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a b s t r a c t

Vertically aligned MoS2 flakes were grown on indium tin oxide (ITO) and ITO/ZnO substrates using
metalorganic chemical vapor deposition. The thickness of MoS2 flakes was manipulated at the few-layer
level (5e10), which is desirable for energy-storage and energy-conversion applications. For photo-
electrochemical (PEC) cells, a few-layer flake photoelectrode yielded a considerably higher photocurrent
density (930 mA/cm2 at 0.2 V) than a MoS2 thin-film photoelectrode (360 mA/cm2 at 0.2 V) due to the
former's high density of active sites, slow intraband relaxation rate from excitonic states, and low defect
density. Furthermore, the heterostructure of ZnO/MoS2 flakes exhibited a remarkably high photocurrent
density of 1.6 mA/cm2 at 0.2 V and a long-term stability under the PEC operating conditions because of its
enhanced photogenerated carrier separation and transfer. Thus, such a heterostructure is promising as an
efficient, nontoxic, inexpensive, and earth-abundant PEC electrode.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Photoelectrochemical (PEC) splitting of water has been
extensively studied as a promising approach to produce hydrogen
gas for use as a clean non-fossil fuel [1]. Recently, metal chalco-
genides, e.g., MoS2, have attracted considerable attention as
effective PEC catalysts because of their strong photoexcitation,
good chemical stability, and earth abundance. MoS2, which
comprises a strong in-plane covalent bonding of SeMoeS and
weak out-of-plane van der Waals interaction between neigh-
boring SeS layers, exhibits a relatively high mobility (a few hun-
dred cm2/Vs) and tunable bandgaps from ~1.2 eV for the indirect
gap of the bulk form to ~1.9 eV for the direct gap of the monolayer
[2e4]. Theoretical and experimental results indicate that the
strong catalytic activity of MoS2 arises from active S atom sites
exposed along the edges. Yu et al. recently reported that the atoms
in its basal plane may also be active [5]. The maximization of the
density of such active sites in MoS2 nanostructures is central to
exploiting the full potential of this material for the hydrogen
evolution reaction. Moreover, the manipulation of the thickness of
MoS2 structures is essential because it determines the bandgap
and carrier transport properties of MoS2 [2e6]. Velicky et al.
revealed that few-layer (5e10) MoS2 flakes provide a good
compromise between large surface areas and sufficiently fast
charge-carrier transport for energy storage and energy conversion
applications [6].

Previously, few-layer MoS2 flakes and nanosheets were syn-
thesized using wet chemical approaches, such as chemical exfoli-
ation and hydrothermal synthesis [7e9]. However, the desirable
features of few-layer MoS2 flakes are significantly deteriorated
during the fabrication of thin-film-based PEC devices, which are
usually prepared via spin coating or drop drying of a MoS2 slurry.
Integrated and stacked MoS2 flakes, which interact through van der
Waals forces, can essentially behave like bulkMoS2. Chemical vapor
deposition (CVD) has been demonstrated as a promising alternative
approach for growing high-quality MoS2 films with a scalable size
and controllable thickness. However, most CVD studies have
focused on flat MoS2 sheets deposited on substrates via high-
temperature growth (600 �Ce1000 �C), which restricts the flexi-
bility of the substrates [10,11]. Furthermore, the PEC performance of
these flat MoS2 films is significantly limited by their small specific
surface area. Yin et al. coated exfoliated MoS2 on a fluorine-doped
tin oxide substrate for PEC electrodes and achieved a photocurrent
density of 100 mA/cm2 at 0.8 V; the photocurrent density reached
790 mA/cm2 at 0.8 V after Au nanoparticles were loaded onto the
MoS2 electrodes [12]. Tang et al. fabricated the photoanode of TiO2/
MoS2 by a two-step hydrothermal method, in which the electrode
displayed noticeably enhanced photocurrent density of 1.2 mA/cm2

mailto:etkim@cnu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2017.11.089&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2017.11.089
https://doi.org/10.1016/j.electacta.2017.11.089
https://doi.org/10.1016/j.electacta.2017.11.089


Fig. 1. Schematic of the charge generation and charge transfer processes in the ZnO/
MoS2 PEC cell under irradiation by simulated sunlight.
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at 1.2 V, which was over two times higher than that of the pure TiO2
electrode [13].

