Catalytic and Charge Transfer
Properties of Transition Metal
Dichalcogenides Arising from
Electrochemical Pretreatment

Xinyi Chia,” Adriano Ambrosi," Zdenek Sofer,* Jan Luxa,* and Martin Pumera™*

"Division of Chemistry & Biological Chemistry, School of Physical and Mathematical Sciences, Nanyang Technological University, 637371 Singapore and
#Department of Inorganic Chemistry, University of Chemistry and Technology Prague, Technicka 5, 166 28, Prague 6, Czech Republic

ABSTRACT
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Layered transition metal dichalcogenides (TMDs) have been the center of attention in the scientific community due to their properties that can be tapped
on for applications in electrochemistry and hydrogen evolution reaction (HER) catalysis. We report on the effect of electrochemical treatment of exfoliated
MoS,, WS,, MoSe, and WSe, nanosheets toward the goal of activating the electrochemical and HER catalytic properties of the TMDs. In particular,
electrochemical activation of the heterogeneous electron transfer (HET) abilities of MoS,, MoSe, and WSe, is achieved via reductive treatments at identified
reductive potentials based on their respective inherent electrochemistry. Comparing all TMDs, the charge transfer activation is most accentuated in MoSe,
and can be concluded that Mo metal and Se chalcogen type are more susceptible to electrochemical activation than W metal and S chalcogen type. With
regards to the HER, we show that while MoS, displayed enhanced performance when subjected to electrochemical reduction, WS, fared worse upon
oxidation. On the other hand, the HER performance of MoSe, and WSe, is independent of electrochemical redox treatment. We can conclude therefore that
for the HER, S-containing TMDs are more responsive to redox treatment than compounds with the Se chalcogen. Our findings are beneficial toward
understanding the electrochemistry of TMDs and the extent to which activation by electrochemical means is effective. In turn, when such knowledge is

administered aptly, it will be promising for electrochemical uses.
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he advent of graphene research un-
Tearths a host of its remarkable prop-

erties in optical, electronic and me-
chanical aspects,’? and spurred on studies
into other two-dimensional (2D) materials.
Amidst the 2D materials, the realms of
transition metal dichalcogenides (TMDs)
have been pursued with great fervor. Akin
to graphite, TMDs are layered structures.
Each layer consists of a transition metal
(e.g., Mo, W) atom sandwiched between
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two hexagonal lattices of chalcogen (e.g.,
S, Se) atoms. Within the layers, the atoms are
held by strong covalent bonds, whereas
adjacent layers are weakly bonded by van
der Waals' forces.

In the past, bulk forms of TMDs have been
extensively studied for their use as solid
state lubricants.® At present, TMDs in ultra-
thin layers is all the rage in the scientific
community. Contemporary literature has elu-
cidated promising layer-dependent properties
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of TMDs. One of these properties is the transition in
semiconducting nature of TMDs from having an
indirect to a direct band gap™®® when the bulk form
is exfoliated into single layers as a result of quantum
confinement effects.® Bulk MoS,, for example, possesses
an indirect band gap of 1.2 eV,” but once exfoliated into
MoS, nanosheets, it affords a direct band gap of 1.9 eV®
giving rise to novel photoluminescence® and electronic
properties.'® Another important feature is the massive
surface area created when the bulk is thinned down into
layers. Such large surface area in exfoliated TMD nano-
sheets carries high density of edges which are potential
active sites for electrochemical applications in sensing
and energy production, in particular for hydrogen evo-
lution reaction (HER).'""'2

The allure of hydrogen energy boils down to its high
energy density'> and clean byproduct. Hence, hydrogen
may be the panacea to the global concern of rising
carbon emissions due to the burning of hydrocarbon to
produce energy. Generating hydrogen on a large-scale in
a sustainable manner requires a competent catalyst
made from materials that are abundant. Platinum is
widely established as the best HER catalyst in terms of
HER efficiency;'*'> however, its major drawback is its low
abundance. Existing in relatively high natural abundance
compared to platinum, exfoliated TMD nanosheets have
generated a great deal of attention as potential electro-
catalysts for HER.'® The HER activity of TMD nanosheets
stems from their edges while their basal planes are
deemed inert.'”~"° Efforts are underway to develop
TMDs with optimized HER abilities comparable to plati-
num such as by increasing the number of active sites,?'
improving electrical conductivity'*? and enhancing the
catalytic capacity of the active sites.”>~’

Our previous work?® reported on the electrochemi-
cal tuning of the charge transfer kinetics and HER
catalytic properties of bulk and exfoliated MoS, nano-
sheets. Electrochemically reduced MoS, materials
achieved an enhancement in charge transfer kinetics
and improved HER. Most intriguing is that the effects of
electrochemical tuning were more prominent in ex-
foliated MoS, nanosheets than its bulk form. Inspired
by these findings, we extend this present study beyond
exfoliated MoS; nanosheets, into other layered TMD
materials to investigate the impact of electrochemical
anodization or cathodization on their properties. Here-
in, we present a fundamental study on the electro-
chemistry of exfoliated MoS,, WS,, MoSe, and WSe,
nanosheets and examine the effect of an oxidative or
reductive electrochemical treatment on their electro-
chemical and HER catalytic behavior. Characterization
of the TMD materials using X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy and high resolu-
tion transmission electron microscopy (HR-TEM) were
also performed to compare the surface and structural
morphologies of the exfoliated TMDs before and after
electrochemical treatment. It is also of interest to

CHIA ET AL.

determine how the type of metal and chalcogen
govern the electrochemical and catalytic performance.

RESULTS AND DISCUSSION

We conducted a study on the electrochemical be-
havior of exfoliated transition metal dichalcogenides
(TMDs) comprising the exfoliated MoS,, MoSe,, WS,
and WSe, nanosheets. Cyclic voltammetry measure-
ments on the exfoliated TMD materials were per-
formed over a potential window from —1.8 to 1.8 V
in phosphate buffered saline (PBS) as electrolyte at pH
7.0. These TMD materials were electrochemically oxi-
dized or reduced in an attempt to alter the electro-
chemical and catalytic properties of materials, in terms
of heterogeneous electron transfer (HET) rates,
which is studied in the presence of inner- and outer-
sphere classical redox probes which are respectively
[Fe(CN)s]*~"®>~ and [Ru(NH5)s]**"3*, and as electro-
catalysts for hydrogen evolution reaction (HER).

Inherent Electrochemistry of Exfoliated Transition Metal
Dichacolgenide (TMD) Nanosheets. At present, fundamental
knowledge on the inherent electrochemistry of exfo-
liated MoS,, WS,, MoSe, and WSe, nanosheets is
inadequate.?® We first explore this by conducting cyclic
voltammetry in two scan directions: anodic and cathodic.
The acquired voltammetric profiles of the anodic and
cathodic scans reveal information about the electro-
active surface moieties of the TMD materials. Three con-
secutive scans were recorded to determine the nature
of electrochemical processes in the TMD nanosheets.
Figure 1 illustrates the cyclic voltammograms of anodic
and cathodic scans of exfoliated MoS,, WS,, MoSe,, and
WSe, nanosheets at pH 7.0. We also performed cyclic
voltammetry under similar conditions for MoO, MoOs,
WO, and WOs to identify the possible electrochemical
processes occurring in the exfoliated TMDs and the
voltammograms of Mo and W oxides are captured in
Figure S1 (Supporting Information, SI). It is important to
highlight that all potentials stated in this paper are versus
Ag/AgCl, with the exception of HER where they are stated
versus RHE.

