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a  b  s  t  r  a  c  t

We  investigate  the  hydrogen  evolution  activity  in  the  dark  and  under  illumination  above  the  band  gap  of
individual  mono-,  bi-  and  few-layer  (bulk)  MoS2 flakes.  We  demonstrate  that  the  electrocatalytic  activity
of 2H-MoS2 immersed  in  1 M H2SO4 increases  with  decreasing  number  of  layers.  For  monolayers,  we
observe  the  highest  exchange  current  density,  which  is one  magnitude  larger  than  in the bulk  case.  The
onset potential  scales  with  the  number  of  layers,  which  is consistent  with  a previous  report,  suggesting
that  hopping  transport  across  inter-layer  barriers  within  the  MoS2 flakes  is  responsible  for  this  scaling.
A  specially  designed  micro-sized  catalytic  cell enables  us  to  investigate  individual  MoS2 flakes  with
well-known  geometry  and  edge-to-surface  ratio.  Taking  these  geometric  parameters  into  account,  we
hotocatalysis
lectrochemical micro-cell

tentatively  attribute  the  catalytic  activity  mainly  to  sulfur  vacancies  in  the  basal  planes  acting  as  active
sites.  The  associated  turn over  frequencies  (TOF)  for mono-  and  bi-layer  MoS2 yield  values  higher  than
103 s−1 at  an  overpotential  of −0.2 V vs.  RHE. In view  of light driven  hydrogen  evolution  as  a  means  of
solar  energy  conversion,  we  investigate  the photocatalytic  activity  of  few-layer  MoS2 under  white  light
illumination.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

There is an increasing need for alternatives to fossil fuels and
or the generation of the so-called green energy [1,2]. One route
o fulfill these challenges is the combination of an efficient solar
nergy conversion and the storage in chemical energy e.g. in hydro-
en gas produced by the catalytic splitting of water [3,4]. The most
fficient catalysts for the electrochemical hydrogen evolution reac-
ion (HER) are rare and expensive noble metals such as Pt, with
he electricity optionally delivered from solar cells [5]. In contrast,
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

tomically thin, two-dimensional semiconducting transition metal
ichalcogenides (TMDs), such as MoS2, offer the unique combina-
ion of a band gap in the visible range of about 1.9 eV for monolayers

∗ Corresponding authors at: Walter Schottky Institut and Physics Department, Am
oulombwall 4a, Technical University of Munich, D-85748 Garching, Germany.

E-mail addresses: holleitner@wsi.tum.de (A.W. Holleitner),
urstbauer@wsi.tum.de (U. Wurstbauer).
1 Equally contributed.

ttp://dx.doi.org/10.1016/j.apmt.2017.04.007
352-9407/© 2017 Elsevier Ltd. All rights reserved.
[6–8], high sunlight absorption of up to 15% [9–11], catalytically
active sites for HER [4,12–16] or CO2-reduction [17] and photo-
catalytic stability under harsh reaction conditions [18]. Moreover,
semiconducting TMDs are earth abundant, inexpensive, and sus-
tainable (photo-)catalysts which can be combined in lateral or
vertical heterostructures [19–22]. All of such structures can be fur-
ther integrated in hybrid devices based on carbon, gallium-nitride
or silicon platforms. For instance, MoS2 has been incorporated into a
silicon tandem photo-electrochemical (PEC) water-splitting device
acting simultaneously as a catalytically active material and as a
corrosion protection layer for the silicon solar cell [2,23]. As far
as their crystal structure is concerned, semiconducting TMDs are
layered materials consisting of a triple layer in the smallest unit
with a transition metal surrounded by two  chalcogen atoms with
strong covalent in-plane bonds [8,24]. The individual layers are
weakly coupled by van der Waals interaction. Depending on the
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

coordination of the atoms, TMDs exist in different polymorphs with
different physical properties. For instance, the polymorph 2H-MoS2
is a semiconductor with a band gap in the visible range holding out-
standing optical, optoelectronic [24–29], and electronic properties

dx.doi.org/10.1016/j.apmt.2017.04.007
dx.doi.org/10.1016/j.apmt.2017.04.007
http://www.sciencedirect.com/science/journal/23529407
www.elsevier.com/locate/apmt
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mailto:wurstbauer@wsi.tum.de
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Fig. 1. Device scheme. (a) General structure of the photo-electrochemical (PEC) �-
cell consisting of a substrate, a conducting back electrode, an isolation layer and
the electrolyte. A circular window in the isolation layer enables the contact of the
electrolyte and the back electrode, and it defines the working electrode of all elec-
trochemical measurements. Single MoS2 flakes with desired shape and structure
are placed into the window on top of the conducting substrate. Additional platinum
counter and silver/silver chloride reference electrodes are placed into the electrolyte
to complete the electrochemical cell. The �-cell is covered with a thin glass plate
and  installed in an optical microscope to enable optical and electrochemical mea-
surements at the same time. (b) Optical microscope image of a circular working
electrode with single- (1L), bi- (2L), tri- (3L) and few-layer (bulk) MoS on glassy
ARTICLEPMT-109; No. of Pages 9
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10,30,31] with a transition from an indirect to a direct band gap
emiconductor in the monolayer limit [6,7] and with the already
entioned high sunlight absorbance [9–11].
The key parameters for PEC devices are a high sunlight-

bsorption (1), an efficient separation of e-h pairs e.g. across
eterojunctions (2), the transport of charge carriers to active sites
3) and the catalytic activity (4). Parameters (1–3) are reasonably
ell fulfilled in TMDs and their heterostructures. Moreover, it was
emonstrated that 2H-MoS2 features catalytic active edge sites for
ER along the (10-10)-direction [32], while the (11–20)-direction
ndergoes an anodic corrosion limiting the functionalization as

 photo-anode for the oxygen evolution reaction (OER) [32]. The
wo-dimensional character of TMDs further offers opportunities
or structural and defect engineering to locally increase the cat-
lytic activity and to create anchoring sites for co-catalysis. It
qually qualifies TMDs for a specific chemical treatment, e.g. to
ubstantially increase the photoluminescence efficiency of certain
ections to near unity quantum-yield [33,34]. The arrangement in
ertical or lateral heterostructures allows for an efficient charge
eparation across the heterojunctions. So far, considerable efforts
ave been made to investigate the catalytic activity of various
oS2 nanostructures, including nanoparticles [35–37], mesopores

38], nanowires [39], amorphous morphologies [40–42], thin films
43,32], MoS2/graphene heterostructures [44], chemically exfoli-
ted MoS2 layers [45–47], metal nanoparticle-decorated MoS2 [48],
oS2 grown by chemical vapor deposition [49], or fabricated by
echanical exfoliation [50]. While there are already a considerable

umber of studies addressing the overall electrochemical prop-
rties of these nanostructures, there are only rare reports on the
pecific photo-electrochemical properties of MoS2 with respect to
he hydrogen evolution reaction (HER). For HER, both the intrinsic
nd extrinsic catalytic properties of MoS2 are of interest. Material-
elated details are important, such as doping level, defects, strain,
nd polymorphic details. In addition, the pH-value and composition
f the electrolyte, as well as the applied potential and the com-
lementary illumination parameters including light intensity and
hoton energy are relevant [13].

