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ABSTRACT: Physics of monolayer and few-layer transition metal
dichalcogenides (TMDs) and chemistry of few-layer TMDs have
been well studied in recent years in the context of future electronic,
optoelectronic, and energy harvesting applications. However, what
has escaped the attention of the scientific community is the unique
chemistry of monolayer TMDs. It has been demonstrated that the
basal plane of multilayer TMDs is chemically inert, whereas edge
sites are chemically active. In this article, we experimentally
demonstrate that the edge reactivity of the TMDs can be significantly
impeded at the monolayer limit through monolayer/substrate
interaction, thus making the monolayers highly resistant to
electrooxidation and corrosion. In particular, we found that few-
layer flakes of MoS2 and WS2 exfoliated on conductive TiN
substrates are readily corroded beyond a certain positive electrode
potential, while monolayer remnants are left behind unscathed. The electrooxidation resistance of monolayers was confirmed
using a plethora of characterization techniques including atomic force microscope (AFM) imaging, Raman spectroscopy,
photoluminescence (PL) mapping, scanning/transmission electron microscope (S/TEM) imaging, and selected area electron
diffraction (SAED). It is believed that strong substrate monolayer interaction compared to the relatively weak interlayer van der
Waals interaction is responsible for the superior monolayers chemical stability in highly corrosive oxidizing environments. Our
findings could pave the way for the implementation of monolayer transition metal disulfides as superior anticorrosion coating
which can have a significant socioeconomic impact.
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■ INTRODUCTION

Today, corrosion is a global economic challenge affecting
infrastructure, manufacturing, and consumer products. It is
defined as the monotonic degradation of a precious substance
and hence its properties as a result of continuous reactions with
its surroundings. Fortunately, corrosion can be controlled,
slowed, and even eliminated through smart material engineer-
ing. Use of corrosion inhibitors in the form of thin sacrificial
coatings or platings are one of the most popular approaches
toward the minimization of metallic and nonmetallic
corrosion.1−3 Development of efficient and low-cost corrosion
inhibitors will have great socioeconomic impact. In this context,
our finding of the extraordinary corrosion (oxidation)
resistance of monolayer transition metal disulfides can be
considered groundbreaking from the point of view of both
fundamental corrosion chemistry of atomically thin layers and
commercial implementation of monolayer materials into useful
applications.
Prior to the surge of graphene publications following its

discovery in 2004,4 the transition metal dichalcogenides
(TMDs) were only of interest for a few niche applications.

Doped and nanocomposite MoS2 found early commercial
application as lubricants and coatings.5 However, such
tribological applications that utilize MoS2 nanoparticles in
conjunction with other matrix components, although greatly
reduced friction, did not offer improvements in corrosion
resistance.6,7 In recent times, the chemistry of TMDs has
mostly been focused on energy harvesting and energy storage.
Nanoparticles, nanosheets, and nanotubes of MoS2 and WS2
have been studied as excellent catalysts for electrochemical and
photoelectrochemical water splitting reactions which convert
solar energy into clean hydrogen energy.8−10 It is worth
mentioning that due to their superior resistance to photo-
corrosion, these materials also showed promise as photoanodes
in photoelectrochemical cells with efficiencies exceeding
10%.11,12 Given the layered structure with the transition
metal atoms residing in octahedral or trigonal prismatic sites,
TMDs are ideal systems to study intercalation of metals, Lewis
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bases, and organometallics which forms the basis of the next
generations of supercapacitors.13−15 This intercalation chem-
istry also leads to the discovery of 2H-TaS2 as a high-
temperature superconductor and is now seceded by new
physics which show the promise of valleytronics, straintronics,
piezotronics, biotronics, and optoelectronics.16−20 These
applications exploit the noncentrosymmetry offered by
monolayer TMDs such as MoS2 and WS2 but not present in
multilayer TMDs or graphene. The extraordinary interaction of
light with monolayers of TMDs is paving the way for the next
generations of advanced optical devices such as ultrathin
microlenses, gratings, resonant cavities, and waveguides.21−24 In
lieu of the above discussion, it is apparent that the superior
electrooxidation resistance of monolayer TMDs, in particular
the substrate enhanced monolayer stability presented in this
work, will have paramount importance for a wide range of
applications, irrespective of whether the monolayer TMD is
used as an active device component or as a corrosion inhibitory
sacrificial coating to the active device component. In fact, it was
reported that 2D field effect transistors (FETs) based on MoS2,
WS2, and MoSe2 monolayers produced via the same electro-
ablation (EA) process presented in the work maintain their

high-quality semiconducting properties comparable to materials
grown via chemical vapor deposition (CVD).25

