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ABSTRACT: The exfoliation of layered materials into two-dimensional (2D) semiconductors
creates new structural domains, for example, basal planes, defect-rich in-planes, and edge sites.
These surface species affect the photoelectrochemical (PEC) performance, which in turn
determines their applicability in solar energy conversion technologies. In this study, a custom-
designed microdroplet cell-based spatially resolved PEC approach was employed to identify the
structural parts and to measure the PEC activity of the mechanically exfoliated MoSe, and WSe,
nanosheets for bulk, few-layer, and monolayer specimens. The PEC performance decreased with
the decreasing thickness of nanoflakes, and the relative PEC activity (photo/total current) reduced by introducing more defects to
the 2D flakes: 1—3% loss was found for in-plane defects and 30—40% for edge defects. While edge sites act as charge carrier
recombination centers, their electrocatalytic activity is higher than that of the basal planes. The comparison of PEC activity of
micromechanically and liquid phase exfoliated bulk and few-layer MoSe, and WSe, flakes further confirmed that the PEC
performance of 2D flakes decreases with an increasing number of edge sites.

B INTRODUCTION Nanostructured 2D materials gained momentum after the
discovery of graphene in 2004 and the first promising results
with 2D MoS, catalysts in the hydrogen evolution reaction
(HER).” Since then, significant knowledge has accumulated on
the effect of basal planes versus edges on the EC properties of

Among inorganic layered species, transition metal dichalcoge-
nides (TMDCs) have become attractive candidates in search
for new materials for nanoelectronics and catalysis. In such
applications, their appropriate band gap energy, high chemical

stability, and good electrocatalytic properties can be monolayer Mo$, and their role in the HER.'"™"* Besides the
harnessed.' The development of two-dimensional (2D) role of macroscopic defects (steps, terraces, and edges), the
material-based technologies further accelerated the research importance of atomic defects (atomic vacancies, grain
activity on 2D crystals beyond graphene.” The exfoliation of boundaries, or anything where the uniform crystal structure
bulk crystals to nanoflakes results in a high surface-to-volume is missing or modified) in catalysis has been also reported."*~"°
ratio, enabling electrochemical application. Furthermore, In the case of mechanically exfoliated MoS, and WS,
exfoliation leads to volume, mass, and the cost reduction of monolayers, atomic-scale defects were created, and the
electrochemical devices, such as supercapacitors, batteries, and evolution of the Raman and photoluminescence spectra was
hydrogen storage units.” The solid understanding of the studied, revealing a distinct defect-related spectral feature in
electrochemical (EC) and photoelectrochemical (PEC) the photoluminescence properties.’” Furthermore, it was
behavior of these 2D semiconductors will allow us to fully experimentally verified how the S-vacancies and O-substitution

harness the as-elucidated properties, ultimately leading to
application in catalysis and energy conversion. The role of
defects has been long recognized in the electrochemistry of
TMDCs. The activity of the basal- (smooth) and defect-rich
(stepped) plane was investigated in the 1980s and 1990s
already, focusing on bulk single crystals."”” It was proposed
that defects and edge sites attract adsorbates, which create
surface states within the band gap, acting as recombination
centers for the photogenerated charge carriers. These surface

(generated by plasma treatment) result in a highly active
catalytic site for HER in the basal plane of MoS, monolayers."®
When applying MoS, for CO, electrolysis, the molybdenum-
terminated edges were mainly responsible for its catalytic
activity."” The general consensus assumes an increased EC
activity of the edge (the side of the 2D sheet) in comparison to
the basal plane (the smooth, defect-free part of the 2D flake),

states also increase the photogeneration of charge carriers by Received: ~February 10, 2021
photons with lower energy compared to the band gap (ie, Revised: ~ March 19, 2021
midgap states).” The defect-rich plane has higher EC and Published: March 31, 2021

lower PEC activity than the basal plane. These states also
behave as recombination centers for the photogenerated
charge carriers, which explains the lower PEC activity.”
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Figure 1. Schemes (top) and optical micrographs (bottom) of different structural domains of MoSe, (a) and WSe, (b, c) nanoflakes in the case of
bulk (a), few-layer (b), and monolayer (c) samples. The edge sites are marked with white dashed lines.

but reports have been mostly limited to graphite/
graphene”’™** and MoS,.>*7%¢

Significantly less attention has been devoted to the PEC
performance of 2D nanomaterials as a function of their
structural properties (see Figure 1, where the different
structural specimens are depicted). The electron transfer
kinetics on MoS, basal planes was accelerated with the growing
number of layers.”” The enhanced PEC response of bulk MoS,
in comparison to the monolayer was explained by the higher
light absorption and the band structure-dependent photo-
generation of charge carriers.””**’ Studies on the spatial
variation of the PEC performance of p-type WSe, photo-
cathodes in the reduction of a model redox couple have been
reported recently.””*" In situ scanning photocurrent micros-
copy revealed a variation in the photoconversion efficiency of
different structural specimens, including terraces and edge
sites.”’ The photoconversion efficiency decreased on the edge
sites mainly because the photogenerated charge carriers
recombine. WSe, nanoflakes have been investigated by
scanning photocurrent microscopy in a flow electrochemical
cell recently.”” The internal photon-to-electron conversion
efficiency (IPCE) increased with the nanoflake area and
decreased at the edges of sheets. Further works examined the
effect of Au nanoparticles and laser annealing on the PEC
activity of liquid phase exfoliated (LPE) WSe, and MoSe,
layers.”*** Even more recently, the PEC activity of TMDCs
has been investigated in the function of layer numbers, and
other structural domains (defects, terraces, and edges), and
compared against the behavior of basal planes using scanning
electrochemical microscopy (SECM) and scanning electro-
chemical cell microscopy (SECCM)******* as well as a
microdroplet-based approach.”” In the case of SECM and
SECCM, a laser source is applied as the excitation source. In
the early paper of Dryfe’s group,”” using the microdroplet
approach, white light of the optical microscope was employed
to study the PEC performance of MoS, flakes. Although these
studies indicated the role of in-plane defects and edges on the
EC and PEC properties of 2D TMDCs, the exact nature of
these effects is still being challenged.

Considering the practical applications and mass productions
of 2D nanomaterials, one of the cheapest methods is the LPE
process that also provides high yield. Unfortunately, the PEC
activity and energy conversion efficiency of LPE-prepared
nanoflakes are typically much lower than those of bulk/single-
crystal electrodes.’™*” For example, the photocurrents for LPE
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WSe, nanosheets lie in the few A cm™ current density range
in the absence of the Al,O; passivation layer’’ or without
activation with Pt nanoparticles.”® Overall, there is a clear need
to better understand how the defect nature (in plane defects vs
edges) and density affect the PEC activity of 2D semi-
conductor TMDCs.

In this paper, we report a custom-developed microdroplet-
based PEC microscopy approach, which elaborates on the
previous Dryfe lab setup”” and provides spectral resolution to
the spatially resolved PEC studies, as opposed to other similar
methodologies. Photovoltammetry and IPCE studies were
employed to semiquantitatively compare the PEC behavior of
MoSe, and WSe, samples with different layer thicknesses. The
systematic PEC study on in-plane defects and edges in bulk,
few, and monolayer samples identified the key parameters
dictating the PEC performance. Studies in the presence and
absence of reversible redox couples allowed us to deconvolute
the contribution of charge carrier recombination and charge
transfer to the overall PEC activity.