In this manuscript, we describe the HER of individual mono-, bi-
nd few-layered MoS2 flakes. In particular, we introduce a catalytic
-cell suitable to characterize TMD-based micro- and nanostruc-

ures as well as related heterostructures on the basis of single flakes.
he �-cell features an optical access for a site-specific analysis of
he photo-catalytic activity and for an in-situ characterization of
he flakes. Via �-Raman and photoluminescence measurements,
tructural changes such as phase transitions or degradation of the
nvestigated flakes can be characterized with a lateral resolution as
mall as 1 �m.  The �-cell features a carbon-based, catalytically in-
ctive working electrode with several tens of microns in diameter.
n top, the TMD  flakes are implemented e.g. via mechanical exfoli-
tion. Fig. 1 (a) sketches the �-cell with all circuitries, and Fig. 1(b)
epicts a microscope image of the cell’s working electrode with an

mplemented MoS2 flake exhibiting mono-, bi-, tri- and few-layers
1L, 2L, 3L, and bulk). Generally, the investigated flakes are char-
cterized by atomic force microscopy (AFM) a priori, and then, by
he help of the �-cell, via �-Raman and photoluminescence spec-
roscopy with and without the aqueous electrolyte (1 M H2SO4).

e find that the photoluminescence and Raman spectra of the
akes are different for both environments. The spectra suggest the

nterpretation that the intrinsic charge carrier density of the MoS2
akes is reduced in the presence of the electrolyte most presum-
bly due to a charge transfer from the 2D material to the electrolyte
11,51]. Then, the catalytic activity for HER is investigated by linear
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

weep voltammetry (LSV) measurements with and without illumi-
ation. We  find that the catalytic activity increases by decreasing
he number of layers, and it is maximum for monolayer MoS2
n agreement with reports in literature [49]. The �-cell approach
2

carbon and the surrounding isolation layer (SU-8). Inset shows the flake on PDMS
prior to transfer for better distinction of layer numbers.

further allows us to access the geometry and edge-to-surface ratio
of the investigated MoS2 flakes. In turn, we can attribute the cat-
alytic activity mainly to sulfur vacancies in the basal plane acting
as active sites. We  further demonstrate that the catalytic activity
is increased when the flakes are illuminated using a white-light
source. The activity monotonously increases with the light inten-
sity, and we do not find evidence for structural changes of the
MoS2 catalyst up to high illumination intensities of 5 × 107 kW/m2

staying at the cathodic current of the cyclic voltammetry. The
developed method provides access to the intrinsic as well as extrin-
sic photocatalytic properties of two-dimensional photo-catalysts,
such as MoS2, and it is suitable to uncover structural changes
reported post LSV measurements as e.g. oxidation of MoS2 samples
in air after LSV measurements when anodic potentials are applied
[49].

2. Materials and experimental methods

2.1. Preparation of the PEC �-cell

The PEC �-cell comprises a carbon-based, conducting, and cat-
alytically inactive substrate to host 2D photo-catalysts, such as
TMDs. The supporting substrate also serves as the working elec-
trode for the linear sweep voltammetry (LSV) measurements. To
achieve a high enough sensitivity for individual TMDs flakes or
other �-sized catalytic materials, the active site of the working elec-
trode is partially covered by a lithographically defined window of
a catalytically inactive, electrically insulating layer made from SU-
8 photoresist (MICROCHEM SU-8 2000.5). This photoresist has a
thickness of about 700 nm,  and it covers the residual, inactive part
of the working electrode. In our studies, the shape of the active
window is circular with a diameter ranging between 20 �m and
100 �m.  TMDs flakes are mechanically transferred into the active
window of the working electrode by viscoelstic stamping method
as described in Section 2.2. The substrate hosting the (photo-) cat-
alysts is then mounted in a standard chip-carrier, and the working
electrode is connected to electronic contacts with silver paint. The
overall framework is made from inert polytetrafluorethylene (PTF)
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

glued with a silicon paint (Scrintec) on top of the protection layer
such that all conducting parts except of the active window of the
working electrode are isolated from the electrolyte (1 M H2SO4).
The frame has a twofold functionality. On the one hand, it holds

dx.doi.org/10.1016/j.apmt.2017.04.007
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he aqueous electrolyte and hosts the ring-shaped Pt counter elec-
rode as well as a Ag/AgCl reference electrode to provide stable
onditions for the LSV measurements. On the other hand, the frame
as a flat surface serving as the mount for a thin glass cover seal-

ng the PEC cell to protect the small amount of electrolyte against
ontamination. The volume of such a �-cell holds approximately
00 �l electrolyte. The glass cover also enables the optical access
rom the top. In particular, the electrochemical �-cell can be placed
elow an optical microscope and it can be connected to illumina-
ion sources as well as to a spectrometer to analyze the outgoing
ight. The distance between the surface of the glass cover and the
photo-) catalysts is approximately 4 mm.  The resulting spot size of

 focused light spot in the visible range using a long-distance objec-
ive is as small as 1 �m.  Another advantage of the design of our PEC
-cell is a very short distance between the electrodes, particularly
etween the reference electrode (RE) and the working electrode
WE).

