CdS/MoS2 particles indicated them to be
amorphous.
High-resolution transmission electron microscopy (HRTEM) images of a CdS/MoS2 particle (Figure 8) showed

Figure 8. (A) HR-TEM image CdS/MoS2 particles in Figure 7 after
thermal annealing at 400 °C for 60 min in a nitrogen atmosphere and
(B) magniﬁed image of the selected frame from image (A).

that the CdS particles did not merely sit on a MoS2 layer.
Instead, these data conﬁrmed the SEM-based conclusions
mentioned above that CdS/MoS2 particles were formed on the
(underlying) MoS2 layer. The lattice fringes from the (200)
planes in CdS and the (002) planes in MoS2 were clearly
visible (Figure 8b) and attested to heterojunction formation.
7567
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Figure 9. Photoelectrochemical activity of CdS/MoS2 ﬁlms in a 0.1 M Na2SO3 solution. (A) Photovoltammogram recorded at a scan rate of 5 mV/
s. (B) Transient photocurrent proﬁle and (C) photoaction spectrum. The data in frames (B) and (C) were acquired at a ﬁxed potential of +0.1 V vs
Ag/AgCl.

heterojunction was constructed (Figure 10), which shared
features with those reported in the literature was observed.38,39
Further optimizations of the CdS/MoS2 heterojunction,
beyond the scope of this study, would be needed for these
samples to be utilized in practical applications such as the HER

3. MATERIALS AND METHODS
Ammonium tetrathiomolybdate ((NH4)2MoS4), sodium sulﬁde
(Na2S), cadmium sulfate hydrate (CdSO4·8/3H2O), potassium
nitrate (KNO3), and sodium sulﬁte (Na2SO3) were bought from
Sigma-Aldrich and used without further puriﬁcation. The pH of each
solution was adjusted with 1 M H2SO4 or 1 M NaOH, as needed.
Details of the electrochemical instrumentation including the
potentiostat, electrodes, and EQCN are given elsewhere.31−34 Brieﬂy,
all electrochemical experiments were performed at room temperature
in a conventional three-electrode cell using an AT-cut, Au-coated
quartz crystal (geometric area, 0.2 cm2) working electrode, a Pt
counter electrode, and a Ag/AgCl/3 M NaCl reference electrode. All
potentials mentioned above are quoted with respect to this reference
electrode. The electrolytes were degassed with high-purity nitrogen
prior to the electrochemical measurements, and a nitrogen blanket
was used during measurement.
The photoelectrochemical (PEC) experiments were performed per
details given elsewhere.33 Brieﬂy, a sealed, custom-designed onecompartment, three-electrode glass cell was used. A MoSx ﬁlm was
anodically electrodeposited on the FTO electrode using consecutive
depositions steps at +0.3 +0.4, and +0.5 V for 300 s, from a 0.1 M
KNO3 electrolyte containing 2 mM (NH4)2MoS4. Next, the MoSxmodiﬁed electrodes were subjected to potentiostatic reduction at
−0.5, −0.6, and −0.7 V for 300 s in 0.5 M H2SO4 containing 10 mM
CdSO4 solution, resulting in the CdS/MoS2 sample. For comparative
purposes, MoS2 and CdS ﬁlms were also electrosynthesized. The
MoS2 ﬁlm was deposited at +0.3 +0.4, and +0.5 V for 300 s from a 0.1
M KNO3 electrolyte containing 2 mM (NH4)2MoS4, and then
activated at −0.5, −0.6, and −0.7 V for 300 s in 0.5 M H2SO4. A CdS
ﬁlm was also deposited at −0.5, −0.6, and −0.7 V for 300 s in 0.5 M
H2SO4 containing 10 mM CdSO4. The electrochemically deposited
ﬁlms were heat-treated at 400 °C in a tube furnace for 30 min in Ar
ﬂow (150 cm3/min) prior to use.
The deposited ﬁlms were irradiated with a 300 W xenon arc lamp
contained in a Muller Elektronik-Optik LAX 1530 housing and
connected to a Muller Elektronik-Optik SVX 1530 power source. The
incident light intensity on the electrode surface, as measured with a
Newport model 70260 radiant power meter/model 70268 probe, was
∼100 mW/cm2 in all experiments described below. The exposed area
of the indium tin oxide (ITO) surface was 0.2 cm2. In other
measurements (in Szeged), modiﬁed FTO electrodes were used as the
working electrode, with a Pt plate and Ag/AgCl/3 M NaCl being
employed as counter and reference electrodes, respectively. The
applied light source was a Newport LCS-100 type solar simulator
operated at full output. The radiation source was placed 18 cm away