B EXPERIMENTAL SECTION

Materials and Methods. Lithium chloride (LiCl, 99.99%)
was purchased from Acros Organics. Hexaammineruthenium-
(IIT) chloride (Ru(NH;)4Cl;, 98%), potassium chloride (KCI,
analytical grade), acetone (>99.0%), ethanol (>99.0%), and
isopropyl alcohol (IPA, 99.5%) were purchased from Sigma-
Aldrich. MoSe, (99.9%, —325 mesh) and WSe, (99.8%, 10—20
um) powders (Alfa Aesar) were used for liquid phase
exfoliation. A fluorine-doped tin oxide-coated glass (FTO,
Sigma-Aldrich, surface resistivity ~7 Q sq~') was used as a
working electrode substrate for LPE prepared samples.
Platinum (Pt, >99.99%, 0.2 mm diameter), silver (Ag,
99.99%, 0.14 mm diameter partially exposed PTFE-coated
silver wire), and copper (Cu, 99.99%, 0.15 mm diameter) wires
were purchased from Advent Research Materials Ltd. All
chemicals were used as received, and all solutions were
prepared using deionized water (Millipore Direct Q3-UV, 18.2
MQ cm™).

Preparation of MoSe, and WSe, Flakes. MoSe, and
WSe, single crystals (HQGraphene) were mechanically
exfoliated onto insulating oxidized silicon-coated silicon
(Si0,/Si) wafers (Graphene Supermarket) using the mechan-
ical “Scotch tape” cleavage method (see more details in the
Supporting Information). The flakes were then electrically
contacted using silver epoxy and a copper wire. The

https://doi.org/10.1021/acs.jpcc.1c01265
J. Phys. Chem. C 2021, 125, 7701-7710
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dispersions of liquid phase exfoliated 2D crystals were
produced ultrasonically (Elmasonic P70H) and sorted using
centrifugation (Hermle, Z366K) by area and thickness to
obtain size-selected flakes (see more details in the Supporting
Information). The bulk and few-layer flakes containing
dispersions were chosen to deposit films onto FTO electrodes
using a modified Langmuir—Blodgett method.*® Briefly, an
Erlenmeyer flask was filled with deionized water, and a few
drops of the dispersion were slowly layered on top of water.
This film was transferred subsequently onto the FTO glass
slide (1.0 cm X 2.0 cm) inserting below the slide using a set of
tweezers and pulling off slowly and then repeating the transfer
step twice more resulting in a thin film on the FTO surface (81
and 87 ug cm ™ loading for bulk and few-layer MoSe, samples,
respectively).

Characterization. The selected ME flakes and structural
domains were identified by an optical microscope, and then,
morphological and spectroscopic measurements were per-
formed. Raman spectroscopy analysis was carried out with a
Senterra II Compact Raman microscope (Bruker) using 532
nm laser excitation wavelength, operating at a power of <2.5
mW and a SOX objective. Atomic force microscopy (AFM;
NT-MDT Solver AFM microscope) operated in “tapping”
mode with a silicon tip on a silicon nitride lever (Nanosensors,
Inc., SSS-NCH-type 15 um long silicon needle with a 10° half
cone angle and 2 nm radius of curvature) was also used to
analyze samples. The 2D dispersions were characterized
morphologically (measuring lateral size) capturing trans-
mission electron microscopy images (TEM; FEI Tecnai G,
20 X-Twin type, operating at an acceleration voltage of 200
kV). Analysis of TEM images was performed using Image]
software, determining the lateral size of each flake and
performing statistical analysis on 100 flakes. The morphology
of MoSe, and WSe, films on FTO electrodes was characterized
by scanning electron microscopy (SEM; Hitachi S-4700 Type
II, operating at 10—15 kV). The absorption spectra of the
deposited MoSe,/FTO and WSe,/FTO films were acquired by
an Agilent 8453 UV—visible diode array spectrophotometer in
the range of 400—1000 nm.

Measurements and Data Analysis. The characteristics of
AFM and Raman spectroscopy that identified ME flakes, the
thickness of specimens, and the structural domains were linked
to the optical micrographs. The fraction of the heterogeneous
surface covered by defects (Ogs) Was calculated using AFM
height profiles. On a selected area, the vertical dimension was
divided by the planar dimension. A Nikon Eclipse LV1I00ND
optical microscope and a DS-Fi3 camera (Nikon Metrology)
were used to visualize and select MoSe, flakes where liquid
droplets were deposited. The aqueous droplets of both the 6 M
LiCl electrolyte and redox mediator containing solution (S
mM Ru(NH;)(Cl; in 6 M LiCl) were deposited via a
borosilicate micropipette and a pneumatic microinjector
(PV820 Pneumatic PicoPump, WPI) applying argon gas (Ar,
Messer, 99.996%). A pair of ca. S cm long micropipettes was
prepared by a P-97 Flaming/Brown micropipette puller (Sutter
Instrument) using borosilicate capillary with a filament (outer
diameter of 1.5 mm; inner diameter of 1.1 mm, Sutter
Instrument). The vertical and horizontal motions of the
micropipette sitting on its holder were controlled using a
MX?7630 micromanipulator and a MC 1000e motion controller
(Siskiyou). We aimed to deposit droplets with the size
comparable to the studied structural domain. Top view and
side view optical images confirmed that the contact area (i.e.,
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the electrode area) is equal to the area calculated from the top
view images (5—100 ym in diameter). All electrochemical
measurements were controlled by a PGSTAT302N potentio-
stat (Metrohm Autolab). The microelectrochemical cell was
enclosed in a Faraday cage (Figure S1). The potential was
measured against the Ag/AgCl reference electrode in 6 M
LiCl, which is ca. +0.19 V on the SHE scale. The linear sweep
and cyclic voltammetric traces were collected at S and 50—300
mV s~ scan rates, respectively. The electrochemically active
area was illuminated by a halogen fiber-optic light source
(Fiber-Lite DC950 Illuminator, 150 W) using either white
light or monochromated light using 50 nm steps between 400
and 1000 nm (SPS030 module, KP Technology Ltd.). To
illuminate the micron-sized droplets selectively, focusing lenses
and fiber-optic cables (S0 ym core) were applied (Thorlabs).
The power density of illumination (irradiance) was measured
using a power sensor (Thorlabs, S302A) and a compact USB
power meter with a slim photodiode sensor (Thorlabs, PM16-
130). The intensity modulated photocurrent spectroscopy
(IMPS) measurement was carried out using the same system,
but in this case, the potentiostat was equipped with an FRA32
module (Metrohm-Autolab) and an LED driver kit (Metrohm-
Autolab). The IMPS spectra were recorded in the frequency
range between 20 kHz and 0.1 Hz using sinusoidal intensity
modulation and bias illumination by a white light LED in 6 M
LiCl with § mM [Ru(NH,)¢]** solution. The amplitude of the
sinusoidal modulation was 10% of the original intensity.
Normalization of the measured signal was carried out by
determining the number of incident photons employing a
Thorlabs power sensor. The IPCE(%) and APCE(%) values
were calculated using the following equations

(1240 X Lgc)

X 100
(Plight X /1)

IPCE(%) =

(1240 X Lgc)

APCE(%) =
0= ex ) x (1 - 1079

X 100

where Ipgc is the measured photocurrent density, Py, is the
photon flux, 4 is the wavelength, and the absorbance is defined
as the fraction of electron—hole (e”/h*) pairs generated by
incident photon flux. This absorbance is estimated from the
Beer—Lambert law defining the absorbance (A) of a sample as
the logarithmic ratio of the measured output light intensity (I)
versus the initial input light intensity (I,).”” All measurements
were performed at ambient temperature (23—24 °C). The
displayed errors were standard deviations (arithmetic averages
of multiple measured values).

