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Abstract: The rational synthesis of semiconducting materials with enhanced photoelectrocatalytic
efficiency under visible light illumination is a long-standing issue. ZnO has been systematically
explored in this field, as it offers the feasibility to grow a wide range of nanocrystal morphology;
however, its wide band gap precludes visible light absorption. We report on a novel method for
the controlled growth of semiconductor heterostructures and, in particular, core/sheath ZnO/MoS2

nanowire arrays and the evaluation of their photoelectrochemical efficiency in oxygen evolution
reaction. ZnO nanowire arrays, with a narrow distribution of nanowire diameters, were grown on
FTO substrates by chemical bath deposition. Layers of Mo metal at various thicknesses were sputtered
on the nanowire surface, and the Mo layers were sulfurized at low temperature, providing in a
controlled way few layers of MoS2, in the range from one to three monolayers. The heterostructures
were characterized by electron microscopy (SEM, TEM) and spectroscopy (XPS, Raman, PL). The
photoelectrochemical properties of the heterostructures were found to depend on the thickness of
the pre-deposited Mo film, exhibiting maximum efficiency for moderate values of Mo film thickness.
Long-term stability, in relation to similar heterostructures in the literature, has been observed.
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1. Introduction

The quick depletion of natural resources and moderation of carbon dioxide emissions
are currently pursued by developing low-cost alternatives of electricity supply using
renewable energy sources, such as solar light. Photoelectrochemical (PEC) water splitting
stands out as a promising way towards hydrogen production by solar energy-driven water
splitting. Metal oxide semiconductors, such as TiO2 [1–3], ZnO [4–6] and WO3 [7,8], have
traditionally been employed as anodes in PEC cells in view of their stability and ease of
morphology manipulation, especially for ZnO [9,10]. However, the wide optical bandgaps
of these materials limit their light absorption only to the UV part of the solar spectrum,
which prevents the efficient exploitation of solar energy in the visible region. Hematite
(α-Fe2O3), an abundant and non-toxic material, has also been intensively explored owing
to its narrow bandgap (~2.1 eV) for solar water splitting [11], which is, however, bound to
several limitations, such as low absorption, short exciton lifetime and low oxygen evolution
reaction kinetics. An additional narrow bandgap semiconductor, i.e., BiVO4, has also been
systematically investigated for potential use as a photoanode in solar water splitting,
despite it suffers from very low electron-hole separation yield, leading to poor efficiency
conversion [12].

Recently, hybrid core/sheath nanostructures consisting of a metal oxide semiconduc-
tor core (ZnO) covered by transition metal di-chalcogenides layers (MX2, M: Mo, W, etc.,
and X: Se, S2, Te) and other chalcogenides, such as ZnSe [13,14], CdS [15] and CdSe [16,17],
have been explored as potential efficient PEC anode materials stimulated by visible light
benefiting from a more effective separation of photo-generated charges.
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Among various layered (2D) chalcogenide crystals, MoS2 is considered a promising
material because of its tunable bandgap ranging from ~1.2 eV (indirect gap) for the bulk
crystal to ~1.9 eV (direct gap) for the monolayer [18–20]. MoS2 comprises a strong in-plane
covalent bonding of S–Mo–S and weak out-of-plane van der Waals interaction between
S–S in neighboring layers, further exhibiting relatively high mobility [21]. According to
theoretical calculations and experimental studies, MoS2 has high catalytic performance
due to the S atoms situated at the edges of the plane, being more catalytically active than
the S atoms of the basal sites of the layer [22–24] MoS2 can be synthesized by several
methods, including hydrothermal [25], chemical vapor deposition [26], mechanical or
chemical exfoliation [27], liquid-phase exfoliation [28], atomic layer deposition [29], and
so on. Furthermore, MoS2 exhibits a variety of morphologies such as nanoparticles [30],
nanotubes [31], nanosheets [32], flakes [33] and quantum dots [28,34].