We present results for two different material combinations
s carbon working electrodes and substrates. The substrate is
ither a 3 mm thick glassy carbon (Hochtemperatur Werkstoffe
mbH SIGRADUR

®
G) or a 220 nm thick graphenic carbon layer

irectly grown by chemical vapor deposition (CVD) on a Si substrate
52]. Both working electrodes are characterized by atomic force

icroscopy, �-Raman spectroscopy and cyclic voltammetry with
 M H2SO4 as electrolyte to exclude parasitic effects to our measure-
ents on the MoS2 flakes. The LSV measurements verify that the

atalytic activity of both carbon-based working electrodes is neg-
igible compared to the MoS2 flakes. Throughout the manuscript,
he utilized working electrode material is mentioned in the figure
aptions for each measurement shown.

.2. Preparation of the (photo-)catalyst

MoS2 flakes are micromechanically exfoliated from bulk crystals
SPI Supplies) using adhesive tape. Then, they are transferred with
m precision onto the carbon-based working electrode. The typi-

al dimensions of the flakes are several ten micrometers, typically
0 �m to 100 �m (compare Fig. 1). The transfer is accomplished by
n all-dry viscoelastic stamping technique adapted from Ref. [53]
sing a polydimethylsiloxane (PDMS) thin film. During the trans-
er, the substrate is heated to approximately 100 ◦C to increase the
ransfer probability and to reduce parasitic PDMS residues on the
D crystal surfaces that would alter the catalytic properties of the
oS2 basal plane and edge sites. To ensure that the MoS2 crystal is

ot covered by PDMS residues or other dirt, the samples are care-
ully cleaned immediately after the transfer process using acetone,
sopropanol and dry nitrogen gas. The success of the sample prepa-
ation and cleaning process is inspected by optical microscopy as
ell as atomic force microscopy. The number of layers is deter-
ined from the optical contrast in optical microscopy (as in Fig. 1(b)

nd [54,55]). The determination of the number of layers is further
erified by �-Raman [6] and photoluminescence spectroscopy [7].
s a reference sample, a 20 nm thin Pt film on top of the carbon
ased working electrode is prepared by standard e-beam evapora-
ion.

.3. Characterization measurements

The morphology and surface roughness of the working elec-
rodes as well as the transferred MoS2 crystals are investigated by
tomic force microscopy (AFM) under ambient conditions at room
emperature. To this end, an AFM (Asylum MFP-3D) is operated in
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

ntermittent contact mode.
All optical measurements, including the �-Raman, photolu-

inescence as well as cyclic voltammetry measurements with
llumination, are performed with a homemade microscope set-up
 PRESS
ls Today xxx (2017) xxx–xxx 3

using a 100x objective (Zeiss LD EC Epiplan-Neofluar 100x/0,75 DIC
M27). For light in the visible range, the focused light spot is approx-
imately 1 �m in diameter on top of the MoS2 flakes. The samples
are either placed in a small home-built vacuum cell with a base
pressure of ∼1 × 10−3 mbar or in the PEC �-cell. The �-cells are
mounted on an x-y-z piezo stack with a closed loop resolution
of about 1 nm (Physik Instrumente P-611.3 NanoCube XYZ Sys-
tem). The position of the sample can be precisely controlled for
all measurements. For the �-Raman and photoluminescence mea-
surements, the � = 488 nm laser line of a Kr/Ar-ion gas laser is used.
The scattered and emitted light is focused onto the entrance slit of a
500 mm spectrometer (Princeton Instruments), and it is dispersed
by 1800 grooves/mm or 300 grooves/mm gratings for �-Raman
and photoluminescence measurements, respectively. The signal is
then collected by a CCD camera (Princeton Instruments). The com-
bined spectral resolution for �-Raman measurements is 1 cm−1.
For the Raman measurements, a suitable ultra-sharp edge filter is
used in front of the spectrometer to suppress the laser light. The
laser power for the Raman and photoluminescence measurements
is P = 0.5 mW.

For the LSV measurements under illumination, a supercon-
tinuum fiber based laser source is used (NKT photonics SuperK
EXTREME EXU-6). For the broadband white-light illumination, the
infrared (IR) part of the spectrum is blocked, and a spectral band
from � = 400 nm to 653 nm is focused onto the sample. Use of this
spectral range ensures optical excitation of monolayer MoS2 above
the direct band gap. The power of the exciting light is adjusted using
neutral density filters.

2.4. Catalytic activity

The catalytic activity of MoS2 with varying layer numbers is
characterized by linear sweep voltammetry (LSV). The exchange
current density of individual MoS2 flakes is normalized to their
surface area and background corrected by the small current of
the carbon based working electrode. The exchange current den-
sity j and the required overpotential � to reach a current density
of j = 10 mA  cm−2 is used as a figure of merit for the overall cat-
alytic performance. We  note that all potentials applied versus the
reversible hydrogen electrode (RHE) correspond directly to the
overpotential to drive the HER. Thus, all applied potentials are
called overpotential in the following. Moreover, an iR-correction
is neglected in the discussions, because the electrolyte 1 M H2SO4
exhibits a high proton conductivity [56].

The electrode activity or the intrinsic activity of each active site
is expressed by the turn over frequency (TOF). The latter provides
the information about the processes taking place at every active
site. However, it is challenging to determine this value for TMDs
because of the small size of the flakes. In literature, most measure-
ments describe the catalytic activity of the whole electrode surface
containing a large amount of different TMD  flakes that are aver-
aged. The small active area is an advantage of the presented �-cell
approach. Therefore, we  are able to give a good estimate of the cat-
alytically active area for just single MoS2 flakes. Moreover, we can
calculate the average turn over frequency by assuming a constant
density of active sites SA−1:

TOF (�) = j (�)
2e

· A

S
, (1)
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

with the term 2·e accounting for the two elementary charges e
necessary for the HER, A the active area of catalyst and S the number
of active sites.

dx.doi.org/10.1016/j.apmt.2017.04.007
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. Results