Earlier studies on oxidation of bulk TMD crystals have
established that the basal plane of these layered materials are
chemically inert, whereas edge sites, surface steps, and
dislocations are highly reactive.26,27 However, only a handful
of works have looked at the stability of TMDs at the atomistic
limit.28−30 Castellanos-Gomez et al.31 recently developed a self-
limiting laser-thinning process similar to our electro-ablation
(EA) process32 which reduces exfoliated multilayer flakes into
corresponding monolayers irrespective of their initial thick-
nesses. The fundamental difference between the two techniques
lies in the fact that laser thinning is thermally driven, whereas
electroablation is electrochemically driven. The self-limiting
aspect of laser thinning is attributed to poor interlayer heat
dissipation compared to the monolayer/substrate heat
dissipation, whereas the self-limiting aspect of the EA process
is attributed to weak interlayer van der Waals interactions
compared to monolayer/substrate covalent interactions.32

Density function theory (DFT) calculations found a weak
interlayer binding energy of −0.16 eV between MoS2 layers and
a much stronger binding energy of −1.25 eV between the
bottom layer and TiN substrate.32 Both processes point to

Figure 1. Electroablation process and monolayer characterization. (a) Experimental setup: the sample or the working electrode (WE) is suspended
into approximately 25 mL of the electrolyte solution. A graphite counter electrode (CE) and a Ag/AgCl reference electrode (RE) are placed into the
solution within a few millimeters of the WE. (b) Schematic showing the dynamics of the EA process. After application of a positive electrode
potential, multilayer flakes on the 100 nm TiN coated Si substrate are converted to single layer. The flakes are etched from the edges, whereas the
basal planes are unscathed. (c, d) Optical and (e) atomic force microscope (AFM) images showing mechanically exfoliated MoS2 flake before and
after 10 s EA treatment. (f) AFM line scan showing an ∼2 nm step height after EA. (g) Photoluminescence (PL) map with submicrometer
resolution showing strong PL enhancement across the entire area of the remnant flake. The intense PL observed is owed to the indirect to direct
bandgap transition at the K point in the Brillouin zone in monolayers and is severely suppressed in multilayers of multilayers of MoS2. The map color
corresponds to the integrate PL peak area. (h) MoS2 Raman spectra taken using a 488 nm laser show the E2g and A1g separation decreasing from 25.3
to 21.5 cm−1 after flakes are converted to monolayer by the EA treatment at pH of 3 for 60 s. (i) TEM image of the MoS2 edge showing a folded
monolayer, inset SAED with hexagonal patterns indicates good crystallinity of the 2H-phase MoS2 flake. (j) Atomic resolution annular dark field
scanning TEM (ADF-STEM) image of the single layer MoS2 distinguishing Mo and S atoms due to their Z-contrast.
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these substrate-stabilized monolayers being highly stable not
only upon heating and irradiation but also in corrosive oxidizing
conditions. Other reports of such self-limiting layer-by-layer
oxidation, thermal sublimation, and soft plasma etching can be
found in recent literature.33,34 The robustness demonstrated by
these TMD materials is strongly contrasted by other layered
materials such as phosphorene. Phosphorene with a corrugated
orthorhombic structure is highly susceptible to oxidation by
ambient oxygen and water greatly reducing its feasibility as a
semiconductor despite its desirable properties.35 The group IV
semiconducting monochalcogenides such as Ge and Sn sulfides
and selenides, despite having an orthorhombic structure similar
to phosphorene, are predicted to be significantly more resistant
to oxidation with an activation energy for chemisorption of
oxygen twice that of phosphorene.36,37 The TMDs, with their
hexagonal structure, physisorb with a remarkably low binding
energy for O2 and H2O, only 79 and 110 meV for MoS2,
increasing to 110 and 150 meV when binding to a sulfur
vacancy. Charge transfer due to this physisorption coupled with
the high surface area results in dramatic changes in sheet
densities but is fully reversible demonstrating the inert nature of
these materials.38 Both the group IV monochalcogenides and
the TMDs are resistant to ambient oxygen, and even when
chemisorbed onto chalcogen vacancy sites degradation of their