There are few sporadic studies about the electrochemical behavior of MoS2 towards
hydrogen evolution reaction (HER) [35]. However, the performance of the material in
relation to the oxygen evolution reaction (OER) has not yet been explored systematically.
Contrary to HER, the OER involves a four-electrons-step oxidation process and suffers
from sluggish electrode kinetics [36]. In line with experiments and theoretical calculations,
the defected edge sites and vacancies in the MoS2 can also promote the OER [34].

In this work, we attempt to investigate the OER of core/sheath ZnO/MoS2 heterostruc-
tures synthesized by a novel route. ZnO nanowire (NW) arrays prepared on FTO/glass
substrates by chemical bath deposition stand as the scaffolds onto which the few-layer
MoS2 thin films are grown. MoS2 sheath is prepared by low-temperature sulfurization of
pre-deposited ultrathin Mo films on the ZnO surface. Controlling Mo film deposition and
sulfurization conditions, heterostructures with varying thickness of MoS2 layers down to
the monolayer, are prepared. Structural and morphological characterization is employed
to provide information on microstructural characteristics of the heterostructures and the
chemical environment of the interface between the core and sheath materials. The influence
of the thickness of the sheath layer on the PEC properties of these hybrid nanostructures
is explored.

2. Experimental
2.1. Growth of ZnO NW Arrays on FTO Substrates

The synthesis of ZnO NW arrays onto FTO/glass substrates has been described in
detail elsewhere [37]. After the standard cleaning of the substrates, the method includes
the dissolution of 0.05 M of zinc acetate dihydrate, ZnAc (Zn(CH3COO)2 · 2H2O, Sigma-
Aldrich ACS reagent, ≥98%) in absolute ethanol. The solution is spin-coated on the
substrate and thermally decomposed to form the oriented nanocrystals of the ZnO seed
layer. Subsequently, the growth of ZnO NW arrays takes place in an aqueous solution
containing equimolar concentrations (0.035 M) of ZnAc and hexamethylenetetramine
(HMTA, C6H12N4, Sigma-Aldrich, Louis, MI, USA, ACS reagent, ≥99.0%). The growth
proceeds in a closed reactor vessel at 95 ◦C for 5 h. After the growth step, the NW arrays
are rinsed with triple distilled water and annealed at 300 ◦C for 2 h.

2.2. Growth of ZnO/MoS2 Heterostructures

Mo ultrathin films of various nominal thicknesses ranging from 1.5 to 10 nm were
deposited on the ZnO surface using sputtering at low vacuum (5 × 10−2 mbar). For the
formation of the MoS2 layer, the Mo-sputtered ZnO samples were placed into a triple
temperature zone furnace to sulfurize the Mo films by exposing them to sulfur vapors.
Specifically, sulfur powder (Alfa Aesar, 99.9999%) was placed in an alumina boat and
positioned upstream in the quartz tube of the tube furnace, while the Mo-sputtered ZnO
samples were placed downstream, a few cm away from the sulfur powder. The temperature
was set at 450 ◦C for the Mo-covered ZnO NW arrays, while sulfur powder was heated at
~150–200 ◦C. Prior to increasing the temperature, Ar gas was purged into the reactor with
a flow rate of 100 sccm for at least 60 min to remove the residual oxygen. The purging was
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kept during the heating phase, so Ar played the role of the carrier gas for the sulfur species
in the gaseous phase. The nominal thickness of the sputtered Mo ultrathin film was found
to control the number of MoS2 monolayers. After the heating phase (60 min), the furnace
was allowed to cool down naturally until room temperature while being continuously
purged by Ar gas. Scheme 1 provides a pictorial illustration of the various synthesis
steps and a cross-section of the layers that comprise the final product. The MoS2/ZnO
heterostructures prepared by pre-depositing 1.5, 5 and 10 nm of Mo metal are labeled
hereafter as Mo-1.5, Mo-5 and Mo-10, respectively.
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2.3. Characterization of Morphology, Structure and Optical Properties