The redox peaks are distinctive to various TMD
materials. They arise from the type and number of
electroactive groups present on the surface of the
TMDs. The first scan of exfoliated MoS, nanosheets in
the anodic direction resulted in an oxidation peak at ca.
0.9 V while the first scan toward the cathodic potential
showed a shoulder reduction peak at ca. —1.2Vand a
mild oxidation peak at ca.0.8 V as seen in Figure 1a and
1b. The absence of a reduction peak during the anodic
scan indicates that an initial oxidation renders the
electroactive moieties on exfoliated MoS, nanosheets
less susceptible to reduction. During the first anodic
scan, exfoliated WS, nanosheets possess an oxidation
peak at ca. 1.2 V of significant intensity at 1000 «A and
a shoulder reduction peak at ca. —1.6 V. When first
swept toward the cathodic direction in Figure 1d, two
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Figure 1. Cyclic voltammograms of (a) exfoliated MoS, nanosheets during anodic scan and (b) cathodic scan, (c) exfoliated
WS, nanosheets during anodic scan and (d) cathodic scan, (e) exfoliated MoSe, nanosheets during anodic scan and (f)
cathodic scan, (g) exfoliated WSe, nanosheets during anodic scan and (h) cathodic scan. Conditions: background electrolyte,
PBS (50 mM), pH 7.0; scan rate, 100 mV s~"; all measurements are performed relative to the Ag/AgCl reference electrode.

inconspicuous reduction peaks emerged at ca. —1.0V, nearly half the current intensity of the anodic scan. The
followed by ca. —1.3 V and an apparent oxidation peak vast disparity between the oxidation current intensities
appeared at ca. 1.0 V of current intensity 570 uA, at in anodic and cathodic scans points to the possibility
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that the initial cathodic scan significantly depletes the
number of oxidizable groups on the surface of exfo-
liated WS, nanosheets. Another inference drawn from
the immense current intensities of the oxidation peaks
relative to the reduction peaks of exfoliated WS,
nanosheets in anodic and cathodic scans depicts
majority of the surface groups are oxidizable moieties.
As illustrated in Figure 1e, two distinct oxidation peaks
materialized as a sharp peak at ca. 0.8 V and another as
a broad peak at a higher potential of ca. 1.3 Vin the first
anodic scan of exfoliated MoSe, nanosheets. The
oxidation peak at ca. 0.8 V is deemed the main oxida-
tion peak because it displayed higher current intensity
than the other oxidation peak at ca. 1.3 V. The presence
of two oxidation peaks indicates 2 different oxida-
tive processes occurring on the surface of exfoliated
MoSe, nanosheets. There is also a faint reduction peak
at —1.2 V. Conversely, two shoulder reduction peaks
appeared at ca. —0.7 V and ca. —1.1 V while a sharp
oxidation peak at a potential of ca. 0.6 V during the first
cathodic scan. An initial reduction is necessary for two
reductive processes to occur in exfoliated MoSe, nano-
sheets. In exfoliated WSe, nanosheets, initial anodic
and cathodic scans revealed a modest oxidation peak
at the same potential at ca. 0.7 V. While no reduc-
tion peaks were visible in the anodic scan, a reduction
peak appeared in the cathodic scan at a potential of
ca. —1.4 V. Thus, it is deduced that the preceding
anodic scan lowers the activity of reducible groups
on the exfoliated WSe, nanosheets.

Evidence in Figure S1 (SI) showcases the inherent
electrochemistry of the Mo and W oxides and provides
insights into the possible electrochemical processes
responsible for the observations in TMDs. The oxida-
tion peak of MoO, at ca. 0.9 V coincides with the anodic
peaks in Mo chalcogenides. Similarly, the reduction
peak of MoOs at ca. —1.0 V lies close to the more
negative cathodic peaks in Mo chalcogenides. Hence,
this affirms the oxidation of Mo metal center in Mo
chalcogenides to 4+ to 6+ states at ca. 0.9 V and the
reduction from 6+ to 4+ states at ca. —1.0 V. Unac-
counted for redox peaks at ca. —0.8 V in MoS, and ca.
1.3 V in MoSe;, may stem from the redox behavior of
the chalcogens (S, Se). Reduction of WO3 occurs at
ca. —0.8 and —1.4 V as seen in Figure S1h (SI) concurs
with the 2 cathodic peaks in WS, and the peak at —1.4V
coincides with the single cathodic peak in WSe,.
Oxidation of WO, manifests as a low and broad peak
unlike the sharp anodic peaks in W chalcogenides.
Besides the participation of 4+ and 6+ oxidation states
in W, the disparity in the peak shape could be a result of
the redox processes in the chalcogens.

The electrochemical processes corresponding to
the characteristic oxidations and reductions are, to a
large extent, chemically irreversible. As supported by
the anodic and cathodic scans of exfoliated MoS,
nanosheets in Figure 1a and 1b, the visible peaks
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observed during the initial oxidative and reductive
sweeps vanished in the subsequent scans. This obser-
vation also applies to exfoliated WSe, nanosheets
wherein the initially distinct redox peaks in the anodic
and cathodic sweeps, illustrated in Figure 1g and 1h,
virtually disappeared from subsequent scans. Clearly,
redox processes occurring on exfoliated MoS, and
WSe, nanosheets proceed to completion in the first
scan and are regarded as irreversible. Unlike exfoliated
MoS, and WSe, nanosheets, which exhibited immedi-
ate decline of the current intensity of their redox peaks
after the first scan, peak heights of exfoliated WS, and
MoSe, nanosheets diminish gradually. The reduction
peaks of exfoliated WS, nanosheets, during both initial
anodic and cathodic scans, weakened in current in-
tensity by at least 70% in the second scans and a
marked decrease in the third scans. Analogous to
exfoliated WS, nanosheets, reduction peaks of exfo-
liated MoSe, nanosheets exhibited decreasing peak
current intensities in subsequent scans except for the
reduction peak at ca. —0.7 V in the cathodic scan that
became unnoticeable after the first scan. It may be
explained that the reducible moieties on exfoliated
MoSe, nanosheets were thoroughly consumed during
reduction at ca. —0.7 V in the initial scan. Likewise, the
oxidation peak of the anodic scan at ca. 1.3 V disap-
peared in subsequent scans; a possibility is that the
oxidizable moieties on exfoliated MoSe, nanosheets at
ca. 1.3 V were depleted by an irreversible oxidation
during the initial scan. The main oxidation peak occur-
ring at ca. 0.8 V waned in current intensity by 70% and
shifted to a lower potential at ca. 0.5 V in the second
scan. The shift in potential is likely ascribed to the
reduction process that added moieties prone to oxida-
tion so that oxidation is enabled at earlier potentials.
The potential shift was not observed when exfoliated
MoSe, nanosheets were swept in the cathodic direc-
tion first. The current intensity of the sharp oxidation
peak at ca. 0.6 V plunged by 80% in the second scan
demonstrating that most of the moieties were oxidized
in the first scan and few oxidizable moieties were
available thereafter. It is also of interest to note that
the anodic scan of exfoliated WS, nanosheets show-
cased a single intense oxidation peak at ca. 1.2 Vin the
first scan disintegrated into three minor oxidation
peaks at potentials of ca. 0.6 V, 1.1 and 1.6 V subse-
quently. Therefore, the initial reduction of the moieties
on exfoliated WS, nanosheets during the anodic scan is
a prelude to the 3 separate oxidation processes that
arise during the second scan. A similar trend is also
noted during the cathodic scan with two minor oxida-
tion peaks during the second scan at potentials of ca.
0.7 and 1.0V wherein ca. 1.0 V coincides with the single
oxidation peak in the initial scan. In this instance, the
presence of two mild oxidation peaks during the cath-
odic scan sheds light on the massive oxidation peak,
which is deduced to be a merger of the 2 oxidative
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processes also existing in the first cathodic scan. On
speculation, the oxidation process at ca. 1.0 V involved
more electroactive moieties compared to ca. 0.7 V.
Thus, oxidation peak at ca. 0.7 V in the initial cathodic
scan was masked by the high current intensity gener-
ated by the oxidation process at ca. 1.0 V. The two
processes become distinguishable during the second
scan because the bulk of electroactive moieties on
exfoliated WS, nanosheets have been oxidized in the
initial scan and the remaining oxidizable moieties at
these potentials are in comparable quantities.