semiconducting properties is minimal.36,39 In the present work
we elucidate on the chemistry of electrooxidation processes
involved in the EA technique and establish the exceptional
chemical stability of monolayers of transition metal disulfides
compared to their bulk counterparts.

■ RESULTS AND DISCUSSION
The substrate-assisted electroablation technique for the syn-
thesis of WS2 and MoS2 monolayer flakes was studied using
conventional electrochemical voltammetry in order to better
understand the monolayer stability in corrosive oxidizing
environments. A plethora of characterization techniques
which include atomic force microscopy (AFM), Raman
spectroscopy, photoluminescence (PL) mapping, atomic
resolution scanning/transmission electron microscope (S/
TEM) imaging, and selected area electron diffraction (SAED)
were used to elucidate and complement our experimental
findings. We also identified the threshold potential, pH
dependence, electrolyte invariance, substrate composition, and
topographic invariance of the EA process and hypothesized
reaction species generated during the electrooxidative corrosion
of multilayer TMD flakes. We also provide critical insight into
the temporal evolution of the electrooxidation resistance of
monolayer remnants for both MoS2 and WS2.

Figure 2.MoS2 EA process in different acid electrolytes. Optical images of MoS2 flakes (a−c) prior to and (d−f) after EA treatment for 60 s at 1.5 V
in 0.1 M HNO3, H2SO4, and HCl, respectively. (g−i) Photoluminescence (PL) maps for each acid after EA. The scales for the integrated PL peak
area maps are consistent between each acid.
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Figures 1a and 1b show the experimental setup and process
schematic of the EA technique, respectively. Multilayer MoS2
and WS2 flakes were transferred onto a 100 nm TiN coated Si
substrate (used as the working electrode: WE) via mechanical
exfoliation. Ag/AgCl reference electrode (RE) and a flexible
graphite counter electrode (CE) were used in the electro-
chemical cell in order to perform the voltammogram
measurements. The optical images for MoS2 flakes shown in
Figures 1c and 1d demonstrate substantial change in the flake/
substrate contrast before and after the EA treatment,
respectively. The AFM image and the corresponding height
profile of the remnant flake are shown in Figures 1e and 1f,
respectively. The flake thickness was found to be ∼2 nm, which
is greater than the expected 0.65 nm corresponding to
monolayer thickness. The apparent increase in the monolayer
thickness could be due to the weak etching of the underlying
TiN substrate during the EA process. Another plausible
explanation is that reaction products are not fully hydrolyzed
into soluble species and remain on the surface, effectively
increasing the thickness of the material. Nevertheless, the AFM
image might not be the most convincing evidence of monolayer
formation. This led to the PL map in Figure 1g with
submicrometer resolution which shows strong PL enhancement
across the entire area of the remnant flake. The map color
corresponds to the integrated PL peak area. The intense PL
observed is owed to the indirect to direct bandgap transition at
the K point in the Brillouin zone in monolayers and is severely
suppressed in multilayers of MoS2.

40 The strong PL response
can only be observed for crystalline monolayers and is absent in
fully oxidized or bulk regions. The reader should note that the
PL is an exceptionally powerful tool which can distinguish
monolayer TMDs from their bulk counterpart without any
ambiguity. Further, the Raman spectra of MoS2 flakes in Figure
1h show that the separation between the E2g and A1g peaks of
MoS2 flakes decreased from 25.3 to 21.5 cm−1, which is another
clear indication of monolayer survival.41 Finally, the trans-
mission electron microscope (TEM) image of the as-prepared
MoS2 winkled edge shown in Figure 1i indicates the monolayer

feature of the flake. The inset corresponds to the selected area
electron diffraction (SAED) pattern which reveals excellent
crystallinity of the remnant monolayer MoS2 with a hexagonal
structure. The annular dark field scanning TEM (ADF-STEM)
image in Figure 1j displays the atomic structure of the
monolayer MoS2 flake. Mo and S atoms can be identified in the
monolayer by analyzing the intensity profile (red dashed-line)
due to the Z-contrast (atomic number) characteristics of the
ADF-STEM image. In addition, sulfur monovacancies with half
the intensity are also observed in the MoS2 lattice.