B RESULTS AND DISCUSSION

The operation of our custom-designed PEC setup is shown in
Figure 2a. First, (i) the sample area is selected under the
microscope; then, (ii) a microdroplet is deposited and
maintained using a microinjection and manipulator system;
subsequently, (iii) the electrochemical experiment is per-
formed with a potentiostat—galvanostat; meanwhile, (iv) the
illumination is provided with a fiber-optic light source with
controlled wavelength and intensity (see Figure S1 for a more
detailed scheme and photograph of the setup). In this three-
electrode configuration, the 2D flake area in contact with the
microdroplet acts as the working electrode (WE), while the
Ag/AgCl pseudoreference electrode (RE) and Pt counter
electrode (CE) are embedded in the micropipette tip.**>**’

https://doi.org/10.1021/acs.jpcc.1c01265
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Figure 2. Microscopic characterization of MoSe, flakes with the
microdroplet PEC system. (a) Scheme of the PEC setup. (b) Optical
micrograph of exfoliated MoSe, flakes on the SiO,/Si substrate. (c)
AFM image of a selected monolayer/bulk flake region indicated by a
light-green square in panel (b). The inset in panel (c) shows the
height profile of the monolayer from the region highlighted by the
dashed white line. Optical micrographs of a droplet deposited on the
surface of a single-crystal bulk MoSe, flake, without (d) and with (e)
external white light illumination.

White or monochromatic light illuminates the droplet cell
through a fiber-optic cable on the opposite side of the
micropipette. Both the spot size and light intensity were
measured before and after each experiment. The mechanically
exfoliated (ME) flakes were deposited onto a high optical
contrast SiO,/Si wafer, allowing the WSe, and MoSe, flakes of
all thicknesses to be visualized using optical microscopy
(Figure 2b). To confirm the correlation between the contrast
on the optical images and the layer thickness, AFM images
were recorded (Figure 2c). We selected the flakes and
deposited droplets using the light of the microscope via the
objective (Figure 2d), then this light was turned off, and the
EC/PEC measurements were performed by applying external
illumination (Figure 2e).

Individual droplets (128) were deposited on different thick
MoSe, samples (namely, bulk, few-layer, and monolayer), from
which the 5—100 ym diameter size was stable. These droplets
were deposited for bulk, few-layer, and monolayer specimens
(61, 4S5, and 22 droplets, respectively). The light spot was
focused on the samples, while the intensity was measured as a
function of wavelength (Figure S2). At 700 nm, the irradiance
power was ca. 11 mW cm % Besides optical microscopy

images, AFM and Raman spectroscopy were employed to
distinguish among monolayer, few-layer, bulk flakes, and other
structural domains (in-plane defects and edges). The thickness
of the monolayer flakes was ca. 0.9 nm (see the inset of Figure
2¢; the incidental adsorbates increased the AFM-derived
value*®). An example of a selected monolayer/bulk region is
shown in Figure 2c. The determined thicknesses (obtained
from AFM data) for few-layer and bulk flakes lie in the ranges
of 2—20 and 65—250 nm, respectively. This gives ca. 11 and
171 nm average values to represent the thickness of few-layer
and bulk samples. Additional AFM micrographs and height
profiles from cross sections of MoSe, and WSe, flakes are
presented in Figures S3 and S4. The most intense Raman
phonon modes, the fingerprints of 2D TMDCs, and the
underlying Si Raman mode”” at 520 cm™" were used to assess
the flake thickness and identify the in-plane defects for both
materials. The out-of-plane (A,,) vibration band lies in the
range of 240.5—243 cm™' for MoSe, and 256.0—260.5 cm ™
and for WSe,. The in-plane (E,,) lattice vibrations can be
found between 251.5 and 248.5 cm™, from monolayer to bulk
specimens for WSe, (see Figures S3 and $4).*7*

Using the microscale PEC setup, bulk, few-layer, and
monolayer samples of the MoSe, and WSe, nanoflakes were
investigated (Figure 1 and Figure SS). The photovoltammo-
grams for the MoSe, specimens are presented in Figure 3a,
bearing all the hallmarks of a photoanodic process (i.e., water
oxidation in the 6 M LiCl solution). The maximum IPCEs of
the few-layer and bulk specimens were achieved at 400 nm,
while the monolayer sample reaches the highest efficiency
value at 450 nm (Figure 3b). The interlayer coupling and
quantum confinement of 2D materials result in a thickness-
dependent electronic band structure. With the increasing
number of layers (from monolayer to bulk), the band gap
energy decreases.*”** The higher photocurrents and larger
IPCE values can be simply explained by the much higher light
absorption of the few-layer and bulk samples compared to the
monolayer.”>*® Further, photovoltammograms for the WSe,
samples are shown in Figure S6.

To deconvolute the obvious difference stemming from the
different light absorption of the MoSe, samples with different
thicknesses, APCE curves were plotted (Figure 3c). APCE
values were calculated using IPCE and estimated absorbance
values applying absorption coeflicients from the literature and
exact thickness on the examples of selected samples of the
monolayer (0.9 = 0.1 nm), few-layer (2.1 + 0.3 nm), and bulk
(26.9 + 0.7 nm) flakes obtained from AFM measurements

3.5
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Figure 3. PEC behavior of layered MoSe, specimens (basal planes). (a) LSVs recorded for the illuminated droplets deposited on monolayer, few-
layer, and bulk flakes in 6 M LiCl solution; the sweep rate was S mV s™". (b) Quantum efficiency curves show different behaviors among the PEC
activities of monolayer, few-layer, and bulk flakes. (c) APCE profile, constructed using IPCE data and the estimated absorbance of the flakes.
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illuminated droplets deposited on in-plane defects and edges (g); the sweep rate is 5 mV s™". Total and photocurrent (data from panel (g)) bar

diagrams plotted versus the kind of defect (h).
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(Figure 2 and Figure §7).%7* In this comparison, the
differences are much smaller but still remarkable. In the
wavelength range between 500 and 600 nm of bulk MoSe,, the
APCE values exceeded 80%, indicating that almost every
absorbed photon yields an extracted electron and hole. In the
case of few-layer and monolayer MoSe, flakes, APCE is around
50% between 500 and 600 nm (few-layer) while reaching 30—
50% in the range of 450—600 nm (monolayer). These lower
carrier collection efficiencies indicate an increased defect
density (compared to the bulk sample), which can act as
recombination centers.”® The band gap energy values of bulk,

few-layer, and monolayer MoSe, and WSe, flakes were
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extracted from the IPCE curves, showing a good match with
previously reported values.***">