.1. Photoluminescence and Raman measurements with and
ithout electrolyte

Fig. 2(a) shows photoluminescence spectra of a monolayer
oS2 under vacuum conditions (black) and when the monolayer

s immersed in 1 M H2SO4 (red). The photoluminescence energy
s consistent with optical recombination processes at the K and K’
oints at the boundary of the first Brillouin zone in reciprocal space.
e observe that the photoluminescence of the MoS2 flakes is sig-

ificantly altered in the electrolytes and that the alteration is most
ronounced for the monolayers. The observed photoluminescence
ariation with and without electrolyte is in agreement to a molec-
lar gating e.g. by H2O molecules that effectively remove electrons
rom the MoS2 [51]. In particular, in vacuum, the photoluminesce-
ce exhibits a rather broad asymmetric emission peak (Fig. 2(a)),
hich can be explained by a significant contribution from trion

tates to the overall emission. This finding points towards a high
ntrinsic charge carrier density of the MoS2 flakes [57]. Accord-
ngly, the emission energy appears to be red-shifted which can
e explained by a doping induced band gap renormalization and

 reduction of the exciton binding energy [58–60]. In comparison,
n the electrolyte, the emission peak is blue-shifted and the FWHM
f the photoluminescence intensity is reduced. This is consistent
ith the interpretation that the spectral weight of the trion is small

ompared to the neutral exciton. Fig. 2(b) shows the PL intensity
ap  for the MoS flake in vacuum. As can be seen, the flake exhibits
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

2
ono-, bi-, and trilayer sections. The photoluminescence intensity

s maximum for the monolayer section, which is typically referred
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ig. 2. Optical in-situ characterization. (a) Normalized photoluminescence spec-
ra of a monolayer MoS2 measured in vacuum (black) and immersed in 1 M H2SO4

red). (b) Photoluminescence intensity map  of an exfoliated MoS2 flake under vac-
um  conditions. (c) Normalized Raman spectra of the monolayer section in (b) for
acuum conditions (black) and immersed in 1 M H2SO4 (red). Experimental parame-
ers are for vacuum (electrolyte) condition: 0.5 mW laser power, 1 × 120 s (1 × 300s)
ntegration time, and p ∼ 10−3 mbar. (d) Raman map  of the same flake shown in (b)
nder vacuum conditions. The energy difference �E = |E(A1g) − E(E1

2g)| between the
1g and E1

2g phonon modes in units of wavenumbers (cm−1) is color-coded. All spec-
ra are recorded using a laser with a wavelength of 488 nm. Supporting substrate:
olished glassy carbon.
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to as a transition from an indirect to a direct band gap from multi-
to monolayers (e.g. [7]).

Fig. 2(c) displays typical �-Raman spectra of MoS2 with E’ and
A’1 modes measured under vacuum condition (black spheres) and
in the electrolyte (red spheres). The two  Raman modes repre-
sent active zone center phonons characteristic for MoS2. Whereas
the in-plane LO phonon mode with E1

2g (E’) symmetry for few-
layer (monolayer) stiffens with decreasing number of layers, the
homopolar out-of plane mode with A1g (A

′
1) symmetry for few-

layer (monolayer) softens with decreasing number of layers [61].
Therefore, the frequency difference serves as a sensitive measure
for the number of layer. This can be seen in Fig. 2(d), which depicts
a Raman map  of the same MoS2 flake as in Fig. 2(b). The energy dif-
ference between the A1g (A

′
1) and the E1

2g (E’)-modes is minimal
for the monolayer section. In Fig. 2(c), individual Raman spectra for
a monolayer section of the MoS2 flake in vacuum (black spheres)
and immersed in 1 M H2SO4 (red spheres) are plotted. The solid
lines are fits to the spectra using two Lorentzians, respectively.
The fit parameters are summarized in Table 1. The energy of the
E’ mode is identical for both vacuum and electrolyte environments,
whereas the A’1 mode is blue-shifted by more than 2 cm−1 within
the electrolyte. Simultaneously, the FWHM is reduced. Both find-
ings support the interpretation that the electron density of the
MoS2 flake is strongly reduced when the flake is immersed in the
electrolyte. The extracted blue-shift of the A’1 mode points towards
a reduction of the charge density by around two  orders of magni-
tude [62,63]. We explain this reduction by a charge transfer towards
the electrolyte due to polar molecules such as H2O [51,63]. An
interesting related aspect is the impact of this reduction onto the
catalytic activity due to an overall reduced electron mobility and
hence reduced charge transfer rate at the catalytically active sites.

We further note that the phonon modes are not only a measure
for the number of layers. The modes are also sensitive to struc-
tural changes, defects, strain, temperature as well as the mentioned
doping level of the investigated MoS2 flakes [19]. Therefore, an
in-situ �-Raman measurement as in Fig. 2(c) is a very sensitive
and powerful method to investigate the intactness of the investi-
gated MoS2 flakes. In particular, we observe no structural changes,
degradation or corrosion from the photoluminescence and Raman
measurements in the aqueous electrolyte (1 M H2SO4). For mono-
layers, we  do not observe evidence for degradation after more than
100 cycles taking roughly 1hr. Bulk flakes are found to be sta-
ble for several hours, and even after drying them and immersing
them again in the electrolyte we do not observe signatures for
degradation. Monolayers, however, degrade after electrochemical
measurements by drying and storing them in ambient conditions
in agreement with the reports by Yu et al. [49].

3.2. Electrochemical characterization without illumination

Fig. 3(a) presents linear sweep voltammetry (LSV) measure-
ments for MoS2 of different layer thicknesses ranging from 1L,
2L and bulk as well as for a graphenic carbon electrode without
any further catalyst on top and with a 20 nm thick layer of Pt as
references. The polarization curves show the forward scan for an
established equilibrium after 100 cycles. We  find that the current
densities of the investigated MoS2 flakes are significantly higher
compared to the carbon substrates. For Fig. 3(a), the measured cur-
rent densities of the utilized graphenic carbon are close to zero
in the investigated range of applied potentials (black line). In the
shown representation, the polarization curves of the MoS2 flakes
are normalized to the surface area of the individual MoS2 flakes
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

and background corrected. The latter means that the small current
value of the carbon electrode is subtracted for each voltage.

We  observe the largest current densities for monolayer MoS2,
followed by bilayer and bulk flakes. At zero overpotential (� = 0 V),

dx.doi.org/10.1016/j.apmt.2017.04.007
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Table  1
Fitting parameters for Raman spectra in Fig. 2(c).