42 The lattice
is intact with minimal defects or distortion after the
electrochemical process. The extensive characterization of the
remnant MoS2 flakes unequivocally indicates monolayer
formation during the EA process and also confirms the
superior chemical stability of the monolayers in oxidative
corrosive environments.
Figure 2 demonstrates the EA process for MoS2 in 0.1 M

solutions of HCl, H2SO4, and HNO3 where multilayer flakes
are converted to stable monolayers. Regardless of the
electrolyte used in the EA process, the resultant monolayers
show similar PL intensity. The PL map colors correspond to
the integrated PL peak area with the same range used for all the
electrolytes. This indicates that the monolayer formation and
subsequent stability of the monolayers are independent of the
anionic and cationic species present in the electrolyte. As
discussed later, PL intensity can be correlated to the defect
density in the basal plane.
Although all these materials have been shown to stabilize

monolayers of MoS2 in highly oxidizing environments, this
work focused primarily on TiN. TiN provided a strong
interaction stabilizing the monolayers during rapid ablation of
the bulk material, was conductive permitting electrooxidation
experiments using a traditional electrochemical cell, and did not
undergo rapid oxidation and dissolution such as Au did. It also
did not catalyze O2 and H2 evolution reactions as readily as Pt
allowing a wide range of electric potentials to be studied.
However, we found that the electrooxidation resistance of the
monolayers is not restricted to the TiN. Many conductive

Figure 3. MoS2 EA process on Pt and polymer substrates. (a) Optical image of monolayer MoS2 after EA treatment for 360 s at pH = 3 and at 1.5 V
on a Pt substrate. (b) Photoluminescence (PL) map showing a high PL intensity confirming the remnants are single layer MoS2. (c) AFM image of
the flake after EA. (d) Line scan showing a step height of 5 nm consistent with monolayer step heights observed on TiN. The line scan height was
averaged over a 1 μm width due to the large substrate surface roughness. (e) Optical image and (f) SEM image of monolayer MoS2 after EA
treatment for 60 s at pH = 3 and at 1.5 V on PMGI photoresist patterned TiN. (g) AFM image and (h) height profile of the flake after EA. A 4 nm
step height was measured on both the polymer and TiN regions.
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substrates such as Au are aggressively oxidized and undergo
dissolution at low positive electrode potentials, obscuring the
TMD electroablation reactions.43 On the other hand, more
inert substrates such as Pt show results similar to TiN as seen
by the optical image and PL map in Figures 3a and 3b. The
AFM and line scans are shown in Figures 3c and 3d. Although
the step height is ∼5 nm and is larger than is shown in Figure 1f
on TiN, this is consistent with sample-to-sample variation seen
on TiN. The EA process has also been observed on MoS2 flakes
extending onto polymer covered regions of the TiN substrate
as shown by the optical images in Figures 3e and 3f, confirming
the topographic invariance of the EA process. The samples
were first prepared by patterning ∼60 nm thick PMGI
photoresist squares (∼2−5 μm) on the TiN substrate followed
by mechanical exfoliation of the MoS2. Regions of the
monolayer MoS2 flake are seen extending on top of the

polymer squares. The AFM and line scan in Figures 3g and 3h
confirm that upon EA treatment the MoS2 on the polymer
region was also ablated and converted to monolayer as shown
by the ∼4 nm step height. A step height of ∼4 nm was also
measured on the TiN, consistent with the characterization
shown in Figure 1.
As shown in Figures 4a and 5a, anodic peak currents were

observed for WS2 and MoS2, respectively, during potentiody-
namic measurements as the potential was swept in the positive
direction from 0 to 2 V versus the Ag/AgCl reference electrode.
These peaks are only observable during the first potentiody-
namic scan and are attributed to the irreversible oxidative
corrosion and monolayer formation of the mechanically
exfoliated WS2 and MoS2 flakes on the TiN surface (Supporting
Information: S3). From Figures 4b to 4i and Figures 5b to 5i, it
is obvious that multilayer flakes are readily corroded leaving