Interestingly, 40 and 70% relative standard deviation
accompanied the photocurrent measurements on the bulk
materials (based on the analysis of the photovoltammetry
curves), in the case of basal and in-plane defected samples,
respectively (Figure S6a). To find the explanation for this large
deviation, the PEC activity was analyzed as a function of
different defects. In the case of bulk in-plane defects (deposited
on the lower and upper positions on a terrace), the
photovoltammetry curves were similar (Figure S8). On the
contrary, the behavior of in-plane and edge sites on the bulk
MoSe, flake was different. Two droplets were deposited on the
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Figure 6. Optical micrograph of a MoSe, bulk flake with deposited droplets on the basal plane (a). The thickness of this MoSe, flake was 64.6 +
0.7 nm. LSV recorded for the illuminated droplet (b); the sweep rate is 5 mV s™'. IMPS spectra (c) recorded for the illuminated droplet at the
MoSe, bulk flake at various applied potentials vs Ag/AgClg y1;¢1 (indicated by red spots in panel (b)) under 35 mW cm™ white light illumination
(10% of it was applied as sinusoidal modulation). All measurements were applied in 6 M LiCl with S mM [Ru(NH;)¢]**. Charge transfer (d) and
recombination (e) rate constants as the function of the applied potential determined from data presented in panel (c). Charge transfer efficiency (f)
as the function of the applied potential, calculated from panels (d, e).

in-plane defect and edge (touching the peripheral part of the
flake) (Figure 4a,d). AFM images (Figure 4be) and cross
sections show the height profiles (Figure 4c,f) of these defects.
The current densities for these structural domains are
compared in Figure 4g, shown as a demonstrative example.
The dark current on the edge defect sample increased notably,
decreasing the photocurrent by 50%. On the contrary, in the
case of in-plane defects, the dark current did not increase
significantly (Figure 4h; more examples can be found in the
Supporting Information, Figure S9). Additionally, a very
similar trend was found for the few-layer and monolayer
specimens (Figures S10 and S11). The results of the statistical
analysis of all measurements regarding this phenomenon are
depicted in Figure 5, where the studied structural parts
distributed are as follows: 57 (in-plane defects), 32 (basal
planes), and 11% (edge sites).

Figure Sa summarizes the photocurrent/total current ratio as
the function of surface domains and the thickness of
specimens. The basal plane behaves ideally for all layer
thicknesses as all of the measured currents are photocurrents. If
we introduce defects (in-plane ones) into basal planes, then
the photocurrent ratio (photocurrent/total current) decreases
only by 1-3%. Meanwhile, the edge defects cause 30—40%
loss in the photocurrent ratio for all bulk, few, and monolayer
specimens.

To provide a semiquantitative assessment on the effect of
defect concentration, we borrowed a metric typically used in
heterogeneous catalysis.”” The fraction of a heterogeneous
surface covered by any additive or missing object (particles or
vacancies, 6) describes the presence of different crystal faces,
edges, imperfections, and impurities.””> We employ Gy to
quantify the defect (in-plane or edge)-covered surface of an
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exfoliated flake. For mechanically exfoliated graphene, 6 is
close to zero for the perfect basal plane, while in the case of the
defect-rich area (terrace in-plane defect), it was 0,4, = 0.053.%*
Figure Sb shows the relation between the number of defects
and the photocurrent ratio of bulk, few, and monolayer MoSe,.
In the case of the low 0,4, (almost smooth and clear surface),
the ratio is almost 100% for all specimens. Introducing more
defects, the defect density increases up to e = 0.02—0.03,
and the photocurrent ratio decreases by 1—3%. Reaching the
edges of the nanoflakes, the 0. value increases to 0.05—0.07;
therefore, the photo/total current drops by 30—40%. Clearly,
the increase of Oy, influences the photo/total current ratio,
reducing the PEC activity. Doubling the defect density (i.e.,
from 0.02—0.03 to 0.05—0.07) does not explain on its own the
10-fold increase (from 1—3 to 30—40%) in the photocurrent
loss. This confirms that not only the defect density but also
their nature (i.e., in-plane vs edge defects) is a decisive factor in
dictating the photocurrent loss.

The charge carrier transfer and surface recombination
characteristics of MoSe, bulk specimens were further studied
with IMPS.*>*® The optical micrograph for the MoSe, bulk
specimen is presented in Figure 6a (thickness is 64.6 + 0.7 nm,
see more in the Supporting Information, Figure S12). Figure
6b,c shows the photovoltammogram and IMPS spectra
obtained in the deposited droplet on the bulk flake (potentials
ranging from 0.4 to 1.4 V versus Ag/AgClg y ;). Almost
perfect circles can be observed at the potentials from 0.4 to 1.0
V, meaning that the measured steady-state photocurrent is
close to zero, and thus, surface recombination dominates the
PEC behavior of the system. In the case of the IMPS spectrum,
at 1.4 V, no semicircle can be identified in the upper quadrant,
suggesting that the charge carrier transfer is the dominating
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Table 1. Factors Underpinning the PEC Properties of 2D MoSe, and WSe, Nanoflakes

light absorption range (eV)

specimens surface site MoSe, WSe, light absorption  recombination  hole transfer to water ~ overall PEC performance
bulk basal 1.42 + 0.06 1.39 + 0.08 sufficient low sluggish good
edge high very good intermediate
few-layer basal 1.62 + 0.03 1.71 + 0.08 intermediate low sluggish intermediate
edge high good weak
monolayer basal 1.71 £ 0.11 1.86 + 0.08 insufficient low sluggish weak
edge very high weak
50
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Figure 8. Comparison of PEC performance of liquid phase and micromechanically exfoliated samples. (a) LSVs recorded for the illuminated cells
assembled with few-layer and bulk MoSe,/FTO electrodes; (b) microdroplets deposited on few-layer and bulk MoSe, flakes. The sweep rate is S

1

mV s, and LSVs are measured in 6 M LiCl solution.

process.” The kinetic parameters were determined from the
measured IMPS spectra and plotted versus the applied
potential (Figure 6d,e). Rate constants, corresponding to
charge carrier transfer (k,) and surface recombination (k)
were determined. An ascending and descending trend were
found with increasing the potential for k. and k,, respectively.
While the k. increased linearly, the majority of the change in
k. occurred at higher potential values. The relative charge
transfer efficiency (7,), presented as a function of applied
potential (Figure 6f), was calculated from IMPS analysis (k,./
(ke + ki)). The coupling of IMPS and our microdroplet
microscopy approach opens a novel but challenging avenue for
the mechanistic understanding of the structure-dependent PEC
activity. Although we tried to record IMPS data for monolayer
and few-layer samples as well, their smaller lateral size limited
the photocurrents to a level that made the analysis unreliable.

Cyclic voltammograms of a model redox couple [Ru-
(NH,)]**/** were recorded in 6 M LiCl solution on MoSe,
(basal plane, in-plane defects, and edges of the bulk surface;
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Figure S13). The shape of CVs indicates activity differences for
the various structural parts. The electrochemical activity of
both defects (in-plane and edge) is different from that of the
defect-free basal plane (Figure S13a). Another important
observation was that, by decreasing the sample thickness, the
shape of CVs changes (e.g,, the separation of the oxidation and
reduction peaks shrinks), indicating a gradually more reversible
redox process.