The morphology of the ZnO/MoS2 heterostructures was characterized using field
emission scanning electron microscopy (FE-SEM, Zeiss SUPRA, 35VP-FEG) operating at
15 keV and transmission electron microscopy (TEM, JEOL JEM-2100) operating at 200 kV.
The crystal structure was verified by selected area electron diffraction (SAED). ZnO/MoS2
NWs were dispersed in alcohol and spread onto a carbon-coated copper grid (200 mesh)
for the TEM analysis. The chemical composition of heterostructures and their interface
were characterized with X-ray photoelectron spectroscopy (XPS) and X-ray induced Auger
electron spectroscopy (XAES) in an ultrahigh vacuum chamber equipped with a SPECS
Phoibos 100-1D-DLD hemispherical electron analyzer and a dual Al/Mg x-ray gun. The XP
spectra were recorded with MgKa at 1253.6 eV photon energy and an analyzer pass energy
of 10 eV, giving a full width at half maximum (FWHM) of 0.85 eV for the Ag3d5/2 line. The
samples were mounted on a stainless-steel sample holder to avoid charging effects. The
C1s position was at 285.0 eV due to carbon contamination. The crystallinity and thickness



Appl. Nano 2021, 2 151

of the few-layer MoS2 were investigated via Raman spectroscopy (Jobin-Yvon, LabRam
HR-800) using the excitation of 441.6 nm. A microscope objective with 50×magnification
is used to focus the light onto a spot of about 3 µm in diameter. The optical properties
were characterized by photoluminescence (PL) spectroscopy (Cary Eclipse Fluorescence
Spectrophotometer G9800A, Agilent Technologies, Burlington, VT, USA, excitation at
500 nm) and ultraviolet-visible (UV-Vis) spectroscopy (Hitachi, U-3000).

2.4. Photoelectrochemical Measurements

The geometric area of the PEC anodes is about 2 × 2 cm2, while the electrode working
area illuminated and exposed to the electrolyte was ~1 cm2. PEC characterization was per-
formed using a three-electrode configuration and an AUTOLAB potentiostat (PGSTAT30
model). A Pt wire and a hydrogen reference electrode were used as counter and reference
electrodes, respectively. The electrolyte was an aqueous solution of 0.24 M Na2S 9H2O
(Sigma-Aldrich ACS reagent ≥ 98%) and 0.35 M Na2SO3 (Sigma-Aldrich ≥ 98%), pH 11.5,
which was degassed by bubbling pure Ar for at least 30 min prior to the electrical measure-
ments to remove dissolved gases. The light source (solar simulator) comprised a 150 W Xe
arc lamp delivering an intensity of 100 mW cm−2. The sample was illuminated from the
backside (bare glass surface). The electrochemical characterization and the evaluation of
the heterostructures were observed by performing linear sweep voltammetry (LSV) and
cyclic voltammetry (CV) with a scan rate of 50 mV s−1.

3. Results and Discussion
3.1. Electron Microscopy Analysis

Figure 1 displays the FE-SEM images of the (a) bare ZnO NRs and (b–d) the het-
erostructures with a different layer thickness of MoS2 sheath; (b), (c), and (d) correspond to
Mo-1.5, Mo-5 and Mo-10, respectively. The 1D rod-like ZnO structures are clearly observed
in all cases. The average diameter of ZnO NWs is approximately 120 nm, while their length
is ~1 µm. FE-SEM images reveal that the initially smooth surface of the ZnO NWs (a) attain
a textured form due to the growth of the MoS2 sheath. The effect becomes progressively
more evident as the nominal Mo thickness increases from 1.5 to 10 nm. The formation of
the sheath is apparent for all thicknesses of pre-deposited Mo films. In the case of Mo-5 nm
and Mo-10, FE-SEM reveals the growth of islands, especially on the top of the rods.