Figure 4. Electrooxidation resistance of WS2 monolayers. (a) Voltammogram of WS2 at pH 6 in 1 M LiCl. (b−e) Optical images of WS2 flakes prior
to EA treatment and (f−i) optical images after EA treatment for 60 s at pH 6 at 0.9, 1.0, 1.1, and 1.2 V. Note that monolayers survive even under a
positive electrode potential of 1.1 V or greater, corresponding to the position of the voltammogram oxidation peak which corrodes the bulk
(multilayer) WS2.

Figure 5. Electrooxidation resistance of MoS2 monolayers. (a) Voltammogram of MoS2 at pH 1 in 1 M LiCl. (b−e) Optical images of MoS2 flakes
prior to EA treatment and (f−i) optical images after EA treatment for 60 s at pH 1 at 1.1, 1.2, 1.3, and 1.4 V. Note that monolayers survive even
under strong a positive electrode potential of 1.3 V or greater, corresponding to the position of the voltammogram oxidation peak which corrodes
the bulk (multilayer) MoS2.
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behind the corresponding monolayers when the applied
electrode potential is higher than the peak potentials, i.e.,
1.06 V for WS2 at a pH of 6 and 1.3 V for MoS2 at a pH of 1. At
100 mV below these potentials, limited corrosion occurred at
the flake perimeters, and at even lower potentials, no corrosion
occurred at all. This verifies that the voltammogram peaks
correspond to the WS2 and MoS2 dissolution and that the
monolayers are more stable at overpotentials which readily
corrodes multilayer flakes. Others have reported analogous
cyclic voltammograms with similar peak positions for WS2 and
MoS2 using liquid phase exfoliation where the TMD materials
underwent dissolution.30,44 At potentials where these peaks
occur, the reaction products in acidic conditions, HMoO4

−,
WO4

2−, and SO4
2−, and under more basic conditions, MoO4

2−,
WO3(s), and SO4

−, are stable in the aqueous phase with the
exception of WO3(s).

45 Although this corrosion process readily
occurs within seconds, the self-limiting nature leaving
monolayers on the substrate is attributed to the strong covalent
interaction between the TMDs and the TiN substrate
compared to the relatively weak interlayer van der Waals
interactions of the bulk materials.32

The pH dependence of the electroablation oxidation peak is
shown in Figures 6 and 7 for WS2 and MoS2, respectively. The
anodic peak currents at a pH of 1 occurred at 1.1 and 1.3 V vs
Ag/AgCl for WS2 and MoS2, respectively. Since the chalcogen

component, S, is the same for both compounds, their unique
electrochemical response is due to the transition metal, Mo and
W. It is expected that the WS2 oxidation peak would occur at a
lower potential than for MoS2 since WS2 readily oxidizes at 300
°C, whereas MoS2 oxidizes above 400 °C. Moreover the
formation energy of the Mo oxide from its sulfide is 15 kcal/
mol higher than the formation energy of the W oxide from its
sulfide.46 Also, for both bulk materials, the oxidation occurs
from the edge planes which is consistent with the edge-to-
center etching observed during the EA process.46 This is in
contrast to what has been reported for MoSe2 where the inert
basal plane and uniform edge ablation is only observed for low
pH conditions, pH = 1. At higher pH conditions, pH = 2, the
flakes ablate from the edges into a pyramidal structure, and at
even higher pH conditions, pH > 2, the monolayers are
unstable.47 Under no conditions were WSe2 monolayers found
to be stable. Hence, the electrooxidation stability is unique to
the disulfides with an electroablation mechanism differing from
those found for the diselenides.
WS2 shows a decrease in peak potential with increasing pH

between a pH of 0 and 2. Interestingly, the potential
dependence is negligible for pH values between 2 and 6 with
a near zero Nernst slope pointing toward a proton-independent
redox couple. Many redox couples exhibit a strong pH
dependence reflected via the finite slope of the potential vs