The design of heterostructures is another important factor that
can be leveraged to improve PEC efficiency. Various hetero-
structures such as those of MoS2/CdS, MoS2/g-C3N4, MoS2/ZnO
nanoparticles, and MoS2/TiO2 nanoparticles have been extensively
studied to enhance the separation and subsequent transfer of
photogenerated electronehole pairs using a built-in potential
generated by an appropriate heterojunction [14e17]. To effectively
transfer photogenerated electrons and holes to the proper
Fig. 2. SEM images of (a) sample S1, (b) sample S2, (c) sample S3, and (d) ZnO
electrodes, n-type semiconductors such as ZnO, TiO2, and CdS
should have proper contact with the counter electrode (e.g., Pt), as
shown in Fig. 1. However, majority of previous PEC studies on such
heterostructures considered MoS2 films, which are less interesting
because they have a small specific surface area [15]. On the other
hand, MoS2 flakes or nanosheets have been hybridized using
electronically isolated TiO2 or ZnO nanoparticles, which signifi-
cantly reduce the potential for completely exploiting these heter-
ostructures [16,17].

In this study, we observed enhanced PEC activity in a desirable
heterostructure of few-layer MoS2 flakes grown on an n-type ZnO
layer. The MoS2 flakes were vertically aligned to maximize their
specific surface area and obtain a high density of active edges. By
manipulating the gas-flow-rate ratio of precursors for the metal-
organic CVD (MOCVD) reaction, themorphology ofMoS2 was tuned
from a multilayer film to few-layer flakes.

2. Experimental methods

MoS2 was synthesized at 250 �C under a pressure of 1 Torr for
5 min using anMOCVD systemwithMo(CO)6 and H2S gas (5 vol% in
balance N2) as Mo and S precursors, respectively. Mo(CO)6 was
vaporized at 20 �C and delivered into a quartz tube using Ar gas. The
total flow rate of the gases was fixed at 100 SCCM (standard cubic
centimeter per minute), where the flow-rate ratio of the Ar carrier
and H2S gases varied with the corresponding ratios of 75:25, 50:50,
and 25:75. Sample morphology was characterized via scanning
electron microscopy (SEM, Hitachi S-4800) and transmission elec-
tron microscopy (TEM, Tecnai G2 F30 S-Twin). The chemical states
and composition of samples were characterized using X-ray
/MoS2 flakes. The insets show the corresponding top-view SEM images.
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photoelectron spectroscopy (XPS, Thermo Scientific MultiLab 2000
spectrometer). The structural properties of MoS2 were investigated
via micro-Raman spectroscopy using an excitation of 532 nm and a
charge-coupled device detector. The sample optical properties
were characterized via photoluminescence (PL) spectroscopy
(excitation at 532 nm) and an ultravioletevisible (UVeVis) spec-
trophotometer (S-3100, SCINCO).

PEC cells were fabricated on 0.6 � 2 cm2 indium tin oxide (ITO)
glass substrates. ZnO/MoS2 photoelectrodes were prepared by spin
coating a ZnO nanoparticle suspension (5 wt% in ethanol,
50e100 nm average diameter) on an ITO substrate at 3000 rpm.
Subsequently, MoS2 was grown on the ZnO nanoparticle sample
and counterpart sample, i.e., bare ITO glass, which were positioned
adjacently. The working area of the PEC cells was fixed at
0.5 � 0.5 cm2 using nonconductive epoxy to cover undesirable
areas. PEC characterization was performed using a three-electrode
system and an electrochemical analyzer (potentiostat/galvanostat
263 A). A Pt plate and KCl-saturated calomel (Hg/Hg2Cl2) were used
as counter and reference electrodes, respectively. The electrolyte
solution comprised 0.1 M Na2S buffered with H2SO4. The light
source comprised a 150 W Xe arc lamp delivering an intensity of
100 mW/cm2 of simulated AM 1.5G irradiation. The currentevolt-
age characteristics were recorded using a sourcemeter (Keithley
2400). Electrochemical impedance spectroscopy (EIS) of the elec-
trodes was performed under constant light illumination
(100mWcmm�2) at a bias of 0.2 Vwhile varying the ac frequency in
the range from 100 kHz to 100 mHz.
Fig. 3. (a) Raman spectra of samples S1, S2, and S3. The inset shows the RFD between the E12
TEM image. (c) Low-magnification and (d) high-resolution TEM images of sample S3.
3. Results and discussion