The morphology and the core/sheath structure of the nanorods are further investi-
gated by TEM and high-resolution TEM (HRTEM). Figure 2a,b show low-magnification
TEM micrographs of ZnO NWs and the Mo-10 ZnO/MoS2 heterostructure. The MoS2
sheath is evidenced by the semitransparent film grown around the ZnO nanowire in
Figure 2b. The HRTEM image in Figure 2c illustrates the interplanar distances of (002) ZnO
planes, with the corresponding lattice spacing at 0.26 nm. Additionally, Figure 2d displays
the interlayer arrangement of hexagonal 2H-MoS2 with a lattice spacing of approximately
0.62 nm, corresponding to the spacing d(002) of hexagonal 2H-MoS2. In the same area, we
can spot the d(100) of MoS2 estimated as ~0.27 nm.

3.2. XPS Analysis

XPS survey scans, shown in Figure S1, for the heterostructures show that Zn, Mo, S, C
and O elements are present. The XPS spectra of the combined Mo3d-S2s window are shown
in Figure 3a,b. The Mo3d peak is analyzed into two Mo3d doublets with the spin-orbit
splitting of 3.2 eV and with binding energies (BE) of Mo3d5/2 peak at 229.2 eV assigned
to 2H-MoS2 [38] and at 232.5 eV assigned to Mo+6 chemical state of a mixed oxysulfide
MoO3-xSx species [39]. The % concentration of the MoS2 component is ~65% and ~72%
for Mo-5 and Mo-10 heterostructures, respectively. Figure 3c,d show the S2p XPS peaks,
which consist of S2p doublets with the spin-orbit splitting of 1.2 eV. The BE of the S2p3/2
peak is found at 161.9 eV and can be assigned to species related to MoS2 and ZnS since
the S2p3/2 peak for both components lies at nearly the same BE [38,40]. Traces of sulfur
oxide are revealed by the weak peak at 168.9 eV assigned to sulphates (SO4 anions) and/or
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sulphite (SO3 anions) species [41] Figure 3e,f display the Zn2p3/2 spectra and the ZnLMM
X-ray-induced Auger spectra, respectively. Since the literature values for the Zn 2p3/2 BEs
are quite similar for ZnS and ZnO, the Auger parameter, defined as the sum of the binding
energy of the Zn 2p3/2 and the kinetic energy of the Zn M3L45L45, is an accurate parameter
for the chemical state identification. The obtained value 2011.5 eV is in agreement with
that reported in the literature for zinc(II) sulfide [40].
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Figure 1. SEM images of (a) bare ZnO NWs. (b–d) denote ZnO/MoS2 heterostructures with Mo nominal thickness of 1.5, 5
and 10 nm, respectively.

The relative atomic concentration of Mo, S and Zn have been derived using the Mo3d,
S2p and Zn2p3/2 peak areas, weighted by the relative sensitivity factors and the transmission
characteristics of the energy analyzer. The atomic mass ratios for the M-5 and Mo-10 het-
erostructures are estimated as Mo/S/Zn = 20.0/57.9/22.1 and Mo/S/Zn = 18.4/63.7/17.9,
respectively. These ratios declare that the Mo/S ratio is considerably lower than the nomi-
nal value, 1/2. This finding is not unexcepted given that sulfurization not only proceeds
towards complete reaction with the Mo thin film, but it further takes place at a deeper
level, transforming the topmost atomic layers of ZnO to ZnS and/or ZnOyS1-y. There-
fore, the chemical species information furnished by XPS indicates the lack of an abrupt
interface between MoS2 and ZnO. Instead, there is a thin zone of gradual transformation
between these two materials, with this zone being composed of oxy-sulfide species and
possibly mixed MoO3-xSx and ZnOyS1-y species. While an abrupt interface between the
two semiconductors may impose a barrier, which must be overcome by photogenerated
charge carriers, the gradual variation originating from these mixed species may offer more
favorable conditions for efficient charge transport and separation.
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Figure 2. TEM images (a) a ZnO NW and (b) a ZnO/MoS2 core/sheath heterostructure. HRTEM of (c) ZnO and (d) hexagonal
MoS2 showing the crystal planes (002) and (100).