Figure 6. pH dependence of the WS2 EA process. (a) Potentiodynamic voltammogram of mechanically exfoliated WS2 flakes on TiN in 1 M LiCl at
different pH conditions. The potential was swept from 0 to 2 V vs Ag/AgCl at a rate of 10 mV/s. The current values have been normalized to
account for variations in surface flake density. (b) Plot showing the peak potential position at different pH conditions. A minimum of three
measurements were taken at each pH, and the error bars show the minimum and maximum potential extracted. Inset: optical image of WS2 flakes
after EA treatment for 60 s at pH 1 (left) with a noticeable black WO3(s) precipitates observed on the surface and at pH 6 (right) where only
monolayers and no precipitates are visible.

Figure 7. pH dependence of the MoS2 EA process. (a) Potentiodynamic voltammogram of mechanically exfoliated MoS2 flakes on TiN in 1 M LiCl
at different pH conditions. The potential was swept from 0 to 2 V vs Ag/AgCl at a rate of 10 mV/s. The current values have been normalized to
account for variations in surface flake density. (b) Plot showing the peak potential position at different pH conditions. A minimum of three
measurements were taken at each pH, and the error bars show the minimum and maximum potential extracted. Inset: optical image of MoS2 flakes
after EA treatment for 60 s at pH 1 (left) and at pH 6 (right). At both acidic and neutral pH conditions only monolayers and no precipitates or
residue are visible.
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pH plot. This slope is a measure of the ratio of protons to
electrons involved according to the Nernst equation. MoS2 also
shows a weak but opposite pH dependence from a pH of 0 to 2.
This increase in potential is counter to other reports which
showed a negative slope in the 0−8 pH range of approximately
30 mV/pH which, according to the Nernst equation,
corresponds to a Mo4+ to Mo6+ two-electron, one-proton
transfer process.30 However, a closer inspection of the MoS2
voltammograms, in particular at a pH of 4 and 6, reveals an
asymmetrical peak with a lower intensity shoulder at slightly
lower potentials. This could be attributed to two oxidation
peaks: one corresponding to oxidation from the edges and
another at a lower potential corresponding to oxidation from
the basal plane. Kautek and Gerischer identified two oxidation
peaks in bulk MoS2 with a separation of ∼0.18 V, similar to
what is observed in the MoS2 voltammograms.48 Factors such
as the exfoliated flake size and hence the edge-to-basal plane
ratios between samples could contribute to variations in the
two oxidation peak intensities. Basal and edge overlapping
peaks would explain the variation in peak shape observed and
obfuscate the true reaction pH dependence. While some have
attempted to study the pH dependence on TMD oxidation

with varying success, precise reproducible measurements are
difficult. The irreversible nature of the corrosion process
coupled with complicated reaction pathways and/or measure-
ment factors such as scan rate, electrode geometry, relative
electrode, and mass transport rates are accountable for the pH-
dependent behavior.49 From viewing the Mo−O−S and W−
O−S Pourbaix diagrams in Figure 8, it is apparent that different
reaction products are observed at different pH and potential
ranges which could give rise to the relatively pH-independent
behavior observed for both MoS2 and WS2.

45 It is also
unknown how the TiN substrate affects the reaction pathways
or catalyzes these oxidation reactions. In the case of WS2, upon
inspection of the EA formed monolayers and as predicted by
the Pourbaix diagrams, it is immediately apparent that at low
pH conditions the W oxidation product is insoluble WO3(s), as
evident by the black or multicolored residue left after the EA
treatment shown in Figure 6. In contrast, at pH conditions
between 0 and 6, all probable Mo oxidation products, MoO2

+,
HMoO4

−, and MoO4
2−, are water/aqueous soluble and hence

leave pristine looking monolayers at all the pH values tested.
However, at a pH of 6, the stable W oxidation product is now
aqueous WO4

2−, and no visible solid oxide residue is observed.