The thickness of nanoflakes also affects the PEC activity
(Figure 3), as reflected in the IPCE and APCE trends. The
highest conversion efficiency was obtained for the bulk sample,
while the monolayer achieved higher APCE values than the
few-layer specimen. In the absence of any sacrificial electron
donor (6 M LiCl solution), the low PEC activity was ascribed
to the sluggish kinetics of water oxidation. Therefore, we
examined how the sample thickness affects the photodriven
electron transfer, if it is not limited by water oxidation kinetics,
by applying a model redox couple ([Ru(NH;)¢]*"). Figure 7a
compares the photovoltammetry curves of water and [Ru-
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(NH,)¢]** oxidation on the MoSe, bulk electrode. A less
positive onset potential and higher photocurrents were
registered in the case of [Ru(NH;)¢]*" due to the facile hole
injection kinetics compared to the water oxidation. The
maximum photocurrent values decrease with the introduction
of defects and the thickness of nanosheets in both solutions
(Figure 7b). The relative activity enhancement—the ratio of
obtained photocurrents in 6 M LiCl with and without 5 mM
[Ru(NHj;)4]**—is higher for the basal planes of both bulk and
few-layer specimens than for the defected flakes (Figure 7c).
The higher PEC activity measured for basal planes (bulk and
few-layer) in the presence of sacrificial agent suggests the lack
of water oxidation ability of these domains, while the lower
ratio for the edge sites shows a better water oxidation
performance. We have summarized all these trends in Table 1,
comparing the PEC behavior of all the studied samples.

An LPE process was employed to synthesize larger quantities
of the nanoflakes, allowing the preparation of macroelectrodes.
Using a centrifugation force-controlled separation, we obtained
dispersions of bulk and few-layer flakes (see TEM images in
Figure S14). After the bulk and few-layer films were deposited
onto the FTO electrodes, the electrode coverage and the
morphology of the flakes were analyzed (Figure S15a,b), and
the absorption spectra of modified electrodes were recorded
(Figure S15c, showing the characteristic absorption
bands).”™** Photovoltammetry profiles were recorded com-
paring the LPE (Figure 8a) and ME (Figure 8b) prepared
flakes. The tests were run in 6 M LiCl solutions in both cases
to compare only the role of different preparation methods.
Only very small photocurrents (5—10 A cm™2) were detected
in the case of LPE prepared samples (Figure 8a), while in stark
contrast, 1—2 orders of magnitude higher photocurrents (0.3—
3 mA cm™?) were obtained for ME-based few-layer and bulk
specimens applying microdroplet cells (Figure 8b). This
difference agrees with the previously reported studies for
LPE flake-based electrodes, where poor PEC behavior was
detected without additional treatment (activation of active
centrums or passivation of defects).***” The preparation of
LPE flakes increases the defect density, and mostly, these
defects refer to the increasing number of edges, rather than the
presence of other structural defects (in-plane ones). The trend
is also explained by the increasing number of flakes and their
decreasing lateral size.””

B CONCLUSIONS

We studied the PEC activities of 2D MoSe, and WSe, flakes in
the function of different structural domains (i.e., in-plane
defects and edges). To explore the PEC performance of these
structural parts, we applied our custom-developed micro-
droplet-based PEC microscope. We found that the edges are
predominantly responsible for the decreased PEC activity, and
the effect is more harmful for the thinner nanoflakes, compared
to the bulk counterparts. Although defect sites have larger
electrocatalytic activity (e.g., in water oxidation), the drastically
increased charge carrier recombination is detrimental to the
PEC performance. We tested the LPE produced MoSe, and
WSe, bulk and few-layer flakes, achieving only a few yA cm™
current densities because of the growing defect densities
coming from the increased edge sites and decreased lateral size
(area) of LPE flakes. In summary, our results suggest that the
PEC activity of nanostructured 2D materials is inherently
limited by the different requirements for a good charge carrier
generator (such as a solar cell) and an electrocatalyst (see also
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Table 1), which poses limitations on the application of these
materials in PEC solar energy conversion.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c0126S.

Experimental procedures with the details of the ME and
LPE flake preparation, further details of our custom-
made photoelectrochemical microscopy setup, inves-
tigated specimens and structural domains, the effect of
in-plane defect vs edges, further photovoltammetry
study of MoSe, and WSe,, electron transfer analysis
with additional IMPS results, and electron microscopic
characterization of LPE flakes and modified FTO
electrodes (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Péter S. T6th — MTA Premium Post Doctorate Research
Program and Department of Physical Chemistry and
Materials Science, Interdisciplinary Excellence Center,
University of Szeged, Szeged 6720, Hungary; Phone: +36-
62-544212; Email: toth.peter.sandor@chem.u-szeged.hu

Csaba Jandky — Department of Physical Chemistry and
Materials Science, Interdisciplinary Excellence Center,
University of Szeged, Szeged 6720, Hungary; ® orcid.org/
0000-0001-5965-5173; Phone: +36-62-546393;
Email: janaky@chem.u-szeged.hu

Author
Gabor Szab6é — Department of Physical Chemistry and
Materials Science, Interdisciplinary Excellence Center,
University of Szeged, Szeged 6720, Hungary

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c01265

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the European Research Council (ERC)
under the European Union’s Horizon 2020 research and
innovation programs (grant agreement no. 716539) and the
FlowPhotoChem project (grant agreement ID: 862453) for
financial support. P.S.T. thanks the Hungarian Academy of
Sciences for the MTA Premium Post Doctorate Research
Program Grant (461029). This paper was supported by the
Janos Bolyai Research Scholarship of the Hungarian Academy
of Sciences and supported by the UNKP-20-5—New National
Excellence Program of the Ministry for Innovation and
Technology from the source of the National Research,
Development and Innovation Fund. G.S. thanks the Ministry
for Innovation and Technology for the UNKP-20-2 student
grant. The authors thank Dr. Biborka Jandky-Bohner for her
help with manuscript preparation.

B REFERENCES

(1) Chhowalla, M.; Shin, H. S.; Eda, G; Li, L.-J.; Loh, K. P.; Zhang,
H. The Chemistry of Two-Dimensional Layered Transition Metal
Dichalcogenide Nanosheets. Nat. Chem. 2013, S, 263.

https://doi.org/10.1021/acs.jpcc.1c01265
J. Phys. Chem. C 2021, 125, 7701-7710


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01265/suppl_file/jp1c01265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01265/suppl_file/jp1c01265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01265/suppl_file/jp1c01265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01265?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01265/suppl_file/jp1c01265_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pe%CC%81ter+S.+To%CC%81th"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:toth.peter.sandor@chem.u-szeged.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Csaba+Jana%CC%81ky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5965-5173
http://orcid.org/0000-0001-5965-5173
mailto:janaky@chem.u-szeged.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ga%CC%81bor+Szabo%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01265?ref=pdf
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01265?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(2) Novoselov, K. S.; Jiang, D.; Schedin, F.; Booth, T. J.; Khotkevich,
V. V,; Morozov, S. V.; Geim, A. K. Two-Dimensional Atomic Crystals.
Proc. Natl. Acad. Sci. U. S. A. 2008, 102, 10451—10453.

(3) Pumera, M.; Sofer, Z.; Ambrosi, A. Layered Transition Metal
Dichalcogenides for Electrochemical Energy Generation and Storage.
J. Mater. Chem. A 2014, 2, 8981—8987.

(4) Kautek, W.; Gobrecht, J.; Gerischer, H. The Applicability of
Semiconducting Layered Materials for Electrochemical Solar Energy
Conversion. Ber. Bunsengesellschaft Phys. Chem. 1980, 84, 1034—1040.

(5) Lewerenz, H. J.; Heller, A.; DiSalvo, F. J. Relationship between
Surface Morphology and Solar Conversion Efficiency of Tungsten
Diselenide Photoanodes. J. Am. Chem. Soc. 1980, 102, 1877—1880.