3.3. Optical Properties
3.3.1. PL Spectroscopy

Optical properties of the ZnO/MoS2 heterostructures were investigated using UV-Vis
absorption and PL spectroscopies. Figure 4a shows the UV-Vis absorption spectra of the
bare ZnO nanorod array (dashed line) and the ZnO/MoS2 heterostructures. The color
change from light to dark colored when the Mo film thickness increases is visible in the
optical images shown in the inset. This causes a slight increase in the absorption curves
at the visible wavelengths. Because the thickness of the MoS2 shell around ZnO is very
low (few monolayers), only the absorption of ZnO in the UV region (~380 nm) becomes
dominant. To observe the fine details of absorption peaks of MoS2 in the visible region,
MoS2 films were grown on bare FTO glass substrates by sulfurizing pre-deposited Mo thin
films with the same nominal thicknesses, i.e., 1.5, 5 and 10 nm. These MoS2 samples on a
bare FTO exhibit two peaks (PA and PB) at 675 and 625 nm, as shown in Figure 4b. These
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two excitonic peaks correspond to the “A” and “B” transitions between the split maxima
of the valence band and the conduction band minimum at the K point of the Brillouin
zone [18]. The band near 440 nm, for the sample grown using 1.5 nm of Mo, corresponds
to the transition “C” assigned to the van Hove singularities in the electronic density of
states [42].
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Figure 3. (a,b) Deconvoluted Mo3d XPS peak of Mo-5 and Mo-10 heterostructures. (c,d) Deconvoluted S2p XPS peak of
Mo-5 and Mo-10 heterostructures. (e,f) Zn2p3/2 spectra and ZnLMM XAES spectra of Mo-5 and Mo-10 heterostructures.



Appl. Nano 2021, 2 155
Appl. Nano 2021, 2, FOR PEER REVIEW 8 
 

 

  

 

Figure 4. (a) UV-vis absorption spectra of the bare ZnO and ZnO/MoS2 heterostructures; the inset 

shows optical images of the samples. (b) Absorption spectra of MoS2 films deposited on FTO glass 

substrate. (c) Photoluminescence spectra of ZnO/MoS2 heterostructures (excitation at 500 nm). 

The PL spectra, shown in Figure 4c, were recorded with excitation energy of 500 nm. 

Since a conventional PL instrument was used, the PL signal arises from a very wide area 

of about a few mm2, hence being representative of the sample homogeneity. For all three 

heterostructures, the spectra consist of one emission peak at around 655 nm, which is at-

tributed to the direct band gap transitions at the K point of the Brillouin zone. The position 

of the PL peaks is almost unchanged for the three different heterostructures. In addition, 

the PL intensity does not substantially increase with decreasing MoS2 thickness, down to 

the monolayer. There are two main factors that the current data cannot be directly com-

pared to the literature data. First, as mentioned above, the PL spectra have been acquired 

in a way that the spot on the sample surface is several mm2 averaging a vast number of 

sites, while most PL data in the literature pertains to micro-PL measurements using laser 

beam focusing by objectives. Second, the electronic structure of MoS2 layers grown on 

ZnO using the current method differs considerably from that of neat MoS2 films because 

the ZnO-MoS2 interface introduces mixed metal oxo-sulfide species, as evidenced by the 

XPS analysis. Such mixed species are expected to alter the PL properties of neat MoS2. 

3.3.2. Raman Spectroscopy 

Raman spectroscopy was employed to study crystallinity and estimate the thickness 

of the MoS2 films on ZnO NWs. Representative Raman spectra are shown in Figure 5a, 

confirming the growth of 2H-MoS2. A representative full-range Raman spectrum is shown 

in Figure S2. In all cases, the Raman spectra exhibit two intense bands at ~385 and ~407 

cm−1, corresponding to the out-of-plane ��� and in-plane ���
�  modes, respectively. The 

first mode results from vibrations of S atoms in opposite directions, while the second 

mode is associated with the opposite vibration of two S atoms with respect to the Mo atom 

[19]. Based on the proposed correlation [16,18] between the number of MoS2 monolayers 

400 500 600 700

 

A
b
so

rb
a
n
ce

  
(a

.u
.)