On the basis of these findings, the unique oxidative
and reductive peaks are inherent to different TMD
materials and characteristic of their innate electro-
chemistry. However, exact mechanisms behind the
inherent redox reactions of the TMD nanosheets have
not been unveiled and require in-depth studies. We
may postulate that the oxidation and reduction pro-
cesses of exfoliated MoS,, WS,, MoSe, and WSe,
nanosheets are largely chemically irreversible. In parti-
cular, oxidation of exfoliated MoS, and WSe, nano-
sheets proceeded to completion as their respective
electroactive moieties were not rereduced in subse-
quent scans. Similarly, the reduction of exfoliated MoS,
and WSe, nanosheets were fully reduced in the first
scan and did not reoxidize in subsequent scans.

Effect of Electrochemical Treatment on Exfoliated Transition
Metal Dichalcogenide (TMD) Nanosheets. Earlier, we studied
the inherent electrochemistry of exfoliated MoS,, WS,
MoSe, and WSe, nanosheets and identified character-
istic oxidation and reduction peaks of the TMD materi-
als. For each of the TMD material, we determine a
suitable oxidation and reduction potential that lie
marginally beyond their characteristic redox potentials
for treatment as described in the previous section. The
oxidation and reduction treatment potentials are de-
termined to be 1.1 and —1.3 V for exfoliated MoS,
nanosheets, 1.2 and —1.6 V for exfoliated WS, nano-
sheets, 1.0 and —1.2 V for exfoliated MoSe, nanosheets
and 1.0 and —1.3 V for exfoliated WSe, nanosheets. At
these potentials, it is likely that there is chemical
alteration of the surface structure of the TMD materials
as a result of redox reactions of the material itself. This
knowledge piqued our curiosity about the electroche-
mical behavior of the TMD materials after electroche-
mically oxidizing or reducing them at the chosen
potentials. After the exfoliated MoS,, WS,, MoSe, and
WSe, nanosheets were subject to chronoampero-
metric treatment at their respective potentials, we
performed surface, structural and morphological char-
acterization of the materials via X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy and high
resolution transmission electron microscopy (HR-TEM)
respectively, followed by cyclic voltammetric mea-
surements to investigate the heterogeneous elec-
tron transfer (HET) rate of the oxidized, reduced and
untreated TMD nanosheets. Using the Nicholson
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method,*® the HET rates can be derived from cor-
relating the peak-to-peak separation (AE,) to the
charge transfer rate (k°ps) where larger AE, relates
to slower HET rates. With the aid of two different redox
probes: ferro/ferricyanide complex ([Fe(CN)g]*>7) and
ruthenium(lll/Il)-hexamine complex ([Ru(NHs)el>™"%™),
we are able to acquire electrochemical information
about exfoliated MoS,, WS,, MoSe, and WSe, nano-
sheets as well as their oxidized and reduced forms.

Characterization of Electrochemically Treated TMDs.
Structural and surface changes of TMDs may result
from electrochemical treatment which in turn would
be useful toward explaining the electrochemical and
catalytic trends of the TMDs. XPS was performed to
examine the surface elemental compositions and the
high resolution XPS spectra are shown in Figure 2.
Raman spectroscopy was conducted to evaluate struc-
tural information on the TMDs. Raman spectra is illu-
strated in Figure 3.

The MoS; nanosheets seem to preserve the semi-
conducting 2H phase after the exfoliation as evident
in the XPS signals identified at 229 and 232 eV for Mo
3ds,; and Mo 3ds,; respectively. Subjecting the MoS,
nanosheets to electrochemical oxidation or reduction
treatment decreases its 2H-phase component. The
oxidation of MoS, nanosheets is also confirmed by
the increase in Mo®" 3d 5/, and Mo®" 3d 3, signals at
233 and 236 eV to 28.1% while in the reduced MoS,
nanosheets, the extent of oxidation is noted to be
slightly lower. Dissimilar to MoS, nanosheets, MoSe;
nanosheets contain a mixture of 2H- and 1T- phase.
Redox treatment of MoSe, nanosheets elevated the
contribution of the 1T-phase Mo 3ds,, and Mo 3ds,»
signals to 17.0% in the oxidized and 12.2% in the
reduced while the 2H-phase components declined to
40.9% in the oxidized and further depleted to 31.9% in
the reduced. Mo®" 3ds,, and Mo®" 3ds, signals of
electrochemically treated MoSe, materials spiked to
42.1% when oxidized and a surprisingly higher inten-
sity at 55.9% when reduced.

The WS, and WSe, nanosheets manifested 2H-
phase W 4f,,, and W 4f;5,, peaks at 32 and 34 eV.
Reduction and oxidation of WS, nanosheets increased
the amount of 1T-phase to 26.4% and 10.4% respec-
tively. However, when WSe, nanosheets were subject
to electrochemical oxidation or reduction, the 1T-
phase was absent and this was accompanied by a
higher proportion of 2H-phase at 55.1% in its oxidized
state and 82.3% in its reduced state. W™ 4f ;,, and W8 ™"
4f 5, components of WS, occurring at binding ener-
gies of 36 and 38 eV were marginally reduced to 44.0%
in oxidized WS, and dropped to 31.5% in reduced WS,.
Likewise, there was a minor drop to 44.9% in oxidized
WSe; nanosheets and a substantial decline to 17.7% in
reduced WSe, nanosheets.