The morphology of MoS2 was significantly affected by the flow
rate ratio of the Ar carrier gas to H2S gas, which eventually deter-
mined the concentration ratio of the Mo4þ cation to S2� anion in
the CVD reaction (Fig. 2). A dense 60 nm-thick thin film with
~10e20 nm nanocrystallites was formed at a gas ratio of 75:25,
hereinafter referred to as sample S1 (Fig. 2(a)). Upon decreasing the
gas ratio to 50:50, the morphology of MoS2 changed drastically to
vertically aligned flakes, hereinafter referred to as sample S2
(Fig. 2(b)). The flakes were ~140 nm high, ~100 nm long, and
densely packed on an ITO substrate. Upon decreasing the gas ratio
to 25:75, the vertically aligned flakes developed further; conse-
quently, the average flake length increased to ~200 nm, whereas
the height did not change significantly (Fig. 2(c)). This sample is
hereinafter referred to as sample S3. Similar densely packed
vertically aligned flakes also formed on the ITO/ZnO nanoparticle
substrates, as shown in Fig. 2(d). The size and shape of the MoS2
flakes did not change significantly compared with those of the
counterpart sample S3 grown on a bare ITO substrate. In general,
the stoichiometric growth of compound semiconductors, e.g.,
MoS2, occurs under anion-sufficient conditions because the stick-
ing coefficient of metal cations is much higher than that of anions
[18,19]. A S2--sufficient condition can facilitate layered growth of
MoS2 because chemisorbed Mo4þ cations are likely to properly
bond two S2� anions for layered MoS2 (SeMoeS). Upon increasing
the ratio of Mo ions to S ions, impinged Mo elements were likely to
immediately bond with the nearest Mo adatoms and result in
g and A1g Raman modes. (b) TEM image of sample S1. The inset shows a high-resolution
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particle growth rather than layer-by-layer growth [20,21].
To investigate the structural properties of MoS2, Raman spec-

troscopy and TEM were applied. All the samples generated two
strong Raman peaks that corresponded to the in-plane E12g mode
from the vibration of Mo and S atoms and the out-of-plane A1g
mode from the vibration of S atoms [2,22], as shown in Fig. 3(a). The
E12g and A1g modes in sample S1 exhibited Raman peak positions at
381.6 and 409.8 cm�1, respectively, which were almost the same as
those observed for multilayer or bulk-like MoS2 [3]. The E12g and
A1g modes of sample S2 were blue shifted to 383.0 cm�1 and red
shifted to 407.8 cm�1 with respect to those of sample S1, respec-
tively. Sample S3 exhibited a slightly more-blue-shifted E12g peak
(383.5 cm�1) and red-shifted A1g peak (407.4 cm�1). It has been
reported that from the bulk to monolayer, the E12g peak blue shif-
ted, whereas the A1g peak red shifted [3,23]. With a decreasing
number of layers, the long-range Coulomb interlayer interaction
weakened and resulted in high frequency of the in-plane E12g
mode. Meanwhile, the out-of-plane A1g vibration appeared at a low
frequency because of the diminished restoring force of the inter-
layer SeS atoms. The number of MoS2 layers can be estimated from
the relative frequency difference (RFD) between the E12g and A1g