(6) Kautek, W.; Gerischer, H. Anisotropic Photocorrosion of N-
Type MoS, MoSe,, and WSe, Single Crystal Surfaces: The Role of
Cleavage Steps, Line and Screw Dislocations. Surf. Sci. 1982, 119, 46—
60.

(7) Lewerenz, H. J.; Gerischer, H.; Liibke, M. Photoelectrochemistry
of WSe, Electrodes: Comparison of Stepped and Smooth Surfaces. J.
Electrochem. Soc. 1984, 131, 100—104.

(8) Kam, K. K; Parkinson, B. A. Detailed Photocurrent Spectros-
copy of the Semiconducting Group VIB Transition Metal
Dichalcogenides. J. Phys. Chem. 1982, 86, 463—467.

(9) Chia, X;; Eng, A. Y. S;; Ambrosi, A;; Tan, S. M.; Pumera, M.
Electrochemistry of Nanostructured Layered Transition-Metal
Dichalcogenides. Chem. Rev. 2015, 115, 11941—11966.

(10) Jaramillo, T. F.; Jorgensen, K. P.; Bonde, J.; Nielsen, J. H,;
Horch, S.; Chorkendorff, 1. Identification of Active Edge Sites for
Electrochemical H, Evolution from MoS, Nanocatalysts. Science
2007, 317, 100—102.

(11) Chia, X.; Ambrosi, A.; Sedmidubsky, D.; Sofer, Z.; Pumera, M.
Precise Tuning of the Charge Transfer Kinetics and Catalytic
Properties of MoS, Materials via Electrochemical Methods. Chem.—
A Eur. ]. 2014, 20, 17426—17432.

(12) Yu, Y,; Huang, S.-Y,; Li, Y.; Steinmann, S. N.; Yang, W.; Cao, L.
Layer-Dependent Electrocatalysis of MoS, for Hydrogen Evolution.
Nano Lett. 2014, 14, 553—558.

(13) Saadi, F. H; Carim, A. L; Velazquez, J. M.; Baricuatro, J. H,;
McCrory, C. C. L,; Soriaga, M. P.; Lewis, N. S. Operando Synthesis of
Macroporous Molybdenum Diselenide Films for Electrocatalysis of
the Hydrogen-Evolution Reaction. ACS Catal. 2014, 4, 2866—2873.

(14) Zhou, W.; Zou, X.; Najmaei, S.; Liu, Z.; Shi, Y.; Kong, J.; Lou,
J.; Ajayan, P. M,; Yakobson, B. I; Idrobo, J.-C. Intrinsic Structural
Defects in Monolayer Molybdenum Disulfide. Nano Lett. 2013, 13,
2615—2622.

(15) Li, H; Tsai, C; Koh, A. L; Cai, L;; Contryman, A. W,
Fragapane, A. H.; Zhao, J.; Han, H. S.; Manoharan, H. C.; Abild-
Pedersen, F.; Norskov, J. K; Zheng, X. Activating and Optimizing
MoS, Basal Planes for Hydrogen Evolution through the Formation of
Strained Sulphur Vacancies. Nat. Mater. 2015, 15, 48.

(16) Petd, J.; Ollar, T.; Vancsé, P.; Popov, Z. L; Magda, G. Z;
Dobrik, G.; Hwang, C.; Sorokin, P. B.; Tapaszt6, L. Spontaneous
Doping of the Basal Plane of MoS, Single Layers through Oxygen
Substitution under Ambient Conditions. Nat. Chem. 2018, 10, 1246—
1251.

(17) Chow, P. K; Jacobs-Gedrim, R. B.; Gao, J.; Lu, T.-M.; Yu, B,;
Terrones, H.; Koratkar, N. Defect-Induced Photoluminescence in
Monolayer Semiconducting Transition Metal Dichalcogenides. ACS
Nano 2015, 9, 1520—1527.

(18) Li, H; Tsai, C; Koh, A. L; Cai, L; Contryman, A. W,
Fragapane, A. H.; Zhao, J.; Han, H. S.; Manoharan, H. C.; Abild-
Pedersen, F.; et al. Activating and Optimizing MoS, Basal Planes for
Hydrogen Evolution through the Formation of Strained Sulphur
Vacancies. Nat. Mater. 2016, 15, 48—53.

(19) Asadi, M.; Kumar, B.; Behranginia, A.; Rosen, B. A.; Baskin, A,;
Repnin, N.; Pisasale, D.; Phillips, P.; Zhu, W.; Haasch, R; et al
Robust Carbon Dioxide Reduction on Molybdenum Disulphide
Edges. Nat. Commun. 2014, S, 4470.

(20) Edwards, M. A.; Bertoncello, P.; Unwin, P. R. Slow Diffusion
Reveals the Intrinsic Electrochemical Activity of Basal Plane Highly

7709

Oriented Pyrolytic Graphite Electrodes. J. Phys. Chem. C 2009, 113,
9218-9223.

(21) Brownson, D. A. C.; Munro, L. J.; Kampouris, D. K.; Banks, C.
E. Electrochemistry of Graphene: Not Such a Beneficial Electrode
Material? RSC Adv. 2011, 1, 978—988.

(22) Toth, P. S; Valota, A. T, Velicky, M.; Kinloch, L. A;
Novoselov, K. S.; Hill, E. W.; Dryfe, R. A. W. Electrochemistry in a
Drop: A Study of the Electrochemical Behaviour of Mechanically
Exfoliated Graphene on Photoresist Coated Silicon Substrate. Chem.
Sci. 2014, S, 582.

(23) Velicky, M.; Bradley, D. F.; Cooper, A. J.; Hill, E. W.; Kinloch,
I. A;; Mishchenko, A.; Novoselov, K. S.; Patten, H. V.; Toth, P. S,;
Valota, A. T.; et al. Electron Transfer Kinetics on Mono- and
Multilayer Graphene. ACS Nano 2014, 8, 10089.

(24) Zhang, J.; Wy, J.; Guo, H.; Chen, W.; Yuan, J.; Martinez, U,;
Gupta, G.; Mohite, A.; Ajayan, P. M.; Lou, J. Unveiling Active Sites
for the Hydrogen Evolution Reaction on Monolayer MoS,. Adv.
Mater. 2017, 29, 1701955.

(25) Bentley, C. L.; Kang, M; Maddar, F. M.; Li, F.; Walker, M,;
Zhang, J; Unwin, P. R. Electrochemical Maps and Movies of the
Hydrogen Evolution Reaction on Natural Crystals of Molybdenite
(MoS,): Basal vs. Edge Plane Activity. Chem. Sci. 2017, 8, 6583—
6593.

(26) Tao, B,; Unwin, P. R; Bentley, C. L. Nanoscale Variations in
the Electrocatalytic Activity of Layered Transition-Metal Dichalcoge-
nides. J. Phys. Chem. C 2020, 124, 789—798.

(27) Velicky, M.; Bissett, M. A; Woods, C. R; Toth, P. S;
Georgiou, T.; Kinloch, I. A;; Novoselov, K. S.; Dryfe, R. A. W.
Photoelectrochemistry of Pristine Mono- and Few-Layer MoS,. Nano
Lett. 2016, 16, 2023.

(28) Son, Y.; Wang, Q. H.; Paulson, J. A; Shih, C.-J; Rajan, A. G;
Tvrdy, K; Kim, S.; Alfeeli, B.; Braatz, R. D.; Strano, M. S. Layer
Number Dependence of MoS, Photoconductivity Using Photocurrent
Spectral Atomic Force Microscopic Imaging. ACS Nano 20185, 9,
2843—28SS.