Close inspection of the oxidized M(VI) component
across the TMD materials, disregarding the type of
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Figure 2. High resolution X-ray photoelectron spectra of the Mo 3d and W 4f regions of exfoliated MoS,, MoSe,, WS, and
WSe, nanosheets before and after electrochemical treatment. Metallic 1T phase given in red, semiconducting 2H phase
denoted in blue and oxidized (VI) state in green.
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Figure 3. Raman spectra of exfoliated (a) MoS,, (b) MoSe,, (c) WS, and (d) WSe, nanosheets before and after electrochemical
oxidation or reduction. Ay = 514.5 nm.

electrochemical treatment, reveals the trend of increas- We next explore the effect of electrochemical treat-
ing M®" contribution: MoS, (8.0%) < MoSe, (22.5%) < ment on the chalcogen-to-metal ratio (recorded in
WS, (54.2%) < WSe, (57.2%). This finding coincides with Table S1, SI) and deduced that electrochemical treat-
earlier reports on WX, (where X='S or Se) are more ment varies the chalcogen-to-metal ratio in the Mo
readily oxidized than MoX,>' and MSe, (where M = Mo chalcogenides whereas the ratio remains relatively un-
or W) more vulnerable to oxidation than MS,.3 affected in W chalcogenides. Oxidizing MoS, produces
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a higher chalcogen-to-metal ratio of 2.6 than when
untreated. In turn, the high chalcogen-to-metal ratio
depicts Mo metal deficiency largely due to the forma-
tion of MoO,%~ and, to a smaller extent, the SO,2~
species at oxidative potentials above 1.0 V vs Ag/
AgCl.*® Reducing MoS, results in a smaller chalcogen-
to-metal ratio at 1.9 compared to the previous 2.2 in
untreated. There is a dramatic difference in the chalco-
gen-to-metal ratio of MoSe, across its electrochemi-
cally treated and untreated states. At an anodic
potential of above 1.0 V, MoSe, could generate ele-
mental species in their highest oxidation states such as
Mo0O,%~ and Se04>~ at pH 7. In doing so, the chalco-
gen-to-metal ratio of MoSe, when oxidized is observed
to decrease to 1.9 from 3.0 in untreated MoSe,. More-
over, the further plunge in chalcogen-to-metal ratio of
MoSe, to 1.1 upon reduction may be attributed to
inherent reductions that produce HSe™ species®*
which deplete the Se chalcogen composition, inducing
a Mo-enriched environment in reduced MoSe,. In the
situation of the W compounds, it appears that the
chalcogen-to-metal ratio remains relatively stable
across the oxidized, reduced and untreated states.

The Raman spectra in Figure 3 depict two predom-
inant signals across all TMD materials: in-plane E,q
(shear) and the out-of-plane A4 (breathing) modes.
The in-plane E;q mode has the metal and chalcogen
atoms moving in opposite directions in-plane and can
be distinguished from A,y mode which has the metal
atom stationary with chalcogen atoms moving out of
the plane in opposite directions. The E;4 phonon is also
discernible in all TMD materials. Because of its weak
diagnostic trait, the E;4 mode is not of interest.

The A4 phonon band of exfoliated MoS, nano-
sheets manifested a red shift of 2.0 cm ™' and broad-
ened by 2.0 cm™' when electrochemically reduced,
whereas the E,4 band remains relatively unchanged.
However, this trend is not replicated for other TMDs.
Though it has been discovered that the E,g mode
is inert to electron doping, a red shift of the A;4 and
its broadening are attributes of electron doping.3>3¢
Such disparity of the phonon signals toward electron
doping is explained by the stronger electron—phonon
coupling of A;4 than E,4. Hence, this observation in
the MoS, nanosheets verifies that electrochemical
reduction has effectively introduced electrons to into
the MoS, system. Moreover, the decreased in fre-
quency and line width broadening of the A;4 phonon
after redox treatment corresponds to decreased num-
ber of layers.>’

Raman shifts in exfoliated MoSe, nanosheets ex-
hibit a trend contrary to MoS, upon electrochemical
reduction. The A4 phonon remains fixated at approxi-
mately 240 cm ™' with a gradual decrease in its full
width at half-maximum (fwhm) from 10.5 to 9.5 in
reduced MoSe;. When electrochemically reduced, the
Eog mode observes a blue shift and slight broadening

CHIA ET AL.

(0.8 cm™"). Conversely, oxidized MoSe, undergoes a
blue shift (1.4cm ™) in A,4 phonon and a sharp decline
in fwhm (5.0 cm™") of the E,y mode. There is also
substantial changes to the I(A;g)/I(Eyg) ratio across
MoSe, materials as a result of electrochemical treat-
ment which is not noted in other TMDs.

While electrochemically treated WS, nanosheets
reveal the stiffening of both E,; and A,y modes, we
observe broadening in E;g mode and decreased fwhm
in A;4. Reported for MoS, the line width of E;; mode is
less sensitive to changes in layer thickness but there is
strong layer-dependence of the line width in Aq
phonon.*” The reduced line width in A;q mode after
electrochemical treatment translates into presence of
thicker layers,*® often the bulk-like inner layers, which
dominate the Raman intensity of the treated WS,. More
interestingly, WO; Raman signals>® are also observed
as illustrated in Figure S4 (S). In untreated WS, nano-
sheets, we notice 2 narrow bands at 715 and 807 cm ™'
that are typical features of WO;. However, upon sub-
jecting to oxidation or reduction, the 2 bands vanished
and instead a broad signal at 645 cm ™' characteristic of
hydrated WOz (WO;-xH,0) signal is observed. The
presence of WOz moieties on the surface of WS,
materials also coincides with significant percentage
of W components from our experimental XPS data
and affirmed the presence of solid oxides in all WS,
materials.

Exfoliated WSe, nanosheets are known to exhibit E,q
and A4 phonons within close proximity of each other at
248 and 250 cm™' to quote from literature.*® Our
experimental Raman band of WSe, materials occurring
at about 247 cm™" concurs with literature values.

In addition, the morphological changes of the
treated TMDs (MoS,, MoSe,, WS,, WSe,) were investi-
gated by high-resolution transmission electron micros-
copy (HR-TEM), see Figure S5 (Sl). After the anodic and
cathodic treatment we could notice the presence of a
more extensive amorphous (noncrystalline) phase to-
gether with the crystalline one in MoS, which was
prominent in the untreated material. No other signifi-
cant differences could be highlighted between the
materials upon the electrochemical treatment. It is
crucial to note that HR-TEM probes only a very small
portion of the sample and therefore does not provide
overall information on the sample properties. Electro-
chemical behavior is strongly influenced by the overall
chemical and physical properties of the material sur-
face, which can be obtained by means of spectroscopic
techniques such as XPS and Raman, as discussed
above.

Heterogeneous Electron Transfer (HET) at Activated
TMDs Based on [Fe(CN)s]* ">~ Redox Probe. Extensive
research on [Fe(CN)s]* ">~ redox probe in the past
has determined its surface sensitivity*' toward var-
ious electrode materials. The surface sensitive nature
will be advantageous when evaluating HET rates of
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Figure 4. Cyclic voltammograms of 5 mM [Fe(CN)s]* ">~ on exfoliated (a) MoS, nanosheets, (b) WS, nanosheets, (c) MoSe,

nanosheets and (d) WSe;, nanosheets before and after electrochemical treatment. (€) Summary of peak-to-peak separations of
treated and untreated TMD materials with their corresponding error bars. Conditions: background electrolyte, KCI (0.1 M);
scan rate, 100 mV s~ '; all measurements are performed relative to the Ag/AgCl reference electrode.

the exfoliated MoS,, WS,, MoSe, and WSe, nano-
sheets in the presence of [Fe(CN)]*™"*~. Figure 4
records the voltammetric profiles of [Fe(CN)g]* >~
in 0.1 M KCl on the exfoliated TMD nanosheets and
their oxidized or reduced forms resulting from elec-
trochemical treatment.