Figure 10. Band diagram, together with proposed charge carrier
paths, constructed from the Kelvin probe data (Figure S9) and optical
data from the literature (refs 38, 39).

electrons before they recombined with the photogenerated
holes in CdS, see Figure 10).
Additional, conclusive evidence for heterojunction formation
between CdS and MoS2 was accrued from surface photovoltage spectroscopy (SPS) and Kelvin probe measurements.
SPS was applied to probe the contributions of CdS and MoS2
to the photovoltage in the heterojunction (Figure S8). Two
maxima could be seen in the photovoltage spectrum around
550 and 800 nm corresponding to the band gaps of CdS (2.4
eV) and MoS2 (1.3 eV).38,39 The contact potential diﬀerence
(CPD) values (Figure S8) (replicated three times) were: 325
± 5, 590 ± 4, and 542 ± 11 meV for CdS, MoS2, and CdS/
MoS2 samples, respectively. The Fermi levels calculated using
these CPD values were ca. −4.7, −5.0, and −4.9 eV in the case
of CdS, MoS2, and CdS/MoS2 samples, respectively. This
conﬁrmed that there was Fermi level equilibration in the
heterojunction. Based on the valence bond (VB) energy values
(from ambient pressure ultraviolet (UV) appearance photoelectron spectroscopy (APS) measurements) and the optical
band-gap information, a band diagram of the CdS/MoS2
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from the illuminated working electrode surface (100 mW cm−2 ﬂux).
The cell contained an aqueous solution of 0.1 M Na2SO3, which was
saturated with Ar. Photovoltammograms were recorded using 5 mV
s−1 potential sweep in parallel with periodically interrupted irradiation
(0.1 Hz). IPCE measurements were carried out on a Newport
Quantum Eﬃciency Measurement System (QEPVSI-B) in the same
single-compartment, three-electrode electrochemical cell. The wavelength range was 800−400 nm (Δλ = 25 nm step size). The CdS/
MoS2-modiﬁed FTO electrode was held at +0.1 V constant potential
during the measurements. The electrochemically active area of the
ﬁlm on the FTO surface was 1 cm2 in these cases.
Film morphology and composition were obtained on a JEOL
model JSM-7610F ultrahigh-resolution ﬁeld-emission scanning
electron microscope (FESEM) equipped with an energy-dispersive
X-ray emission analysis (EDX) probe. High-resolution transmission
electron microscopy (HR-TEM) used a JEOL model JEM-2100F
instrument. For the TEM sample preparation, the particles were
scraped oﬀ the support electrode surface.34 They were then dispersed
by sonication in methanol followed by immobilization on a carbon
grid for examination. Prior to the examination, the particles were
thermally annealed as needed.
X-ray photoelectron spectra were obtained on a Ulvac-PHI Model
PHI Quantera-II instrument ﬁtted with a monochromatic Al Kα X-ray
source. Laser Raman spectra were obtained on a Nanophoton model
RAMANtouch spectrometer equipped with a 532.05 nm laser and a
grating with 2400 lines mm−1. Contact potential diﬀerences (CPDs),
surface photovoltage spectroscopy (SPS), and ambient pressure
ultraviolet (UV) appearance photoelectron spectroscopy (APS) were
measured on a KP Technology APS04 Kelvin probe instrument
equipped with a 2 mm diameter gold alloy-coated tip. The Fermi level
(EF) of the tip was determined relative to a silver reference target
(EF, Au tip = −4.40 eV). Instrumentation details for other photoelectrochemical measurements are given elsewhere.40
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■

4. CONCLUSIONS
This work has demonstrated a general approach to electrosynthesizing heterojunctions based on two metal chalcogenides. The key is to be able to activate the underlying
“precursor” chalcogenide surface by suitable electrochemical
pretreatment. Thereby, the interfacial activity of a reactive
chalcogenide species serves to generate the overlayer as needed
after the electrolyte composition is appropriately modiﬁed.
This approach was illustrated here for the speciﬁc instance of
CdS/MoS 2 using an anodically electrodeposited MoS x
“template” layer. This layer was electroreductively activated
to generate MoS2 and S2− species. Subsequent interfacial
precipitation of added Cd2+ with the interfacial S2− species
resulted in CdS/MoS2 nanoparticle formation on the MoS2
bottom layer. Heterojunction formation was conﬁrmed by HRTEM as well as via Kelvin probe measurements of the CPDs.
The resultant CdS/MoS2 heterojunctions showed enhanced
PEC activity relative to its components. However, further
optimizations would be needed to translate these ﬁndings to
practical HER (or other electrocatalysis/photocatalysis)
applications.
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