E’ mode A1 ’ mode

� (cm−1) FWHM (cm−1) � (cm−1) FWHM (cm−1) ��(A’1–E’) (cm−1)
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vacuum 385.6 2.1 

1  M H2SO4 385.7 2.0 

ll current densities are close to zero. With an increasing over-
otential, the current densities for all MoS2 flakes increase. At an
verpotential of � = −0.3 V, the current densities reach values of

bulk = −17 mA  cm−2, j2L = −32 mA  cm−2 and j1L = −65 mA cm−2 for
he bulk, bilayer and monolayer flakes, respectively. Higher over-
otentials cause a larger energy shift between the band edges of
he catalyst and the redox potential. The electron transfer across the
lectrode-electrolyte interface is facilitated, and the current density
ncreases. We  find, that the onset potential is shifted to lower over-
otentials for reduced number of MoS2-layers. The onset decreases
rom −0.12 V for the bulk material to approximately −0.03 V for
he monolayer. The values are deduced by fitting the data to a bi-
xponential Butler-Volmer model, considering anodic and cathodic
urrents.

Generally, capacitive currents may  constitute a significant frac-
ion of the total current in the onset region [4]. Therefore, we
se the values of overpotential which is needed to achieve a cur-
ent density of 10 mA  cm−2 [41,64] as figure of merit. Fig. 3(b)
ompares the corresponding values of the figure of merit for the
nvestigated materials. To start with, the value for the graphenic
arbon electrode is around −0.87 V exceeding the values found for
he other materials. This approves the low catalytic activity of the
ubstrate and hence, its low influence on the HER of the investi-
ated MoS2 flakes. For exfoliated bulk MoS2, we  find a value of
0.27 V. By decreasing the number of layers, the figure of merit
f the investigated MoS2 flakes decreases to −0.19 V (−0.17 V) for
ilayer (monolayer). Only nanoparticles of MoS2 tend to have sim-

lar low overpotentials at 10 mAcm−2 (−0.15 V). For comparison,
he reference sample with Pt achieves values of −0.1 V, which is
onsistent with literature values [4,44,65].

The extracted values for the Tafel slopes shown in inset of
ig. 3(b) are 114 mV/dec, 210 meV/dec and 149 mV/dec for bulk,
i- and monolayer MoS , respectively. The rather high values for
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

2
he Tafel slopes indicate the presence of the Volmer step describing
he hydrogen adsorption to the catalyst as the rate limiting process.
his is expected for high contact resistances between the MoS2
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ig. 3. Layer dependent electrochemical characterization without illumination. (a)
olarization curves of bare graphenic carbon (GrC), bulk-, 2L- and 1L-MoS2 flakes
ecorded on graphenic carbon in 1 M H2SO4. The curve for Pt is added as a reference
alue to assess the performance of the MoS2. In all cases, the scan rate is 20 mVs−1.
or the MoS2 flakes (Pt), the diameter of the active window made from glassy carbon
s  100 �m (30 �m).  For Pt, the whole area of the active window is covered with
0  nm of the metal, ensuring that no substrate is in contact with the electrolyte.
b) Extracted overpotentials required to reach a current density of 10 mA  cm−2 for
L-, 2L-, and bulk MoS2 flakes, for Pt and for glassy carbon. The inset shows the
orresponding Tafel slopes: GrC 273 mV/dec, bulk 114 mV/dec, 2L 210 meV/dec and
L  149 mV/dec.
403.1 4.8 17.5
405.5 3.4 19.8

catalyst and the working electrode causing an absence of elec-
trons on the active sites [65]. The even higher Tafel slope for the
bilayer flake might be explained by an even larger contact resis-
tance. We  would like to mention that the MoS2 flakes are linked
to the graphenic carbon substrate by van der Waals interactions,
and consequently roughness of the substrate or residues, e.g. PDMS
from the transfer process, are likely sources to alter the character-
istic of the electric contact.

In a next step, we  deduce the turn over frequency (TOF) of the
MoS2 flakes introduced above. We  note that both the edge sites
of MoS2 and the sulfur vacancies at the inert basal plane play an
important role for the HER [66]. We  assume a constant density of
sulfur vacancies of SA−1 = (1.0 ± 0.5) · 1013 cm−2 for our exfoliated
MoS2 flakes [67]. The number of edge sites can be estimated using
a lattice constant of 0.32 nm [24] and a typical edge length in the
order of 100 �m.  Consequently, the number of sulfur edge sites is
approximately 2 orders of magnitude smaller than the number of
sulfur vacancies in the basal plane. In turn, we  use only the lat-
ter for the TOF calculations. Moreover, we assume that the whole
measured Faradaic current contributes to the HER. All other poten-
tial reactions are neglected. For instance, we  expect no diffusion
limitations, because the protons have a high concentration in the
utilized electrolyte. With these assumptions, we are able to deduce
an overpotential dependence of the TOF for bulk-, 2L and 1L- MoS2
flakes (Fig. 4). All TOFs are calculated and averaged using the polar-
ization curves shown in Fig. 3(a). The TOF at 0 V reaches values
of 0.5 s−1 for the bulk up to 1.1 s−1 for the bilayer. The values are
in good agreement with reported ones obtained for thin layers of
MoS2 [68]. For an increasing overpotential, the TOFs of all samples
increase (Fig. 4). At 0.3 V, the TOFs reach approximately 4 · 103 s−1,
1 · 104 s−1, and 2 · 104 s−1 for bulk, 2L and 1L MoS2-flakes, respec-
tively. These values are in excellent agreement with the reported
values for monolayer MoS2 by Voiry et al. [65], but rather high com-
pared to other reports in literature with deduced TOFs of about
10–100 s−1 [4,69].

Each of the micromechanically exfoliated MoS2 crystals is
unique as size as well as shape differ from sample to sample.
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

Furthermore, the optoelectronic and catalytic properties depend
not only on extrinsic parameters such as environment, doping or
(electric) coupling to the supporting substrate but also on intrinsic
properties such as quality of the bulk crystal used for exfoliation

0.0 0.1 0.2 0.3

100

101

102

103

104

 1L
 2L
 bu lk

TO
F 

(s
-1
)

 (V)

Fig. 4. Layer dependent TOF. Evolution of the turnover frequency with the applied
overpotential of bulk-, 2L- and 1L-MoS2 in blue, green and red, respectively. The TOFs
were calculated from the polarization curves shown in Fig. 3 assuming a constant
density of sulfur vacancies in the basal plane. A detailed description can be found in
the  following text.
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0  mVs−1. (a) Background corrected current densities normalized to the surface area
f  the MoS2 flakes. Pt and GlC are included for better comparison. (b) Background
orrected current densities normalized to the circumference of the flakes.