As reflected in Figure 4a (and Table S3, SI), the
untreated MoS, nanosheets had a AE, of 0.139Vand a
K®ops calculated to be 2.5 x 107> cm s~ '. When subject
to electrochemical treatment, oxidized MoS, nano-
sheets had AE, of 0.21 V (K%ps = 9.5 x 10 * cm s™)
and reduced MoS, nanosheets yielded AE, of 0.11 V
(K%ps = 36 x 1072 cm s ). In Figure 4c, MoSe,
nanosheets displayed AE, of 0.22 V (Kps = 84 x
107* cm s™") when not treated, AE, of 0.30 V (Kps =
2.8 x 10~* cm s7") when oxidized and AE, of 0.11 V
(K% ps =3.5 x 1073 cm s~ ') when reduced. On the basis
of these HET rates, we note that both exfoliated MoS,
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and MoSe, nanosheets exhibited faster HET rates in
their reduced states than when untreated while their
oxidized states had slower HET rates. As MoS, and
MoSe, compounds*? are usually n-type TMDs, such
phenomenon may be supported by the semiconduc-
tor band theory.*® Oxidative treatments of the MoS,
and MoSe, nanosheets at positive potentials at 1.1 and
1.0 V respectively, which exist above their flatband
potential, conduct electrons away from the interface
and a depletion region ensues. Deficiency of electrons
at the interface hampers electron transfer between the
electrolyte and the electrode surface modified with
oxidized MoS; or MoSe;,. Thisis evidentin the large AE,,
and low HET rates of the oxidized Mo compounds. In a
similar manner, when the MoS, and MoSe, nanosheets
are electrochemically reduced at respective negative
potentials of —1.3 and —1.2 V, electrons gather at
the interface which creates an accumulation region.
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In doing so, the electron rich region at the interface
provides a steady stream of electrons for charge
transfer and accelerates HET rates of the reduced Mo
compounds. WSe, nanosheets also comply with same
trend as the Mo compounds wherein a higher HET rate
of 27 x 107> cm s~ was demonstrated in reduced
WSe, and a slower rate at 2.5 x 107* ¢cm s~ for
oxidized WSe, nanosheets. Consistent with MoS,,
MoSe, and WSe, nanosheets, the HET rate of WS,
nanosheets was slowed down upon oxidation. How-
ever, there was negligible improvement of the HET rate
of reduced WS, nanosheets from the untreated WS,
nanosheets unlike enhanced HET performance of re-
duced MoS,, MoSe, and WSe, nanosheets compared
to their untreated counterparts. The HET rates of
reduced and untreated WS, nanosheets are compar-
able to each other, the reduced at 2.7 x 1073 cm s’
and the untreated at 2.8 x 10> cm s~ . Perhaps, apart
from explanation using the semiconductor band the-
ory, there are other factors inherent to the TMD
material that comes into play.

Upon closer scrutiny of Figure 4e, we discover that
the type of metal and chalcogen are also imperative to
the HET rates in TMD materials. Considering the effect
of the metal component, we juxtapose treated and
untreated MoS, with WS, nanosheets and MoSe, with
WSe, nanosheets keeping the chalcogen component
constant. It is interesting to note that Mo compounds
are more effectively activated by electrochemical re-
duction than W compounds in the aspect of electron
transfer rates. Reduced MoS, afforded a HET rate that is
1.4 times (42% increment) faster than its untreated
state whereas HET rates of reduced and untreated WS,
differed by an imperceptible 2%. Similarly, reduced
MoSe, yielded a 4.2 times enhancement of HET rates
relative to when untreated, while reduced WSe, was
1.6 times faster than untreated WSe,. Complementing
the findings on the activation of HET rates by reduc-
tion, oxidation of MoS, and WS, nanosheets impeded
their electron transfer rates drastically. The deactiva-
tion of electrochemical property is more strongly felt in
oxidized WS, than MoS,. When oxidized, the HET rate
of WS, plunged dramatically by 36.7 times its original
rate, while oxidized MoS, had a HET rate 2.6 times
slower than its untreated form. Therefore, reduced Mo
compounds demonstrate markedly enhanced HET
rates relative to W compounds and the deactivation
of electrochemical property was more apparent in
oxidized W compounds than Mo compounds. We
proceed to investigate how the chalcogen type gov-
erns the electrochemical properties of the TMD mate-
rials with the metal kept unchanged. Comparisons
between MoS, and MoSe, evince that reduced MoSe,
portrayed a significantly improved HET rate compared
to its untreated state than reduced MoS, with its
untreated counterpart. Concurring with this trend,
the reduced WSe, showed enhanced HET rate than
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when untreated, whereas HET rates of reduced WS,
and its untreated state remained generally the same.
From this, we deduce that there is a larger extent of
electrochemical activation experienced in Se than S
compounds. Among all the TMD materials, MoSe,
consisting of Mo and Se components is most sensitive
to electrochemical activation in the aspect of HET rates
because there are crucial differences in the structures
of its reduced, oxidized and untreated states. In turn,
the active sites available for electron transfer in MoSe,
materials vary most substantially than the rest of the
TMD materials upon electrochemical treatment.

Heterogeneous Electron Transfer (HET) at Electrochem-
ically Activated TMDs Based on [Ru(NH3)s**>* Redox
Probe. As an experimental control, the measurements
were repeated in the presence of [Ru(NHs)el*™3*
redox probe to ascertain the findings in [Fe(CN)¢]* ">~
probe. Unlike [Fe(CN)g]* >~ [Ru(NH3)¢]>™"3" is known
to be insensitive to surface functional groups.** After
electrochemical oxidation or reduction, Figure 5 shows
no compelling difference for all the TMD materials.
Since the treated and untreated TMD materials exhib-
ited different HET rates in [Fe(CN)s]*"3, we have con-
firmed that oxidation or reduction treatments had
chemically altered the surface composition of the
materials.

Electrochemically Treated TMDs for Hydrogen Evolution
Reaction (HER). Research into MoS,; as hydrogen evolu-
tion electrocatalyst has garnered much success,
prompting scientists to delve into other layered TMDs
as sustainable electrocatalysts for hydrogen evolu-
tion reaction (HER). Encouraged by the discovery of
enhanced heterogeneous electron transfer (HET) per-
formance of Mo compounds and WSe, nanosheets
after electrochemical reductive pretreatment, we
opted to evaluate the effect of electrochemical pre-
treatments toward the catalytic HER performance of
the TMDs. In particular, we want to determine if the
catalytic properties of exfoliated MoS,, WS,, MoSe; and
WSe, nanosheets can be altered by the application of a
reductive or oxidative electrochemical treatment.