Wavelenght  (nm)

 Mo-1.5
 Mo-5
 Mo-10
 ZnO

(a)

350 400 450 500 550 600 650 700 750

P
C

P
B

 

 Mo-1.5
 Mo-5
 Mo-10

A
b
so

rb
a
n
ce

  
(a

.u
.)

Wavelength  (nm)

(b)

P
A

600 625 650 675 700 725 750

exc=500 nm

 

P
L
 in

te
n
s
ity

  
(a

.u
.)

Wavelength  (nm)

  Mo-1.5
  Mo-5
  Mo-10

(c)

Figure 4. (a) UV-vis absorption spectra of the bare ZnO and ZnO/MoS2 heterostructures; the inset shows optical images
of the samples. (b) Absorption spectra of MoS2 films deposited on FTO glass substrate. (c) Photoluminescence spectra of
ZnO/MoS2 heterostructures (excitation at 500 nm).

The PL spectra, shown in Figure 4c, were recorded with excitation energy of 500 nm.
Since a conventional PL instrument was used, the PL signal arises from a very wide area
of about a few mm2, hence being representative of the sample homogeneity. For all three
heterostructures, the spectra consist of one emission peak at around 655 nm, which is
attributed to the direct band gap transitions at the K point of the Brillouin zone. The
position of the PL peaks is almost unchanged for the three different heterostructures. In
addition, the PL intensity does not substantially increase with decreasing MoS2 thickness,
down to the monolayer. There are two main factors that the current data cannot be directly
compared to the literature data. First, as mentioned above, the PL spectra have been
acquired in a way that the spot on the sample surface is several mm2 averaging a vast
number of sites, while most PL data in the literature pertains to micro-PL measurements
using laser beam focusing by objectives. Second, the electronic structure of MoS2 layers
grown on ZnO using the current method differs considerably from that of neat MoS2
films because the ZnO-MoS2 interface introduces mixed metal oxo-sulfide species, as
evidenced by the XPS analysis. Such mixed species are expected to alter the PL properties
of neat MoS2.
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3.3.2. Raman Spectroscopy

Raman spectroscopy was employed to study crystallinity and estimate the thickness
of the MoS2 films on ZnO NWs. Representative Raman spectra are shown in Figure 5a, con-
firming the growth of 2H-MoS2. A representative full-range Raman spectrum is shown in
Figure S2. In all cases, the Raman spectra exhibit two intense bands at ~385 and ~407 cm−1,
corresponding to the out-of-plane A1g and in-plane E1

2g modes, respectively. The first
mode results from vibrations of S atoms in opposite directions, while the second mode is
associated with the opposite vibration of two S atoms with respect to the Mo atom [19].
Based on the proposed correlation [16,18] between the number of MoS2 monolayers and
the peak frequency difference (∆ω) between A1g and E1

2g modes, the thickness of the MoS2
sheath was estimated, and it is illustrated in Figure 5b. The solid squares in Figure 5b
denote the points of the correlation proposed in [18]. The data of the current work revealed
that the difference in ∆ω (= A1g − E1

2g) increases from 19.5 to 21.6 when the Mo-sputtered
film increases from 1.5 to 10 nm. These values correspond to layer thickness of MoS2 of
roughly 1, 2 and (less than) 3 monolayers for the Mo films of 1.5, 5 and 10 nm, respectively.
This finding dictates that the preparation method employed in this work can offer to
tune the thickness of the MoS2 sheath layer with monolayer resolution. This is important
considering that the optical bandgap energy of MoS2 strongly depends on the number of
layers at the few monolayers limit.
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4. Photoelectrochemical Measurements