peaks [24,25]. As shown in the inset of Fig. 3(a), the RFD in sample
S1 was 28.2 cm�1, corresponding to the multilayers of MoS2. The
RFDs significantly decreased to 24.8 and 23.9 cm�1 for samples S2
and S3, respectively. The RFD of 23.9 cm�1 was estimated to
correspond to three layers of MoS2 [2]. These estimates were
consistent with the results of TEM analyses. Sample S1 exhibited a
typical polycrystalline microstructure with nanocrystallites of
~10e20 nm (Fig. 3(b)). By contrast, the flakes of sample S3 clearly
Fig. 4. (a) Absorption and (b) photoluminescence spectra of samples S1, S2, and S3.
contained a 2D layer structure that was 200 nm long and 140 nm
high, as shown in Fig. 3(c). The interlayer spacing of 0.63 nm was
consistent with that observed for MoS2 [26]. The number of layers
varied from a monolayer at the tip to a few layers (5e10) in the
middle, as shown in Fig. 3(c) and (d). The flakes yielded a significant
number of exposed layer edges, which acted as effective catalytic
sites, due to the overlapping of such layers [27,28].

We investigated the electronic structure of MoS2 using UVeVis
absorption and PL spectroscopies. The vertically aligned samples of
MoS2 flakes (samples S2 and S3) exhibited two prominent ab-
sorption peaks at approximately 665 and 610 nm, whereas the
MoS2 thin film (sample S1) exhibited a broad peak between 600
and 700 nm (Fig. 4(a)). The two resonances, known as excitons A
and B, respectively, were attributed to the direct excitonic transi-
tions at the Κ point of the Brillouin zone [27]. Samples S2 and S3
presented strong PL peaks at 668 and 675 nm, respectively, as
shown in Fig. 4(b). By contrast, sample S1 demonstrated a consid-
erably weak PL peak at 692 nm. The PL peaks were consistent with
the energy of exciton A, indicating that they originated from the
direct bandgap transitions at the Κ point [29]. The most-blue
shifted PL peak of sample S3 indicated the thinnest MoS2 layer
among the three samples. A decrease in the MoS2 film thickness
resulted in a slight blue shift in the PL peak [27]. Moreover, the
vertically aligned flake samples exhibited a much higher PL effi-
ciency than the thin-film sample. This significantly enhanced PL
was attributed to a slow intraband relaxation rate from the exci-
tonic states and a low defect density [29]. The former could be
explained by an increased indirect bandgap energy of the few-layer
MoS2, and the latter was due to the layered MoS2 structure, which
was confirmed by TEM. The defects of the unsaturated Mo or S
bonds introduced midgap states that acted as nonradiative-
recombination sites for excitons [30]. The concentration of such
defects could be significantly reduced in the SeMoeS layered
structure, which was grown under S2� anion-sufficient conditions.
The low defect density and slow intraband transition rate of the
few-layer MoS2 were beneficial for efficient transfer of electrons
and holes onto the catalytic surface.

To evaluate the activity of the MoS2 samples for PEC cells, we
recorded linear-sweep voltammograms in the dark and under
illumination. As shown in Fig. 5(a), sample S1 exhibited a photo-
current density of 360 mA/cm2 at an applied potential of 0.2 V,
whereas an ITO reference electrode yielded negligible photocurrent
under illumination. By contrast, sample S3 showed a significantly
increased photocurrent density of 930 mA/cm2 at 0.2 V. This
enhanced PEC activity was attributed to its unique vertically
aligned few-layer structure. As discussed above, few-layer flakes
not only produce a significant amount of catalytically active edge
sites but are also beneficial for the efficient transfer of charge car-
riers to the catalytic surface. Moreover, the densely packed vertical
flake structure inherently increased the specific interfacial area of
the MoS2/electrolyte. Meanwhile, samples S1 and S3 yielded nearly
the same dark current-potential behavior from �1.0 V to �0.3 V
(Fig. 5(b)). The dark current increases slowly and reaches approx-
imately 100 mA/cm2 at �0.3 V as the potential increased. As the
potential further increased, the dark current of sample S1 plateaued
to 0.2 V and then increased rapidly. By contrast, the dark current of
sample S3 continuously increased. The dark current was attributed
to the electrocatalysis and electrocorrosion of MoS2, inwhich active
S atoms can react with redox species in a solution [31]. However, a
rapid increase above 0.2 V was mainly due to the electrocorrosion
of MoS2. Thus, the second peak also appeared in the photo-
currentepotential curves above 0.2 V (Fig. 5(a)). After PEC mea-
surement of sample 3 for 500 s, the MoS2 flakes demonstrated to a
slightly reduced height and dull flake tips, thereby indicating
decomposition at their tips (see Supporting Information, Fig. S1). As