Figure 6 records the HER polarization curves of the
transition metal dichalcogenide (TMD) materials be-
fore and after electrochemical treatment. Often exem-
plified as the best HER catalyst, Pt/C yields low Tafel
slopes of 30 to 40 mV/dec® and is used as a yardstick in
this experiment to gauge the efficiency of HER catalysis
by the TMD materials. The experimental Tafel slope
of 37.8 mV/dec for Pt/C is in good agreement with
literature values. Polarization curve of bare GC is also
included for reference because GC serves as the elec-
trochemical transducer modified with the desired
TMD.

Two commonly adopted HER performance indica-
tors are the Tafel slope and the onset potential. The
Tafel slope is the increase in overpotential required to
elicit a magnitude rise in current density. Smaller Tafel
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Figure 5. Cyclic voltammograms of 5 mM [Ru(NH5)s**"3* on exfoliated (a) MoS, nanosheets, (b) WS, nanosheets, (c) MoSe,
nanosheets and (d) WSe; nanosheets before and after electrochemical treatment. (€) Summary of peak-to-peak separations of
treated and untreated TMD materials with their corresponding error bars. Conditions: background electrolyte, KCI (0.1 M);
scan rate, 100 mV s~ '; all measurements are performed relative to the Ag/AgCl reference electrode.

slopes are desirable for HER. Moreover, the Tafel slope
elucidates the mechanism for HER on different TMD
materials and its rate-determining step. In general, HER
consists of two steps.*®*” First is the Volmer adsorption
step whereby the hydrogen binds to the catalyst (its
binding site denoted as M¥) as such: H + e + M* —
M—H with a Tafel slope value of 120 mV/dec. Sub-
sequently, it involves a desorption step either via
the Heyrovsky process: H" 4 e + M—H — M* 4 H, at
a Tafel slope value of 40 mV/dec, or the Tafel process:
2M—H — 2M* + H, at a Tafel slope value of 30 mV/dec
The onset potential is understood to be the potential at
which the current density begins to fall steeply due to
proton reduction. Across literature, the parameters in
determining HER onset potentials fluctuate. We mea-
sure the onset potential as the potential correspond-
ing to the current density of —0.1 mA cm ™2, The onset
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values for the TMD materials are provided in Figure S6
(S) and will not be discussed in detail. Instead of onset
potentials, we employ the overpotential at a current
density of —10 mA cm ™2 as a benchmark®® because the
pre-HER waves observed in WS,, MoSe, and WSe, may
thwart our evaluation of HER onset potentials.

At a current density of —10 mA cm 2, the over-
potentials for the TMD materials are summarized in
Figure 6e as gathered from the polarization curves in
Figure 6a and 6c. The HER catalytic trend across
untreated TMD materials unveils MoSe; as the leading
HER catalyst with the lowest overpotential at 0.37 V,
followed by WS, with overpotential at 0.39 V and MoS,
at 0.53 V and trailing behind is WSe, at highest over-
potential at 0.76 V. Their Tafel slope values also re-
inforce this trend wherein MoSe, has the lowest Tafel
slope at 86 mV/dec, followed by WS, and MoS, at
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higher Tafel slopes of 93 and 110 mV/dec. The highest
Tafel slope at 169 mV/dec is demonstrated in WSe,.
Furthermore, a density functional study led by Ngrskov
et al.*® complements this HER catalytic trend. To quote
from this study, MoSe, and WS, are armed with both
their metal and chalcogen edges as active sites for HER.
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Conversely, MoS, and WSe; are less privileged, having
either metal or chalcogen as active sites and not both.
The primary active site for MoS, lies at the Mo-edge
while WSe, utilizes Se-edge. The differential hydrogen
free energies, AGy, which are suitable markers of HER
rate, of Mo- and Se- edge of MoSe, are found to be
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more thermoneutral, with an optimal binding energy
approximating zero,”°>2 than W- and S- edge of WS,.
AGy of Mo-edge in MoS, and Se-edge in WSe, are
comparable. Hence, the interplay of HER active sites
and AGy anticipate MoSe, to show the highest HER
catalytic activity, followed closely by WS,. Furthermore,
1T-phase obtained from XPS data may be adopted to
account for the more efficient hydrogen evolution
reaction occurring on the MoSe, catalyst than the
MoS, catalyst. MoSe, comprises of a higher percentage
of 1T-phase compared to MoS,, which sees the ab-
sence of it. By the same token, WS, has a higher
intensity of 1T-phase than WSe,, which justifies the
behavior of WS, as a better HER catalyst than WSe,.

However, 1T-phase alone is inadequate to explain
the extent of HER activation in the TMD materials
because unlike 2H phase, which is thermodynamically
stable in TMDs, the 1T phase existing in comparatively
low amounts and less stable in atmosphere is prone to
oxidation. Hence, chalcogen-to-metal ratio could also
be a factor for consideration in such instances.

Out of all the TMD materials, electrochemical acti-
vation is found to be successful for MoS, material
wherein the lowering of HER overpotential is apparent
at a current density of —10 mA cm™ when MoS, is
electrochemically reduced. Unlike its untreated form,
reduced MoS, depicts a smaller Tafel slope value at
95 mV/dec The catalytic site in MoS, is reported to be at
the Mo-edge, specifically where the undercoordinated
S exists.>® Reduced MoS, is postulated to contain a
marked increase in these HER catalytic zones and hence,
displays an improved HER activity. The chalcogen-
to-metal ratio derived from the XPS analysis gives
credence to this hypothesis whereby reduced MoS,
has a notably lower ratio than before treatment, in-
dicative of the increase in Mo metal composition in
MoS, after reduction and likely translates into more
Mo-edge sites available for HER which activates the
material for HER. Indeed, reduced MoS, behaving as a
better HER electrocatalyst than when untreated con-
curs with our earlier electrochemical activation study?®
using MoS, nanosheets prepared from lithium inter-
calation with n-BulLi. In that study, the reduced MoS,
nanosheets demonstrated enhanced HER catalysis
than its untreated counterpart. At first sight, oxidized
MoS, shows little deviation from its untreated counter-
part as reflected in the almost overlapping HER polar-
ization curves. Careful inspection discloses that there is
slightincrement in its HER overpotential to 0.57 Vand a
substantial rise in Tafel slope to 161 mV/dec pointing to
an imperceptibly weaker HER activity in oxidized MoS,
than its untreated form. A Tafel slope of 161 mV/dec
transforms the HER rate-determining step in MoS,
from a combination of Volmer-Heyrovsky processes
to a Volmer process in its oxidized state. Previous
research reports MoOs species formation when MoS,
is electrochemically oxidized.”* The hydrogen binding
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site occurring at the Mo-edge of MoS, is hindered as a
result of MoOs, which accounts for the imperceptibly
lower catalytic behavior of oxidized MoS,.

In stark contrast to effective activation of MoS, by
electrochemical reduction for HER, WS, manifests elec-
trochemical deactivation behavior when reduced and
such deactivation occurs at a larger scale when oxi-
dized. Most evident in oxidized WS,, a high Tafel slope
of 164 mV/dec with a corresponding large HER over-
potential of 0.59 V is noted. Analogous to oxidized
MoS,, the slow step in HER has morphed from a joint
Volmer—Heyrovsky process to the adsorption step in
its oxidized state. Oxidation of WS, engenders WO,
compounds, predominantly existing as WO3 due to the
conversion of 4+ to 6-+oxidation states in W. WO,
species modifies the W-edge, one of the HER binding
site alongside S-edge, and deters hydrogen binding. In
doing so, the W-edge sites available for binding are
depleted, therefore impeding oxidized WS, as an
electrocatalyst for HER. Another reason to justify the
poor catalytic performance of oxidized WS, is based on
XPS data. The 2H-phase of oxidized WS, stands at
45.6%, which is more than its untreated state, in turn,
weaker HER efficiency is observed for oxidized WS,.
Moreover, the W®" factor appears to be rather signifi-
cant for oxidized WS, at 44.0%, which could influence
the catalytic activity of the W-edge.