To evaluate the PEC activity of the heterostructures, linear sweep voltammetry curves
(LSV) were performed both in the dark (dashed lines) and under illumination (solid lines)
conditions. LSV curves of bare ZnO and ZnO/MoS2 heterostructures with a different
nominal thickness of Mo are presented in Figure 6a. It is observed that the onset potential
of bare ZnO under illumination is comparable with that of the ZnO/MoS2 structure
(Figure 6a). The onset potential for all the ZnO/MoS2 heterostructures is approximately
the same and around 0.15 V vs. RHE. Other studies such as Jian et al. [31] observed an
obvious cathodic shift of the onset potential for the ZnO/MoS2 nanocables morphology in
comparison with bare ZnO.
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Figure 6. (a,b) LSV curves both in the dark and under illumination of bare ZnO and ZnO/MoS2 heterostructures with
different nominal Mo thicknesses (scan rate 50 mV s−1). (c) Cyclic voltammetry curves of bare ZnO NWs and ZnO/MoS2

heterostructures for the Mo-5 sample. (d) Chronoamperometric curve (J vs. t) for the Mo-5 sample at the applied potential
of 0.5 V vs. RHE under chopped illumination.

The photocurrent density is improved for all the ZnO/MoS2 samples and does not
seem to reach the saturation current value up to 0.5 V vs. RHE. The data reveal a non-
monotonic dependence of the current vs. the pre-deposited Mo film thickness. In particular,
the Mo-5 heterostructures are found to exhibit the best activity towards OER with a
photocurrent value equal to 0.35 mA cm−2 at 0.5 V, which is almost 10 times higher than
that of bare ZnO NWs. Further increase in the MoS2 thickness causes a decrease in the
photocurrent density of about 34 % in relation to the maximum value. The layer-dependent
electrocatalysis can be correlated to the hopping of electrons in the vertical direction of
MoS2 layers over an interlayer potential barrier, according to Cao et al. [43], who observed
that the catalytic activity of MoS2 deteriorates by a factor of ~4.5 for every additional layer
of MoS2. On the other hand, Trung et al. [33] prepared ZnO/MoS2 heterostructures with
two different thicknesses of Mo, 90 nm and 140 nm, to observe the catalytic dependence
from the thickness of MoS2 layers. They concluded that the thicker sheath of MoS2 was
catalytically more active; however, only by a few %. The non-monotonic dependence of the
current density observed in the current investigation calls for a rational explanation, as it is
not a trivial finding in relevant studies. Although the reason underlying this effect is still
debatable, this non-monotonic behavior could potentially be accounted for in the following
context. The change in the photoanode performance (i.e., current density) depends upon
two competing factors. One is related to the increase in the thickness (coverage) of the
MoS2 sheath, which causes an increase in the absorbed visible photons. The latter stimulate
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charge carrier generation and hence enhanced water splitting. On the other hand, the
increase in the deposited Mo metal film indicates that a wider interfacial zone among the
two semiconductors is being built up. The latter and the possible presence of traces of
unreacted Mo metal at the interfacial zone could be an inhibiting factor for efficient charge
separation. The two aforementioned competing factors seem to compromise each other,
providing the best performance at the moderate MoS2 thickness, i.e., the Mo-5 sample.

The value of the ZnO dark current is significantly lower than the photocurrent. As
shown in Figure 6a with black and grey lines, respectively. However, in the case of
ZnO/MoS2 heterostructures, the dark current has a measurable value, as depicted in
Figure 6b. The dark current indicates that chemical reactions can take place in the interface
between the photoanode and the electrolyte in the absence of illumination. In this context,
the ZnO/MoS2 heterostructures also exhibit electrocatalytic behavior. Except for electro-
catalysis, the dark current may attribute to electro-corrosion of MoS2, in which active S
atoms can react with redox species in the solution [31].