(29) Velicky, M.; Toth, P. S. From Two-Dimensional Materials to
Their Heterostructures: An Electrochemist’s Perspective. Appl. Mater.
Today 2017, 8, 68.

(30) Eisenberg, D. Imaging the Anisotropic Reactivity of a Tungsten
Diselenide Photocathode. ChemElectroChem 2018, 2, 1259—1263.

(31) Velazquez, J. M.; John, J.; Esposito, D. V.; Pieterick, A.; Pala,
R; Sun, G.; Zhou, X;; Huang, Z.; Ardo, S.; Soriaga, M. P.; et al. A
Scanning Probe Investigation of the Role of Surface Motifs in the
Behavior of P-WSe, Photocathodes. Energy Environ. Sci. 2016, 9,
164—175.

(32) Todt, M. A;; Isenberg, A. E.; Nanayakkara, S. U; Miller, E. M,;
Sambur, J. B. Single-Nanoflake Photo-Electrochemistry Reveals
Champion and Spectator Flakes in Exfoliated MoSe, Films. J. Phys.
Chem. C 2018, 122, 6539—6545.

(33) Wang, L,; Schmid, M.; Nilsson, Z. N.; Tahir, M.; Chen, H,;
Sambur, J. B. Laser Annealing Improves the Photoelectrochemical
Activity of Ultrathin MoSe, Photoelectrodes. ACS Appl. Mater.
Interfaces 2019, 11, 19207—19217.

(34) Chen, J.; Bailey, C. S.; Hong, Y.; Wang, L.; Cai, Z.; Shen, L;
Hou, B,; Wang, Y,; Shi, H,; Sambur, J; et al. Plasmon-Resonant
Enhancement of Photocatalysis on Monolayer WSe,. ACS Photonics
2019, 6, 787—792.

(35) Hill, J. W.; Hill, C. M. Directly Mapping Photoelectrochemical
Behavior within Individual Transition Metal Dichalcogenide Nano-
sheets. Nano Lett. 2019, 19, 5710—5716.

(36) Yu, X.; Prévot, M. S.; Guijarro, N.; Sivula, K. Self-Assembled
2D WSe, Thin Films for Photoelectrochemical Hydrogen Production.
Nat. Commun. 2015, 6, 7596.

(37) Yu, X; Sivula, K. Photogenerated Charge Harvesting and
Recombination in Photocathodes of Solvent-Exfoliated WSe,. Chem.
Mater. 2017, 29, 6863—6875.

(38) Cunningham, G.; Khan, U, Backes, C.; Hanlon, D
McCloskey, D.; Donegan, J. F; Coleman, J. N. Photoconductivity

https://doi.org/10.1021/acs.jpcc.1c01265
J. Phys. Chem. C 2021, 125, 7701-7710


https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1039/C4TA00652F
https://doi.org/10.1039/C4TA00652F
https://doi.org/10.1002/bbpc.19800841021
https://doi.org/10.1002/bbpc.19800841021
https://doi.org/10.1002/bbpc.19800841021
https://doi.org/10.1021/ja00526a019
https://doi.org/10.1021/ja00526a019
https://doi.org/10.1021/ja00526a019
https://doi.org/10.1016/0039-6028(82)90186-8
https://doi.org/10.1016/0039-6028(82)90186-8
https://doi.org/10.1016/0039-6028(82)90186-8
https://doi.org/10.1149/1.2115467
https://doi.org/10.1149/1.2115467
https://doi.org/10.1021/j100393a010
https://doi.org/10.1021/j100393a010
https://doi.org/10.1021/j100393a010
https://doi.org/10.1021/acs.chemrev.5b00287
https://doi.org/10.1021/acs.chemrev.5b00287
https://doi.org/10.1126/science.1141483
https://doi.org/10.1126/science.1141483
https://doi.org/10.1002/chem.201404832
https://doi.org/10.1002/chem.201404832
https://doi.org/10.1021/nl403620g
https://doi.org/10.1021/cs500412u
https://doi.org/10.1021/cs500412u
https://doi.org/10.1021/cs500412u
https://doi.org/10.1021/nl4007479
https://doi.org/10.1021/nl4007479
https://doi.org/10.1038/s41557-018-0136-2
https://doi.org/10.1038/s41557-018-0136-2
https://doi.org/10.1038/s41557-018-0136-2
https://doi.org/10.1021/nn5073495
https://doi.org/10.1021/nn5073495
https://doi.org/10.1038/nmat4465
https://doi.org/10.1038/nmat4465
https://doi.org/10.1038/nmat4465
https://doi.org/10.1038/ncomms5470
https://doi.org/10.1038/ncomms5470
https://doi.org/10.1021/jp8092918
https://doi.org/10.1021/jp8092918
https://doi.org/10.1021/jp8092918
https://doi.org/10.1039/C1RA00393C
https://doi.org/10.1039/C1RA00393C
https://doi.org/10.1039/c3sc52026a
https://doi.org/10.1039/c3sc52026a
https://doi.org/10.1039/c3sc52026a
https://doi.org/10.1021/nn504298r
https://doi.org/10.1021/nn504298r
https://doi.org/10.1002/adma.201701955
https://doi.org/10.1002/adma.201701955
https://doi.org/10.1039/C7SC02545A
https://doi.org/10.1039/C7SC02545A
https://doi.org/10.1039/C7SC02545A
https://doi.org/10.1021/acs.jpcc.9b10279
https://doi.org/10.1021/acs.jpcc.9b10279
https://doi.org/10.1021/acs.jpcc.9b10279
https://doi.org/10.1021/acs.nanolett.5b05317
https://doi.org/10.1021/nn506924j
https://doi.org/10.1021/nn506924j
https://doi.org/10.1021/nn506924j
https://doi.org/10.1016/j.apmt.2017.05.003
https://doi.org/10.1016/j.apmt.2017.05.003
https://doi.org/10.1002/celc.201500103
https://doi.org/10.1002/celc.201500103
https://doi.org/10.1039/C5EE02530C
https://doi.org/10.1039/C5EE02530C
https://doi.org/10.1039/C5EE02530C
https://doi.org/10.1021/acs.jpcc.7b12715
https://doi.org/10.1021/acs.jpcc.7b12715
https://doi.org/10.1021/acsami.9b04785
https://doi.org/10.1021/acsami.9b04785
https://doi.org/10.1021/acsphotonics.9b00089
https://doi.org/10.1021/acsphotonics.9b00089
https://doi.org/10.1021/acs.nanolett.9b02336
https://doi.org/10.1021/acs.nanolett.9b02336
https://doi.org/10.1021/acs.nanolett.9b02336
https://doi.org/10.1038/ncomms8596
https://doi.org/10.1038/ncomms8596
https://doi.org/10.1021/acs.chemmater.7b02018
https://doi.org/10.1021/acs.chemmater.7b02018
https://doi.org/10.1039/C3TC31402B
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01265?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

of Solution-Processed MoS, Films. J. Mater. Chem. C 2013, 1, 6899—
6904.