On the contrary to MoS; and WS, the HER catalytic
activities of MoSe, and WSe, materials are less per-
turbed by electrochemical oxidation or reduction. The
Tafel slopes and HER overpotential obtained for re-
duced, oxidized and untreated MoSe, differ marginally
from each other by 7 mV/dec and 0.01 V. Tafel slopes of
the MoSe, materials range from 78 to 86 mV/dec
indicative of the rate-determining step for HER to be
a concerted Volmer-Heyrovsky step regardless of elec-
trochemical treatment. By the same token, WSe, ma-
terials exhibit relatively constant HER overpotentials of
0.78 to 0.76 V and Tafel slopes of beyond 120 mV/dec
for its treated and untreated forms. Beyond 120 mV/dec,
the slow step is predominantly the HER adsorption step
for all WSe, materials. On the grounds of identical rate-
determining steps for the reduced, oxidized and
untreated states, the HER catalytic performance of
MoSe, and WSe, materials are impervious to electro-
chemical activation. Despite the significant changes in
chalcogen-to-metal ratio (Table S1, Sl) in the oxidized,
reduced and untreated MoSe,, there is little effect of
these differences on the HER efficiency of MoSe,
materials as both metal and chalcogen edges are
HER active.

Notably, there is a correlation between the chalco-
gen type and its susceptibility to electrochemical
activation or deactivation for HER. Electrochemical
treatment on TMD materials bearing the S chalcogen,
in the case of MoS; and WS,, influences their catalytic
performance for HER. Conversely, TMD materials such
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as MoSe, and WSe,, which bear the Se chalcogen, are
less affected by electrochemical treatment on their
HER catalytic performance. Since Tafel slopes of the
treated and untreated TMD materials lay beyond or fall
within the range of Volmer and Heyrovsky processes,
the hydrogen adsorption step contributes to their rate-
determining step. The nature and location of the HER
active sites in TMD materials govern its effect on
electrochemical treatment for HER. Hydrogen binding
site occurs at the Mo- and Se-edge for MoSe, whereas
hydrogen binds solely at the Mo-edge in MoS,. When
subject to electrochemical reduction, Mo (VI) may be
reduced to Mo (0) and this possibly improves the
hydrogen binding function of the Mo-edge. This effect
is more pronounced in MoS; because the active site at
Mo-edge dominates the catalytic ability for HER. The
HER catalytic ability of MoSe, comprises of both the
Mo- and Se- edge and hence, less activated by electro-
chemical reduction than MoS,. Considering WS, and
WSe, materials, the active sites reside at the W- and
S- edge for WS; and Se- edge in WSe,. Electrochemical
oxidation of WS, deactivates its catalytic performance
for HER but HER ability of WSe, remains relatively
unperturbed by oxidation. When electrochemically
oxidized, W (IV) becomes W (VI) and WO5 species® is
reportedly formed. Therefore, hydrogen binding at the
W-edge is restricted which impairs the HER catalytic
ability of WS,. Disparate from WS,, W-edge is not the
primary active site for HER in WSe, and hence WSe; is
not deactivated by oxidation.

CONCLUSION

We explored the inherent electrochemistry of
layered transition metal dichalcogenides (TMDs) ma-
terials, specifically MoS,, WS,, MoSe, and WSe; nano-
sheets. It has been determined that electrochemical
reduction effectively activates the electrochemical
property of MoS,, MoSe, and WSe, nanosheets as
substantiated by the improved heterogeneous elec-
tron transfer (HET) rates in their reduced forms. Among
these three TMDs, the enhanced HET rate is most
enhanced in reduced MoSe,. Antithetical to electro-
chemical reduction, subjecting all the TMD materials to
an electrochemical oxidation deteriorated their HET

EXPERIMENTAL METHODS

Materials. Potassium ferrocyanide, hexaammineruthenium-
(Il) chloride, potassium chloride, potassium phosphate dibasic,
sodium phosphate monobasic, sodium chloride, sulfuric acid
and platinum on carbon were purchased from Sigma-Aldrich.
Pt, Ag/AgCl and glassy carbon (GC) electrodes were purchased
from CH Instruments, Texas, USA. Molybdenum disulfide, mo-
lybdenum diselenide, tungsten disulfide, tungsten diselenide
(<2 um), sodium and tert-butyllithium (1.7 M in pentane) were ob-
tained from Sigma-Aldrich, Czech Republic. Hexane was obtained
from Lach-ner, Czech Republic. Argon (99.9999% purity) was
obtained from SIAD, Czech Republic.
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performance. Of which, the most drastic deactivation is
experienced by the oxidized WS,. The semiconductor
band gap theory largely justifies the findings on varia-
tions in HET performance upon electrochemical treat-
ment but other factors intrinsic to the TMDs may also
contribute. There is also a correlation between the metal
and chalcogen type on the extent of electrochemical
activation. Considering metal component, Mo prevails
over W, while in chalcogen type, Se exhibits higher
sensitivity to electrochemical activation than S.

Successful electrochemical activation toward hydro-
gen evolution reaction (HER) is exclusively elucidated
in MoS,. The improved HER efficiency is evident in
reduced MoS, demonstrating a lower Tafel slope and
requiring a smaller HER overpotential at a current
density of —10 mA cm™2 compared to its untreated
counterpart. Conversely, the deactivation of catalytic
performance is manifested in the electrochemical oxida-
tion of WS; ensuing a higher Tafel slope and larger HER
overpotential than when untreated. MoSe, and WSe,
materials indicate that their HER performance is unrec-
eptive to electrochemical oxidation or reduction. In
general, electrochemical treatment exerts clout over
TMDs containing the S chalcogen but yields no power
over the compounds with the Se chalcogen. Differences
in the characteristic number and type of active edge sites
for HER in TMDs lead to their different HER behavior.
Moreover, the oxidation or reduction processes that the
TMDs are subject to may alter these edge sites, hence
influencing the catalytic performance.

Therefore, we highlight here that TMDs have distinct
responses to electrochemical treatment. In the aspect
of HET, electrochemical treatment can be used to
tweak the electrochemical properties of MoS,, MoSe,
and WSe, nanosheets whereby a reductive process
elevates HET and an oxidative process deactivates the
charge transfer performance. In the area of HER, elec-
trochemical reduction is a success at activating MoS,
and an oxidative treatment renders a weaker HER
performance in WS, nanosheets. Knowledge of
the TMD electrochemistry and the effect of electro-
chemical treatment on TMDs will be pivotal toward
achieving desired aims in catalytic and electrochemical
applications.