The stability of the bare ZnO and ZnO/MoS2 heterostructure with the best catalytic
performance (Mo-5 sample) has further been examined by cyclic voltammetry (CV) mea-
surements, as illustrated in Figure 6c. The CV curves are carried out in the range of −0.4 V
to 0.5 V vs. RHE under illumination. The anode of the bare ZnO NWs is stable after
50 cycles. The ZnO/MoS2 sample shows an improved behavior after 10 cycles, while at
the 50th cycle, it has its maximum photocurrent value of 0.42 mA cm−2 at 0.5 V vs. RHE.
After the 50th cycle, the photocurrent starts to deteriorate until it reaches the initial value
after 150 cycles.

Figure 6d displays the photocurrent response of the Mo-5 sample for several on–
off cycles at an applied potential of 0.5 V vs. RHE under chopped illumination. When
illumination commences, a sharp increase in the current response is increased, which is
attributed to the photogeneration of charged carriers. The current response in the dark
does not approach the zero values, indicating that ZnO/MoS2 heterostructures also exhibit
electrocatalytic behavior in accordance with their high values of dark currents, shown in
Figure 6b.

The photocurrent of the Mo-5 sample exhibits presents reliable stability up to 1400 s,
presumably due to the sacrificial polysulfide electrolyte as Na2S acts as a hole scavenger.
As it has already been reported elsewhere [44,45], this type of electrolyte diminishes
photocorrosion of the catalyst’s surface, while aqueous electrolytes, such as KOH or
Na2SO4, lead to surface dissolution. It is worth mentioning that the stability in the current
study extends to much longer periods than those reported in previous PEC investigations,
i.e., 600 s in [31] and 500 s in [33].

The ZnO/MoS2 heterostructure is essentially a p-n junction where energy band align-
ment takes place at the interface. The reactions describing the water-splitting process in
the current case are depicted by the reactions (1) to (4). The absorption of photons with
energy close or higher than the optical bandgap causes the creation of electron–holes pairs
(reaction 1). The electrons transport through the ZnO NWs to the FTO substrate and then
are transferred through the external circuit to the Pt counter electrode to induce hydrogen
production. The holes travel to the semiconductor/ electrolyte interface and react with S2−

ions from the electrolyte molecules to form S2−
2 (reaction 2). The SO2−

3 ions from Na2SO3

reduce S2−
2 to S2− (reaction 3), and they can react with S2− to generate S2O2−

3 (reaction 4)
to prevent sulfur deposition.

ZnO/MoS2 + hv→ h+ + e− (1)

2S2− + 2h+ → S2−
2 (2)

S2−
2 + SO2−

3 → S2O2−
3 + S2− (3)

SO2−
3 + S2− + 2h+ → S2O2−

3 (4)
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Figure 7 illustrates the separation and transport processes of the photoinduced charge car-
riers in the photoelectrochemical water splitting process over the ZnO/MoS2 heterostructure.
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5. Conclusions

In summary, well-aligned ZnO/MoS2 core/sheath heterostructures have been grown
on FTO/glass substrate by a sequence of synthesis methods, comprising chemical bath
deposition of the ZnO nanowire arrays and Mo sputtering followed by low-temperature
sulfurization. The current approach offers control over the final thickness of the MoS2
layer grown on ZnO. Electron microscopy and spectroscopic techniques have provided
information on the morphology, thickness and details of the interface between the two
semiconductors, i.e., ZnO and MoS2. It has been found that the Mo thin films thickness,
which is pre-deposited on ZnO NWs surface, determines the MoS2 thickness under par-
ticular growth (sulfurization) conditions. XPS measurements have revealed a variety of
chemical species beyond the ZnO and MoS2. In particular, the current work provides
evidence about a non-abrupt interface between the two semiconductors. The composition
of the interface changes gradually from the core towards the shell in the following sequence
ZnO → ZnOyS1-y and/or ZnS → MoO3-xSx → MoS2. PEC measurements have shown
a clear improvement of the photocurrent for all heterostructures in comparison to the
neat ZnO NW arrays and a very good long-term stability. The heterostructures prepared
with sulfurization of Mo film with a nominal thickness of ca. 5 nm have shown the best
photocurrent and enhanced stability.
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