Figure 8. Pourbaix diagrams at 25 °C and 1 bar for the (a) Mo−S−O−H, (b) W−S−O−H, and (c) S−O−H systems. Mo (W) and S activities are
10−8 and 10−3, respectively. The potential, EAg/AgCl, is in reference to the Ag/AgCl reference electrode (+0.197 V vs standard hydrogen electrode).
Adapted from ref 45. Copyright 1988 Springer-Verlag.

Figure 9. Temporal electrooxidation stability of monolayer MoS2. (a) Optical images of a MoS2 flake before and (b−d) after EA treatment at pH 3
and 1.5 V for 10, 100, and 1000 s, respectively. After 10 and 100 s, most of the monolayer is intact. Only after 1000 s the monolayer begins to visibly
oxidize, not from the edges but from random defect sites. This is observed in both the (e−g) AFM and (h−j) PL maps. Upon subsequent
treatments, the PL intensity increases due to an increase in sulfur vacancy concentration.
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The WS2 monolayers are visually similar to those of MoS2 with
no observable precipitates. Therefore, if the intent is to achieve
WS2 and other W containing TMD monolayers by means of an
EA process, it must be done under conditions which result in
soluble oxidized species, a limitation not observed for MoS2.
Finally, electrooxidation stability of monolayer flakes was

investigated for EA treatments up to 100 and 1000 s for WS2
and MoS2, respectively. As shown in Figure 9, a multilayer
MoS2 flake (Figure 9a) is rapidly ablated down to monolayer
(Figure 9b) within 10 s when a positive potential of 1.5 V is
applied under a pH of 3, which is confirmed by the AFM image
(Figure 9e) and the PL map (Figure 9h). However, when the
EA process is continued for a longer duration of time beyond
the formation of monolayer MoS2, visible changes start to
appear. For example, after 100 s, the monolayer region begins
to undergo dissolution which becomes more pronounced after
1000 s. The optical and AFM images in Figures 9c,d and 9f,g,
respectively, confirm the delayed corrosion and hence superior
electrooxidation resistance of MoS2 monolayers compared to its
bulk counterpart. It is interesting to note that the electro-
oxidation leading to the dissolution of the monolayer does not
initiate at the edges as does the ablation of the multilayer flakes
but nucleates randomly across the sample. Moreover, Figures
9h−j clearly show a monotonic increase in the PL intensity of
the monolayer MoS2 as the electrooxidation process continues.
While PL intensity is usually thought to increase with improved
crystal quality, it can also be due to defect sites interacting with
adsorbed gas species.50 We believe that the electrooxidation
process introduces sulfur vacancies which enhances the PL, and
at the same time these sulfur vacancies serve as nucleation site
for the monolayer etching while the edges still remain resistant
to oxidation. In Figure 10, it is seen that WS2 undergoes a
similar type of monolayer etching, however much more severe
and after only 100 s. The AFM shows that the WS2 oxidation
products do not have sufficient time to dissolve before

significant monolayer etching occurs. In contrast to MoS2
further EA treatment does not increase the PL intensity of
WS2. The more rapid etching of WS2 arises due to how oxygen
species interact with the electrochemically created S vacancies
in MoS2 and WS2. It is interesting to note that S vacancies have
a higher energy of formation in WS2 compared to MoS2, 2.856
and 2.681 eV, respectively. However, the adsorption energy of
an O2 molecule on these S vacancy is 1.843 eV vs 2.082 eV for
MoS2 and WS2, indicating a weaker oxygen-vacancy interaction
for MoS2. Further MoS2 has a larger energy barrier, 0.93 eV vs
0.86 eV, for O dissociation and thus less susceptible to
oxidation at the vacancy site.51