Apparatus. X-ray photoelectron spectroscopy (XPS) was per-
formed with a Phoibos 100 spectrometer with a monochro-
matic Mg K, X-ray source (SPECS, Germany). Survey and high-
resolution spectra were obtained for Mo 3d, W 4f, S 2p and Se
3d. The relative sensitivity factors were also adopted for the
calculation of chalcogen-to-metal ratios and for deconvolution
of oxidized states, 2H and 1T phases in the Mo and W com-
pounds.

Raman spectroscopy was executed on a confocal micro-
Raman LabRam HR instrument (Horiba Scientific) in backscat-
tering geometry with a CCD detector, using an argon ion laser at
an excitation wavelength of 514.5 nm and a 100x objective
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mounted on an Olympus optical microscope. The laser spot has
a diameter of about 5 um across. The initial calibration was
performed with a silicon reference at 520 cm ™.

High resolution transmission electron microscopy (HR-TEM)
was performed using Jeol 2100 TEM (Jeol, Japan) operating at
200 kV.

Voltammetric measurements were recorded on a uAutolab
Il electrochemical analyzer (Eco Chemie B.V., Utrecht, The
Netherlands) with the software NOVA version 1.8 (Eco Chemie).
Electrochemical measurements of the transition metal dichal-
cogenide (TMD) materials were performed in a 5 mL voltam-
metric cell at room temperature (25 °C) in a three electrode
configuration. A platinum electrode and an Ag/AgCl electrode
functioned as auxiliary and reference electrodes, respectively
and a glassy carbon (GC, 3 mm diameter) electrode was
adopted as the working electrode.

Procedures. Exfoliation Procedure of Transition Metal Dichal-
cogenide (TMD). The TMDs were exfoliated using the chemical
intercalation method. The intercalation procedure was per-
formed in the glovebox with Ar atmosphere (O, and H,0 below
0.1 ppm). Each of the bulk TMD (in powder form, Sigma-Aldrich)
was dried at 100 °C for 48 h before insertion into glovebox
which was kept at a constant temperature of 20 °C using a
temperature conditioning system during the entire intercala-
tion process. Li-intercalation process was carried out by stirring
3 g of the bulk TMD powder in 20 mL of 1.7 M tert-butyllithium in
pentane for 72 h at 20 °C under argon atmosphere. To avoid
contamination due to fluorine, a glass-coated magnetic stir bar
was used instead of the standard PTFE-coated magnetic stir bar.
The flask containing the reaction mixture was capped with a
rubber septum with an inserted needle head to prevent the
buildup of pressure in the reaction flask and minimize evapora-
tive loss of volatile pentane solvent. Li-intercalated TMD was
separated from excess intercalant by suction filtration via a
0.45 um nylon membrane. Filtered material was washed three
times with 30 mL of hexane (dried over sodium). The exfoliated
material was dispersed in 100 mL of water and ultrasonicated
for 15 min. Purification and separation were performed by
repeated centrifugation (18000g) and redispersion in water
until the conductivity was below 20 uS. Finally, the obtained
TMD nanosheets were dried in a vacuum oven at 50 °C for 48 h
prior to further use.

Inherent Electrochemistry and Activation Studies on Exfo-
liated Transition Metal Dichacolgenide (TMD) Nanosheets. Fun-
damental electrochemical studies were performed in 50 mM
phosphate buffered saline (PBS) as the background electrolyte
at pH 7. All cyclic voltammetry experiments were conducted at a
scan rate of 100 mV s~ . The voltammetric scan began at 0 V; the
potential at which redox processes were not expected to
occur,”® and scanned toward 1.8 V followed by a reverse sweep
to —1.8 V for the anodic study and first toward —1.8 V followed
by a reverse sweep to 1.8 V for the cathodic study before
returning to 0 V. The exfoliated MoS,, MoSe,, WS, and WSe,
nanosheets were prepared in concentrations of 1 mg mL™" in
ultrapure water and subject to first-time ultrasonication for 1.5 h
to attain homogeneous dispersions. Prior to each electroche-
mical measurement, the samples were ultrasonicated for a
period of 10 min to maintain the well-dispersed suspension of
the desired material. 4.0 uL aliquot of the suspension was then
drop casted on a GC electrode and dried to yield an electrode
surface modified with 4.0 ug film of the desired material.

Electrochemical activation was performed by applying an
oxidation or reduction potential for a period of 300 s to procure
their oxidized or reduced forms. For different TMD samples, the
treatment was done in PBS pH 7 at a unique potential deter-
mined by the redox peaks in the study of their inherent
electrochemistry. Exfoliated MoS, nanosheets were treated
at +1.1 V (oxidation) or —1.3 V (reduction), exfoliated MoSe,
nanosheets were treated at +1.0 V (oxidation) or —1.2 V
(reduction), exfoliated WS, nanosheets were treated at +1.2 V
(oxidation) or —1.6 V (reduction), and exfoliated WSe, nano-
sheets were treated at +1.0 V (oxidation) or —1.3 V (reduction).
After treatment, the electrode was dipped in distilled water to
rinse off any adsorbed materials and tested for heterogeneous
electron transfer (HET) rate using cyclic voltammetry at a scan
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rate of 100 mV s~ in the presence of potassium ferrocyanide
(5 mM) or hexaammineruthenium(lll) chloride (5 mM) redox
probes in potassium chloride (0.1 M) as the supporting
electrolyte.

The k% values were calculated using the method devised
by Nicholson®° that relates AE, to adimensionless parameter W
and consequently into ks The roughness of the electrode was
not considered in the calculation of k%4, The diffusion coeffi-
cient D=7.26 x 10~ cm? s~ was used to compute k% values
for [Fe(CN)g]* 7

Hydrogen Evolution Reaction (HER) Studies on Exfoliated
Transition Metal Dichacolgenide (TMD) Nanosheets. The hydro-
gen evolution reaction (HER) efficiency of TMD materials were
tested on glassy carbon (GC) electrodes. The GC electrode
surface was renewed before modification with TMD materials
using a 0.05 um alumina particle slurry on a polishing pad and
washing with ultrapure water. The desired materials encom-
passing exfoliated MoS,, MoSe,, WS, and WSe; nanosheets and
Pt/C were prepared in suspensions of 1 mg mL™" in ultrapure
water. These suspensions were ultrasonicated for 10 min to
achieve homogeneity. The materials were immobilized on the
GC electrode by depositing 4.0 ulL aliquot of the suspended
materials on the electrode surface. The solvent was left to
evaporate at room temperature to yield a randomly distributed
film of 4.0 ug of desired materials on the GC electrode surface.

Similar to the HET measurements, activation of the exfo-
liated MoS,, MoSe;, WS, and WSe; nanosheets was performed
at pH 7.0 by applying their respective redox potentials for 300 s.
HER measurements of these TMD materials were carried
out using linear sweep voltammetry at a scan rate of 2 mV s~
in 0.5 M H,SO, electrolyte.

Linear sweep voltammograms are presented versus the
reversible hydrogen electrode (RHE) using and the measured
potentials are calculated using this equation®® Fpue = Eng/agal +
0.059 x pH+ EOAg,qu where Eag/ngc is the measured potential,
pH of 0.5 M H,SO, electrolyte is zero, and EOAg/qu refers to the
standard potential of Ag/AgCl (1 M KCl) at 25 °C, which is 0.235 V.
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