Fig. 5. (a) Photocurrent densityepotential curves and (b) dark current densityepotential curves of PEC cells with various working electrodes (ITO, ZnO, sample S1, sample S3, and
ZnO/MoS2 flakes). (c) Nyquist plots of sample S3 and ZnO/MoS2 flakes. (d) Photocurrent versus time for sample S3 and ZnO/MoS2 flakes as the working electrode at an applied
potential of 0.2 V.
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shown in Fig. 6, the XPS study confirmed that the composition of
the MoS2 surface also slightly changed after PEC measurement. The
S composition was reduced from 57.4 at.% to 48.3 at.%, whereas the
Mo composition was not significantly changed from 24.3 at.% to
23.7 at.%. The loss of S elements was attributed to the dissolution of
active S atoms at the tip of the MoS2 flakes.

To further enhance PEC activity, we used the heterostructure of
ZnO/MoS2 flakes. ZnO, as an n-type semiconductor, was chosen
because of its wide direct bandgap (~3.37 eV), appropriate electron
affinity (4.35 eV), excellent optical characteristics, and good
chemical stability [32,33]. Considering the bandgap energy
(~1.86 eV) and electron affinity (~4 eV) of the few-layer MoS2 [34],
ZnO/MoS2 formed a staggered (type II) heterostructure with offset
conduction and valence band edges of ~0.35 and ~1.86 eV,
respectively (Fig. 1). The anodic photocurrent in Fig. 5(a) implies
that MoS2 was most likely an n-type semiconductor. As a result, the
photogenerated electronehole pairs of MoS2 were expected to
effectively separate and subsequently transfer to the Pt electrode
through ZnO and onto the MoS2 surface, respectively. As shown in
Fig. 5(c), the Nyquist plots of EIS showed a small EIS semicircle for
the heterostructure of ZnO/MoS2 flakes, thereby indicating a
decrease in charge transfer resistance and a suppression of charge
recombination [35]. The photocurrent density of the hetero-
structure of ZnO/MoS2 flakes increased remarkably to 1.6 mA/cm2

at 0.2 V (Fig. 5(a)), whereas its dark current was nearly the same as
that of sample S3 (Fig. 5(b)). Meanwhile, the open-circuit voltage
(Voc) of the heterostructure of ZnO/MoS2 flakes (�0.92 V) presented
a cathodic shift with respect to that (�0.72 V) of sample S3.
Photocurrent production was minimal until it reached the water
oxidation onset potential (e.g., �0.42 V for ZnO/MoS2), which is
generally defined by the potential at the intersection of the dark
current and the tangent at the maximum slope of photocurrent
[36]. The small photocurrent increase from �0.92 V to �0.42 V was
partially due to oxidation of S2� ions by photogenerated holes,
whereas the significant photocurrent gain above �0.42 V was
attributed to water oxidation. Gas bubbles generated from the
photoanode (MoS2) and dark cathode (Pt) during PECmeasurement
(see Supporting Information, Fig. S2). To further quantify PEC per-
formance, the photoconversion efficiencies (h) were estimated
through the following equation [37]:

h ¼ J
�
Eo � Vapp

�
=Plight;