■ CONCLUSION AND SUMMARY

In summary, exceptional corrosion resistance and superior
electrooxidation stability of monolayer WS2 and MoS2 on TiN
has been demonstrated and extensively characterized. The
layered van der Waals structure of these materials permits a
strong monolayer/substrate interaction which deactivates the
highly reactive edge sites responsible for the oxidation and
corrosion of the multilayer regions. Our results indicate that the
TMD class of materials, particularly the disulfides, shows great
promise and potential economic impact for atomically thin
anticorrosion applications and similarly suggest high stability
and longevity where TMDs are used as active device
components. The electrochemical voltammograms displayed a
well-defined anodic peak current responsible for the TMD
oxidation and dissolution. Upon EA treatment, a visible
contrast difference, Raman spectroscopy, PL map, AFM, and
HRTEM confirmed that monolayer remnants remain at high
over potentials which readily oxidized the multilayer flakes. A
relatively pH independence near zero Nernst slope was
observed, and reaction products were hypothesized. In
particular, it was experimentally confirmed that WS2 produces
insoluble WO3(s) precipitates in acidic conditions while the
products are soluble in neutral conditions. In contrast, MoS2
products were soluble in the entire pH range tested leaving
pristine monolayer films. However, the voltammograms suggest
two oxidation processes occurred which are believed to
correspond to basal plane and edge oxidation. While both
MoS2 and WS2 monolayers eventually begin to undergo
dissolution owing to electrooxidation, the rate is orders of
magnitude slower than the ablation of the multilayers. Further,
the process appears to be catalyzed by defects, not by edge site
reactivity.

■ EXPERIMENTAL METHODS
Sample Preparation and Materials. West Coast Silicon

provided 0.01−0.02 ohm·cm 4 in. Si wafers with 100 nm of sputtered
TiN. Immediately prior to sample preparation, TiN substrates were
treated in an Allwin21 Heatpulse 610 rapid thermal processing tool at
500 °C for 10 min under N2 ambient. The use of TiN as the substrate
was motivated by its superior stability under severe positive electrode
potentials and oxidation conditions which allows us to study the
unique corrosion chemistry of the TMDs. Pt substrates were prepared
by sputtering 100 nm of Pt onto a Si wafer. MoS2 and WS2 crystals
obtained from 2D Semiconductors were mechanically exfoliated onto
∼15 mm × 15 mm substrates. Please note that mechanical exfoliation
provides pristine quality single crystalline material and at the same
time allows to repeat hundreds of experiments. However, mechanical
exfoliation is not scalable, and therefore practical implementation of
TMD materials as anticorrosion coating would necessitate large area
growth of monolayer materials. In this context, we would like to point
out that significant progress has been made in recent times in chemical

Figure 10. Temporal electrooxidation stability of monolayer WS2. (a)
Optical images of a WS2 flake before and (b, c) after EA treatment at
pH 6 and 1.1 V for 10 and 100 s, respectively. After 10 s the monolayer
is intact. Only after 100 s the monolayer begins to visibly oxidize, not
from the edges but from random defect sites. This is observed in both
the (d, e) AFM and (f, g) PL maps.
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vapor deposition (CVD) growth of TMD monolayers over areas as
large as cm2. A Solartron Analytical 1287 potentiostat in conjunction
with a 6 mm Ag/AgCl reference electrode supplied by BASi and a
Graftech Grafoil auxiliary electrode were used for electrochemical
experiments. The 1 M LiCl electrolyte solution was prepared with LiCl
salt supplied by VWR and deionized water. The pH was balanced
using HCl and measured using a Mettler Toledo SevenMulti pH
meter. Acid electrolyte solutions were prepared by diluting
concentrated HNO3, H2SO4, and HCl.
Electrochemical Measurements and Characterization. An

electrochemical cell setup using ∼25 mL of electrolyte solution similar
to previously reported work was used.32 The sample was suspended
from a metal clip with ∼25 mm2 immersed into the electrolyte
solution. Potentiodynamic measurements were made by sweeping
from 0 to 2 V vs the Ag/AgCl reference electrode at a scan rate of 10
mV/s. A minimum of three potentiodynamic measurements were
taken at each pH. Potentiostatic etching treatments were performed by
applying a fixed potential. Raman and photoluminescence measure-
ments were made using a Horiba LabRAM HR Evolution
spectrometer and a laser excitation wavelength of 488 and 532 nm.
AFM measurements were made using a Bruker Dimension Icon. The
as-prepared MoS2 was transferred from the TiN substrate to a
Quantifoil Au TEM grid by a PMMA-assisted method.52 A
transmission electron microscope, a FEI Titan3 (60−300) at 80 kV
at Penn State University, was used to examine and study the atomic
and chemical structure of the MoS2.
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