ut also on defects – predominantly sulfur vacancies – or strain
nduced by the manual handling during exfoliation with adhesive
ape and transfer by viscoelastic stamping. For this reason, several

oS2 samples with various shapes and sizes have been prepared
nd investigated as described above. LSV traces taken in the dark
re plotted in Fig. 5 for several MoS2 monolayers placed on glassy
arbon (GlC). The LSV characteristics for Pt and the GlC substrate are
ncluded for better comparison. To corroborate our assumption that
he catalytically active sulfur vacancies dominate the activity over
he active edge site, we normalize the current densities to the sam-
le area as well as to the length of their circumference. The results
re composed in Fig. 5(a) and (b), respectively. While the polariza-
ion curves nicely collapse for normalization to the flake area, there
s no correlation by normalization to the circumference. This com-
arison confirms our assumption that the HER activity is dominated
y the number of catalytic active defect sites in the basal plane and
ot by the active edges. To further analyze the characteristics of
he different samples, the key parameters from the electrochemi-
al characterization are summarized for 7 MoS2 monolayer devices
n Table 2. For sample 0 (data shown in Figs. 3 and 4) graphenic
arbon (GrC) is used as substrate and for the other samples (B-G)
lassy carbon (GlC). Size, shape and also the ratio between area
nd length of the edge differ over a wide range. These investiga-
ions further substantiate the claim that the sulfur vacancies at the
asal plane dominate the catalytic activity. We  identify, however,
lso some differences between the samples. Besides sample C and

 with glassy carbon as substrate, the extracted current densities
t an overpotential of � = −0.3 V are in good agreement and con-
titute between 55 and 65 mA  cm−2 for all samples independent
rom the used carbon substrate. The difference for sample C and G
s assumed to be caused by a reduced HER activity due to less active
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

ites, e.g. less sulfur vacancies in the basal plane. This might also be
he reason for the rather large flake sizes since less defected basal
lanes of bulk crystals are expected to be mechanically more stable
nder micromechanical exfoliation. We  would like to mention that

able 2
ey parameters extracted from electrochemical characterization in the dark for several 1L
arbon (GlC), respectively. The current densities j at an overpotential of � = −0.3 V are give
ircumference of a flake. Sample C and G are rather large monolayer flakes and the outstan
ites  on the basal plane. Overall, we find a much better correlation between the sample
eviations in the potential to achieve a current density of j = 10 mA cm−2 coincides with t
f  the electric contact to the working electrode that is assumed to be better for lower Taf

sample area/circumference [�m2]/[�m]  -j(−0.3 V) [mA  cm−

0 (GrC) 108/70 65/0.1
B  (GlC) 149/88 55/0.9
D  (GlC) 30/32 55/0.5
E  (GlC) 94/89 65/0.7
F  (GlC) 574/196 60/1.7
C  (GlC) 236/111 15/0.2
G  (GlC) 1668/387 24/0.96
 PRESS
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we do not see differences in the Raman spectra between the differ-
ent samples indicating that the interdefect distance in all samples
is larger than approx. 5 nm [70].

The comparison of the samples indicates a correlation between
Tafel slopes, required overpotentials �(10) to get a current density
of j = 10 mA cm−2 and the WE  or the quality of the electric con-
tact to the substrate. The MoS2 flakes and the carbon substrate
are assembled by van der Waals interactions. For this reason, not
only the electrical properties but also the surface roughness of the
substrate are expected to be important for the performance of the
electric contact that impacts Tafel slope and �(10). For samples B,
D, E and F, �(10) constitutes between −0.09 V and −0.15 V and for
sample 0, �(10) is significantly lower with a value of −0.03 V. For
samples C and G, �(10) is much higher with values of −0.29 V and
−0.25 V, respectively. The Tafel slopes for sample 0, C and G are
approx. 150 mV/dec, whereas for samples A, D, E and F more than
170 mV/dec. The lower Tafel slopes together with the higher over-
potentials �(10) to get a current density of j = 10 mA  cm−2 can be
attributed to a higher contact resistance between MoS2 and the
glassy carbon either by less contacted area due to the roughness
of the GlC surface or by residues between the two  materials as
described above.

3.3. Laser power dependent photo-electrochemical activity of
MoS2

In the following, the catalytic properties of bulk (few-layered)
MoS2 under illumination are discussed. The illumination is real-
ized using a broadband white-light supercontinuum laser source
with a spot diameter less than 1 �m.  The laser is focused either
on the basal plane (1) or the edge (2) of the sample as indi-
cated by circles in the image of the flake in Fig. 6(f). The
catalytic properties of MoS2 are investigated via cyclic voltam-
metry. In Fig. 6(a)–(d), the illumination intensity is increased from
2 · 106 W cm−2 to 5 · 106 W cm−2 that corresponds to power densi-
ties of 2 · 107 kW m−2 to 5 · 107 kW m−2. We  would like to mention
that this power density is beyond realistic application, but is still
suitable for fundamental studies and to explore the potential of
MoS2 for photocatalysis devices. All polarization curves presented
show the forward scan for an established equilibrium. During
such a scan, the illumination is periodically switched on and off
(black top insets in Fig. 6(a)–(d)). We  clearly see an increase of
the currents when the laser is switched on (red) compared to
the case when it is switched off (blue). The currents are absolute
values, neither background corrected nor normalized by surface
area. For zero overpotential � = 0 V, all currents are close to zero.
For high overpotentials, the currents increase and reach a maxi-
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

mum value of approximately −3 nA at � = −0.4 V. For all data, the
polarization curves without illumination are almost identical. This
demonstrates a good reproducibility of the experimental method-
ology. In principle, the LSV curves under illumination have the same

 MoS2 flakes with different aspect ratios placed on graphenic carbon (GrC) or classy
n for a normalization of the measured current to either the area or the length of the
ding low current densities points towards a reduced number of catalytically active

s for normalization to the areas compared to normalization to the perimeter. The
he variations in the Tafel slopes and are assumed to be correlated with the quality
el slope values.