(39) Chen, Z.; Jaramillo, T. F.; Deutsch, T. G.; Kleiman-
Shwarsctein, A.; Forman, A. J.; Gaillard, N.; Garland, R.; Takanabe,
K.; Heske, C.; Sunkara, M.; et al. Accelerating Materials Development
for Photoelectrochemical Hydrogen Production: Standards for
Methods, Definitions, and Reporting Protocols. J. Mater. Res. 2010,
25, 3—16.

(40) Tonndorf, P.; Schmidt, R.; Béttger, P.; Zhang, X.; Borner, J.;
Liebig, A.; Albrecht, M.; Kloc, C.; Gordan, O.; Zahn, D. R. T; et al.
Photoluminescence Emission and Raman Response of Monolayer
MoS,, MoSe,, and WSe,. Opt. Express 2013, 21, 4908—4916.

(41) Sekine, T.; Izumi, M.; Nakashizu, T.; Uchinokura, K;
Matsuura, E. Raman Scattering and Infrared Reflectance in 2H-
MoSe,. J. Phys. Soc. Jpn. 1980, 49, 1069—1077.

(42) Ding, Y.; Wang, Y.; Ni, J; Shi, L.; Shi, S; Tang, W. First
Principles Study of Structural, Vibrational and Electronic Properties of
Graphene-like MX, (M=Mo, Nb, W, Ta; X=S, Se, Te) Monolayers.
Phys. B 2011, 406, 2254—2260.

(43) Coehoorn, R.; Haas, C.; Dijkstra, J.; Flipse, C. J. F.; de Groot,
R. A;; Wold, A. Electronic Structure of MoSe,, MoS,, and WSe,. L.
Band-Structure Calculations and Photoelectron Spectroscopy. Phys.
Rev. B 1987, 35, 6195—6202.

(44) Yun, W. S,; Han, S. W,; Hong, S. C,; Kim, I. G; Lee, ]J. D.
Thickness and Strain Effects on Electronic Structures of Transition
Metal Dichalcogenides: 2H-MX, Semiconductors (M = Mo, W; X =
S, Se, Te). Phys. Rev. B 2012, 85, No. 03330S.

(45) Frindt, R. F. The Optical Properties of Single Crystals of WSe,
and MoTe,. J. Phys. Chem. Solids 1963, 24, 1107—1108.

(46) Goldberg, A. M.; Beal, A. R;; Lévy, F. A,; Davis, E. A. The Low-
Energy Absorption Edge in 2H-MoS, and 2H-MoSe,. Philos. Mag. A J.
Theor. Exp. Appl. Phys. 1975, 32, 367—378.

(47) Beal, A. R; Hughes, H. P. Kramers-Kronig Analysis of the
Reflectivity Spectra of 2H-MoS,, 2H-MoSe, and 2H-MoTe,. J. Phys.
C Solid State Phys. 1979, 12, 881—890.

(48) Liu, H.-L.; Shen, C.-C.; Su, S.-H.; Hsu, C.-L; Li, M.-Y,; Li, L.-J.
Optical Properties of Monolayer Transition Metal Dichalcogenides
Probed by Spectroscopic Ellipsometry. Appl. Phys. Lett. 2014, 105,
201908S.

(49) Dong, N,; Li, Y.; Zhang, S.; McEvoy, N.; Zhang, X; Cui, Y,;
Zhang, L.; Duesberg, G. S.; Wang, ]. Dispersion of Nonlinear
Refractive Index in Layered WS, and WSe, Semiconductor Films
Induced by Two-Photon Absorption. Opt. Lett. 2016, 41, 3936—3939.

(50) Abdi, F. F.; Firet, N.; van de Krol, R. Efficient BiVO, Thin Film
Photoanodes Modified with Cobalt Phosphate Catalyst and W-
Doping. ChemCatChem 2013, S, 490—496.

(51) Kang, J.; Tongay, S.; Zhou, J.; Li, J.; Wy, J. Band Offsets and
Heterostructures of Two-Dimensional Semiconductors. Appl. Phys.
Lett. 2013, 102, No. 012111.

(52) Peng, B.; Ang, P. K; Loh, K. P. Two-Dimensional
Dichalcogenides for Light-Harvesting Applications. Nano Today
2015, 10, 128—137.

(53) Anderson, R. B. Experimental Methods in Catalytic Research:
Physical Chemistry: A Series of Monographs; Physical chemistry; Elsevier
Science: 2013.

(54) Velicky, M.; Toth, P. S.; Woods, C. R.; Novoselov, K. S.; Dryfe,
R. A. W. Electrochemistry of the Basal Plane versus Edge Plane of
Graphite Revisited. J. Phys. Chem. C 2019, 123, 11677.

(55) Peter, L. M; Li, J; Peat, R; Lewerenz, H. J.; Stumper, J.
Frequency Response Analysis of Intensity Modulated Photocurrents
at Semiconductor Electrodes. Electrochim. Acta 1990, 35, 1657—1664.

(56) Chaparro, A. M.; Salvador, P.; Tabernero, A.; Navarro, R.; Coll,
B.; Caselles, V. Charge Recombination Imaging at the WSe,/I”
Interface. Surf. Sci. 1993, 295, 457—461.

7710

https://doi.org/10.1021/acs.jpcc.1c01265
J. Phys. Chem. C 2021, 125, 7701-7710


https://doi.org/10.1039/C3TC31402B
https://doi.org/10.1557/JMR.2010.0020
https://doi.org/10.1557/JMR.2010.0020
https://doi.org/10.1557/JMR.2010.0020
https://doi.org/10.1364/OE.21.004908
https://doi.org/10.1364/OE.21.004908
https://doi.org/10.1143/JPSJ.49.1069
https://doi.org/10.1143/JPSJ.49.1069
https://doi.org/10.1016/j.physb.2011.03.044
https://doi.org/10.1016/j.physb.2011.03.044
https://doi.org/10.1016/j.physb.2011.03.044
https://doi.org/10.1103/PhysRevB.35.6195
https://doi.org/10.1103/PhysRevB.35.6195
https://doi.org/10.1103/PhysRevB.85.033305
https://doi.org/10.1103/PhysRevB.85.033305
https://doi.org/10.1103/PhysRevB.85.033305
https://doi.org/10.1016/0022-3697(63)90024-6
https://doi.org/10.1016/0022-3697(63)90024-6
https://doi.org/10.1080/14786437508219961
https://doi.org/10.1080/14786437508219961
https://doi.org/10.1088/0022-3719/12/5/017
https://doi.org/10.1088/0022-3719/12/5/017
https://doi.org/10.1063/1.4901836
https://doi.org/10.1063/1.4901836
https://doi.org/10.1364/OL.41.003936
https://doi.org/10.1364/OL.41.003936
https://doi.org/10.1364/OL.41.003936
https://doi.org/10.1002/cctc.201200472
https://doi.org/10.1002/cctc.201200472
https://doi.org/10.1002/cctc.201200472
https://doi.org/10.1063/1.4774090
https://doi.org/10.1063/1.4774090
https://doi.org/10.1016/j.nantod.2015.01.007
https://doi.org/10.1016/j.nantod.2015.01.007
https://doi.org/10.1021/acs.jpcc.9b01010
https://doi.org/10.1021/acs.jpcc.9b01010
https://doi.org/10.1016/0013-4686(90)80022-G
https://doi.org/10.1016/0013-4686(90)80022-G
https://doi.org/10.1016/0039-6028(93)90292-R
https://doi.org/10.1016/0039-6028(93)90292-R
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01265?rel=cite-as&ref=PDF&jav=VoR