Where J is the photocurrent density (mA/cm2) at the applied po-
tential, Eo is the standard reversible potential (1.23 V), Vapp is
applied potential, and Plight is the power density of illumination. As
the potential increased, the photoconversion efficiency of the het-
erostructure of ZnO/MoS2 flakes continuously increased and
reached a maximum value of 0.6% at 0 V (see Supporting
Information, Fig. S2 and Table S1). The maximum values of the
photoconversion efficiency of samples S1 and S3 were 0.18% and
0.4%, respectively. The photoconversion efficiency and saturated
photocurrent density of the heterostructure of ZnO/MoS2 flakes
were at least comparable with various photoanodes reported
recently, such as exfoliated MoS2, MoS2 nanosheets/TiO2 nano-
particles, and CoOx/TiO2eTaON [12,13,38,39]. Moreover, the



Fig. 6. XPS spectra of sample 3 before and after PEC measurement: (a) Mo 3 d and (b) S
2p core levels.

T.N. Trung et al. / Electrochimica Acta 260 (2018) 150e156 155
photocurrent of the heterostructure of ZnO/MoS2 flakes did not
change significantly through 500 s illumination, whereas the
photocurrent of sample S3 decreased continuously (Fig. 5(d)). The
photocurrent of the heterostructure of ZnO/MoS2 flakes decayed
initially but saturated shortly above 400 s. The decayed
Fig. 7. (a) Cross-sectional SEM image of ZnO/90 nm-thick MoS2 flakes. (b) Photocurrent de
MoS2 and ZnO/90 nm-thick MoS2 heterostructures as working electrodes.
photocurrent was attributed to the recombination of the photo-
generated holes with electrons [40]. The photocurrent became
stable as the transfer and generation of photogenerated electro-
nehole pairs reached equilibration. Thus, the stable photocurrent
suggested effective separation and transfer of the photogenerated
electronehole pairs in the heterojunction of ZnO/MoS2 flakes.

To observe the effect of the thickness of the MoS2 flake layer on
PEC performance, a thin MoS2 flake layer was prepared on the ITO/
ZnO substrates. The thickness of the MoS2 flake layer was manip-
ulated at approximately 90 nm for 3.5 min of growth time
(Fig. 7(a)). Dark and photo currents decreased with the thickness of
the MoS2 flake layer (Fig. 7(b)). Thus, the photo-to-dark current
density ratios were not significantly changed for the ZnO/140 nm-
thick MoS2 and the ZnO/90 nm-thick MoS2 heterostructures (6.4
and 6.8 at 0.2 V, respectively). However, the differences between
the photo and dark current densities of the ZnO/140 nm-thickMoS2
(1350 mA/cm2 at 0.2 V) were larger than those of ZnO/90 nm-thick
MoS2 (1150 mA/cm2 at 0.2 V), thereby suggesting that long MoS2
flakes were advantageous in obtaining hydrogen gas through the
PEC reaction.
4. Conclusions

Vertically aligned few-layer MoS2 flakes were grown on ITO and
ITO/ZnO substrates using MOCVD. The few-layer flakes were syn-
thesized using enhanced SeMoeS layered growth under S2� suf-
ficient growth conditions, whereas a nanocrystalline film formed at
a high flow rate ratio of Mo to S precursors (75:25). The few-layer
flakes not only possessed a high specific density and a high den-
sity of active edges but also exhibited a strong PL peak via direct
excitonic transitions at the Brillouin-zone Κ point (668 nm), indi-
cating a slow intraband relaxation rate from the excitonic states
and a low defect density. As a result, the few-layer flake electrode
exhibited a considerably higher photocurrent density (930 mA/cm2

at 0.2 V) than the thin-film electrode (360 mA/cm2 at 0.2 V) for PEC
cells. Moreover, the PEC performance and long-term stability
remarkably improved when the heterostructure of ZnO/MoS2
flakes was used because of its enhanced photogenerated electro-
nehole separation and transfer properties. The results indicate that
ZnO/MoS2 flakes are promising candidates as nontoxic, inexpen-
sive, and earth-abundant photoelectrodes for an efficient hydrogen
evolution reaction.
nsitye and dark current densityepotential curves of PEC cells with ZnO/140 nm-thick
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