2]/[nA �m−1] �(10 mA cm−2) [V] Tafel slope [mV/dec]

 -0.03 149
 -0.09 221
 -0.14 178
 -0.12 171
 -0.15 171

 -0.29 146
 -0.25 141
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Fig. 6. Laser power dependent photo-activity. Illumination intensity dependent
polarization curves of bulk MoS2 on unpolished glassy carbon in 1 M H2SO4. (a)-
(d)  Illumination intensity dependent currents as measured (without background
correction and normalization). The scan rate is 5 mVs−1. The illumination intensity
is  increased from 2 · 106 Wcm−2 to 5 · 106 Wcm−2. Dark current and current under
illumination are shown in blue and red, respectively. The black lines on top represent
the  periodic switching of the laser. Illumination and dark periods are indicated by
higher and lower values, respectively. (e) Illumination intensity dependent current
gain. The difference signals from (a)-(d) are normalized to the size of the laser spot
(diameter around 1 �m).  The striped areas between upper and lower bounds on the
difference current represent the rather high uncertainties. (f) Optical microscope
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mage of the investigated flake. The inset shows the investigated part of the flake
nd the white circles indicate the position of the laser spots.

hape as the dark currents within the apparent noise. Moreover,
ith increasing illumination intensity, the difference between the
ark and illuminated curves rises. Fig. 6(e) depicts the illumina-
ion intensity dependent current density gain for illumination at
he basal plane (spot 1) of the bulk sample pictured in Fig. 6(f).
n order to determine the current densities, the difference signals
rom (a)-(d) are normalized to the laser spot size of about 1 �m.  The
aser intensities of 2 · 106 W cm−2, 3 · 106 W cm−2, 4 · 106 W cm−2

nd 5 · 106 W cm−2 are shown in black, blue, green, red, respec-
ively. Due to the rather high uncertainties, the calculated errors
re included as striped areas. For an overpotential of � = −0.4 V, the
urrent density gains are approximately 11 mA cm−2, 20 mA cm−2,
7 mA  cm−2 and 42 mA  cm−2 for the above given illumination

ntensities. Within the range of investigated intensities, the cur-
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
photocatalysis, Appl. Mater. Today (2017), http://dx.doi.org/10.1016/j

ent density increases approximately linear with intensity. In other
ords, the difference between the blue, green and red curves stays

onstant within Fig. 6(e). For all illumination intensities, an onset
f a saturation is observed around −0.3 V. Diffusion limitations can
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be neglected, again due to the high concentration of protons in the
electrolyte [71]. The maximum current density can be increased
with increasing light intensity. This suggests that all available
charge carriers at the active sites react for high overpotentials, and
that the slow catalytic processes (�s − ms)  start to limit the overall
dynamics. In addition, the maximum current density can be further
increased by illumination of the edge of the bulk sample consist-
ing of steps with small terraces from bulk to only a very few layers
as shown in Fig. 6(f) (spot 2). Under highest illumination inten-
sity and at an overpotential of � = −0.4 V, a current density gain of
70 mA  cm−2 is observed that is almost doubled compared to the
bulk value of 42 mA  cm−2. The increased photo-activity is assumed
to be due to an effective separation of the photo-generated elec-
tron hole pairs by internal electric fields across the individual steps
[72]. Due to the thickness-dependent band structure of MoS2 these
steps effectively function as multiple lateral heterojunctions [72]
reducing the loss of the photo-generated charge carriers by radia-
tive recombination. Hence, more electrons reach the catalytically
active sites and contribute to the HER. Within the experimental
error, we identify an increase of the current densities under illu-
mination in LSV measurements for a MoS2 monolayer, too. The
illumination dependent increase in the current densities for the
highest illumination intensity is found to be approximately 6 times
higher for the monolayer compared to the bulk. Overall, the uncer-
tainties in the photocurrent amplitude are significantly larger for
the monolayer flake since the flake size is much smaller compared
to the bulk flake. Hence, the illumination dependent increase in the
currents is close to the noise level of the experimental setting. Rea-
sons for the enlarged photocurrent for the monolayer compared to
the bulk might be caused by a higher absorbance for monolayers
[11,19]. Overall, the increase in current density is rather low com-
pared to the high illumination intensities. Due to the combined
effect of exciton binding energy, exciton localization and short life-
time in the order of picoseconds and the slow catalytic processes in
the order of �s to ms,  the majority of photo-generated charge carri-
ers are lost by radiative or non-radiative relaxation processes [31].
These loss channels are expected to be significantly reduced for lat-
eral or vertical van der Waals heterostructures with a type-II band
alignment such as WS2/MoS2 [73]. The in-plane electric field across
the heterojunction will effectively separate the photo-generated
charge carriers causing an accumulation of electrons in one layer
and of holes in the other layer.

4. Discussion

Generally, our observations on the catalytic properties of MoS2
are in good agreement with literature values. Most publications
show a reduced current density for an increasing number of lay-
ers and an elevated onset potential [4,35], which can be explained
by a reduced electron transfer to the active sites on the surface
of the catalyst [49,54]. The vertical interlayer potential barrier in
the bi- and few-layers hinders the electron transfer between two
consequent layers. With increasing number of layers the over-
all transition probability decreases drastically. In this picture, the
limited electron density at the active sites limits the current den-
sity. The obtained current densities for the single layer flakes are
in good accordance with other more complex MoS2 structures
(70–80 mA cm−2) [65,68]. These structures exhibit low numbers of
MoS2-layers and a large amount of edge- and defect-sites, which
seem to be highly catalytically active.

The extracted TOF, the number of produced molecules per active
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

site per second, yield values higher than 103 s−1 at an overpoten-
tial of −0.2 V vs. RHE for mono- and bi-layer MoS2. These numbers
are in good agreement with reported values for 1L MoS2 by Voiry
et al. [65], but high compared to other reports in literature with

dx.doi.org/10.1016/j.apmt.2017.04.007
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OFs of about 10–100 s−1 [4,69]. Overall, the TOF increases for
ore negative overpotentials as expected, and the determined

OF at 0 V is in the range of about 1 s−1, again in good agree-
ent with literature values for thin MoS2 layers [68]. Furthermore,
ith decreasing number of layers, the TOFs increase in agreement
ith the trend of the observed onset potential and the defined
gure of merit, the overpotential � required to reach a current
ensity of j = 10 mA  cm−2. Given the investigation of single flakes
ith well-known geometry and edge to surface ratio, we attribute

he catalytic activity mainly to sulfur vacancies in the basal plane
cting as active sites. We  would like to mention that for the evalu-
tion of the TOF, the whole measured Faradaic current is assumed
o contribute to the HER. Another uncertainty in the evaluation of
OF is the estimation of the density of catalytically active sites. We
ssume a constant density of sulfur vacancies for exfoliated MoS2
f SA−1 = (1.0 ± 0.5) 1013 cm−2 [67] that is estimated to be 2 orders
f magnitude larger than the number of edge sites for the inves-
igated MoS2 flakes deduced from the determined circumference
f the MoS2 flakes. However, even within the large uncertainties
n the estimation of catalytically active sites at the basal plane,
t is obvious that the dominant contribution to the HER is from
he MoS2 basal plain and not from the edge sites. The latter would
esult in an unphysical large numbers for the TOF, therefore the esti-
ated numbers of catalytically active sulphuric vacancies is used

o calculate the TOF.
In view of solar driven hydrogen evolution, we also report on the

hotocatalytic activity of few-layer MoS2 under white light illumi-
ation, an important factor for future application in the field of
olar energy conversion. By illumination above the band gap of
oS2, photogenerated electrons from the valence band are pro-
oted to the conduction band and expected to diffuse to active

ites. These charge dynamics should increase the catalytic activ-
ty. Indeed, we experimentally observe an increase of the catalytic
ER activity under illumination. The clear and linear power depen-
ence of this increase substantiates that photogenerated electrons
ransferred to the active site enhances the catalytic activity of

oS2. This observation corroborates the great potential of MoS2
or direct sunlight driven production of hydrogen gas by water
plitting.

The developed photo-electrochemical �-cell enables not only
he ultra-sensitive electrochemical measurement of individual

oS2 flakes exhibiting low signal due to their small surface areas,
ut also for illumination of the catalyst during electrochemical

nvestigations and in-situ Raman and photoluminescence mea-
urements. From the complementary inspection of the samples
y optical characterization measurements, we do not find evi-
ence that the working samples are significantly degraded during
he photo-electrochemical measurements. Furthermore, a compar-
son of Raman and photoluminescence measurements of the MoS2
akes in vacuum and immersed in the electrolyte indicate that
he intrinsic electron density is reduced by at least two-orders
f magnitude in the presence of the electrolyte most likely due
o a molecular gating effect due to the dipolar moment of some

olecules, e.g. H2O [63]. An interesting related aspect is the impact
f this reduction onto the catalytic activity due to an overall reduced
heet conductivity and hence reduced charge transfer rate at the
atalytically active sites [65]. In addition, there are less intrinsic
lectrons available that can be promoted to the active sites. Sub-
titutional doping of MoS2 might be a possible route to increase
he catalytic activity of MoS2. In this context, another source for
mprovement of the electrochemical performance can be the elec-
ronic coupling between carbon based working electrodes [65] to
rovide efficient electron transfer rate from the working electrode
Please cite this article in press as: E. Parzinger, et al., Hydrogen evoluti
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o the electrolyte. As already discussed as source for the reduced
atalytic activity for MoS2 few-layers compared to monolayers, also
he electron transfer rate across the van der Waals gap between
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working electrode and MoS2 is expected to limit the overall device
performance. The coupling between substrate and MoS2 can be
increased e.g. by careful cleaning process to avoid e.g. water, resist
residues or other dirt at the interface and by moderate annealing
steps.

An important step to enhance the photo-catalytic perfor-
mance of a device is the successfully separation of photogenerated
electron-hole pairs and their promotion to catalytic active sites
as already indicated by the comparison of illumination dependent
measurements of MoS2 bulk and bulk terraces. A promising way is
the preparation and implementation of vertical or lateral van der
Waals (vdW) heterostructures [19,74,75] into the PEC �-cell. At
the interface between two  different semiconducting TMDs a type-
II band alignment results in a promotion across the heterojunction
of electrons to one material and hole to the other one [19]. In such a
way, photogenerated electron-hole pairs are efficiently separated
across the heterojunction what is expected to result in an increased
number of charge at the active sites and therefore, in an increased
photo-catalytic activity of heterostructures compared to the two
individual 2D flakes.

5. Conclusion

In summary, we  studied the photo-electrochemical proper-
ties of individual micromechanically exfoliated MoS2 mono-, bi-
and few-layer flakes towards solar driven HER. A PEC �-cell is
developed to achieve the required sensitivity in electrochemical
measurements of individual just a few tens of micrometer large
MoS2 flakes together with full optical access with 1 �m resolution.
By placing the PEC under a microscope, not only electrochemical
measurement under site selective illumination of edge or basal
planes can be performed, but also in-situ �-Raman and photolu-
minescence measurements. Therefore, the photo-physical system
immersed in the electrolyte (1 M H2SO4) can be tested in real oper-
ating conditions. In agreement with recent reports in literature, we
find that the catalytic activity for HER is increasing with decreasing
number of layers. Particularly, the exchange current density is one
order of magnitude larger for monolayer MoS2 compared to bulk
material. The onset potentials scale monotonously with the num-
ber of layers, too, and are largest for bulk material. The reduced
activity can be assigned to a reduced electron transfer between
the individual van der Waals coupled layers due to hopping trans-
port. Estimating the TOF by taking into account the edge-to-surface
ratio from the well-known geometries of the investigated flakes,
the catalytic activity seems to be dominated by the catalytically
active sulfur vacancies at the basal planes and not by the also active
edge sites. At an overpotential of −0.2 V vs. RHE, the TOF for all
investigated number of layers is larger than 103 s−1. The catalytic
activity measured by the cathodic current in cyclic voltammetry
is increased for all applied overpotentials by white-light illumi-
nation with a nearly linear dependence from the light intensity.
From complementary Raman and photoluminescence measure-
ments, we do not see evidence for degradation processes for much
more than 100 cycles and we learned that the electron density for
MoS2 flakes immersed in the aqueous electrolyte is reduced by at
least two  orders of magnitude. The reduced charge carrier density
is discussed as well as the implementation of van der Waals het-
erostructure to spatially separate photo-generated electron hole
pairs to increase the amount of electrons promoted to the active
sites. Overall, our results demonstrate the great potential of MoS2
and related van der Waals heterostructures for future applica-
tion in solar energy conversion and storage with photo-catalytic
on activity of individual mono-, bi-, and few-layer MoS2 towards
.apmt.2017.04.007

devices made from rather cheap earth abundant and sustainable
materials.

dx.doi.org/10.1016/j.apmt.2017.04.007
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