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M
any layered transition metal di-
chalcogenides (TMDs) naturally
occur in Earth's crust as mineral

ores. Indeed, the most widely studied TMD
material (molybdenumdisulfide) is itself the
primary source of molybdenum metal and
exists as themineralmolybdenite.1 In spite of
the large number of other TMDs available in
nature, a sizable percentage of contempor-
ary literature is devoted almost exclusively to
MoS2, with others progressively emerging.
Most interestingly though, the properties of
these TMDmaterials in their bulk states vastly
differ from their exfoliated counterparts in
the nanoscale regime, and efforts at obtain-
ing two-dimensional (2D) layered TMDs are
ongoing since initial reports in the 1970s.2�4

More recently, the current scientific fervor in

2D layered nanomaterials first brought
about by graphene has led to the fortuitous
resurgence of interest in TMDs,5�7 which
extends to further include analogues such
as boron nitride, silicene, and germanene.8,9

To date, numerous reports have demon-
strated the effective use of layered TMDs for
advanced energy storage, conversion, elec-
trochemical catalysis, and sensing,10 includ-
ing Li-ion batteries,11 supercapacitors,12

and solar cells.13 Of particular note is their
efficiency toward the hydrogen evolution
reaction (HER).14�17 Conceivably, such ap-
plications require the synthesis of substan-
tial amounts of material and consequently
place a limit on their mass production
potential. Just in this regard, liquid-phase
exfoliation approaches4,16,18 and colloidal
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ABSTRACT Beyond MoS2 as the first transition metal dichalco-

genide (TMD) to have gained recognition as an efficient catalyst for

the hydrogen evolution reaction (HER), interest in other TMD

nanomaterials is steadily beginning to proliferate. This is particularly

true in the field of electrochemistry, with a myriad of emerging

applications ranging from catalysis to supercapacitors and solar cells.

Despite this rise, current understanding of their electrochemical

characteristics is especially lacking. We therefore examine the

inherent electroactivities of various chemically exfoliated TMDs

(MoSe2, WS2, WSe2) and their implications for sensing and catalysis of the hydrogen evolution and oxygen reduction reactions (ORR). The TMDs studied

are found to possess distinctive inherent electroactivities and together with their catalytic effects for the HER are revealed to strongly depend on the

chemical exfoliation route and metal-to-chalcogen composition particularly in MoSe2. Despite its inherent activity exhibiting large variations depending on

the exfoliation procedure, it is also the most efficient HER catalyst with a low overpotential of�0.36 V vs RHE (at 10 mA cm�2 current density) and fairly

low Tafel slope of ∼65 mV/dec after BuLi exfoliation. In addition, it demonstrates a fast heterogeneous electron transfer rate with a k0obs of 9.17 �
10�4 cm s�1 toward ferrocyanide, better than that seen for conventional glassy carbon electrodes. Knowledge of TMD electrochemistry is essential for the

rational development of future applications; inherent TMD activity may potentially limit certain purposes, but intended objectives can nonetheless be

achieved by careful selection of TMD compositions and exfoliation methods.

KEYWORDS: transition metal chalcogenides . dichalcogenides . two-dimensional materials . chemical exfoliation . electrochemistry

A
RTIC

LE



ENG ET AL . VOL. 8 ’ NO. 12 ’ 12185–12198 ’ 2014

www.acsnano.org

12186

solution syntheses19,20 may present an advantage at
the current stage of development, although mechan-
ical exfoliation21,22 and chemical vapor deposition23,24

techniques also offer benefits that include higher
purities, more pristine conditions, and control of size
and layer thickness. Some of these factors represent
real problems faced by the liquid-phase exfoliation
approach in spite of its popularity, and a greater
understanding of exfoliation processes and TMD prop-
erties is required to address such challenges.
Despite extensive research with varied directions in

the field ranging from synthesis methods to device
development, a general literature search reveals a
comparative lack of basic knowledge on the inherent
electrochemical properties of TMDs, especially after
the exfoliation of their layers. In light of current interest
to exploit TMDs for a myriad of electrochemical appli-
cations, we therefore believe that a fundamental study
of TMD exfoliation and its resulting consequences on
their material and inherent electrochemical properties
is opportune and prudent. Toward this aim, we first
perform exfoliation using lithium intercalants of vary-
ing strengths, with subsequent correlation of changes
in intrinsic properties with the exfoliation extent. A
systematic characterization of thematerials is achieved
using scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS), Raman spectros-
copy, X-ray photoelectron spectroscopy (XPS), and

surface area measurements based on methylene blue
adsorption. We also perform voltammetric and XPS
characterizations of the inherent electrochemistry of
the materials with solid-state electrode modification.
Finally, the implications of TMD exfoliation on electro-
catalytic applications are explored in detail for the
hydrogen evolution and oxygen reduction reactions,
with additional calculations of the intrinsic hetero-
geneous electron transfer rates at these surfaces.

RESULTS AND DISCUSSION

In this fundamental study, we investigate the effects
of chemical exfoliation on the consequent material
and electrochemical properties of transition metal
dichalcogenides, namely, MoSe2, WS2, and WSe2.
Additionally, their viability as electrocatalysts for the
hydrogen evolution reaction and oxygen reduction
reaction (ORR) is examined. While butyllithium (BuLi)
is traditionally used in chemical exfoliation, little is
understood regarding the effects of the accompanying
alkyl moiety and its impact on the exfoliation. Thus,
methyllithium (MeLi) is alternatively employed, andwe
evaluate its effectiveness.

Chemical Exfoliation of Transition Metal Dichalcogenides. In
line with our first objective of studying the exfoliation
efficiency using different organolithium intercalants,
we examine the surface morphologies of the products
by SEM. Figure 1 shows the electronmicrographs of the

Figure 1. Scanning electron micrographs of MoSe2, WS2, and WSe2 in their bulk state (top), after treatment with
methyllithium (center) or butyllithium (bottom), with subsequent exfoliation in water. Scale bars represent 100 nm. White
dotted arrows specify the direction parallel to sheets.
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parent TMDs in comparison to their MeLi and BuLi
exfoliated counterparts. In their bulk states, TMDs are
observed as large polygonal stacks up to tens of
micrometers across and thicknesses in the range of a
few hundred nanometers. With subsequent treatment
in MeLi, the average flake sizes of both tungsten
dichalcogenides decreased, andWS2 showed a notice-
able representative expansion across its c-axis indica-
tive of a successful intercalation. This was observed
together with extensive wrinkling of the edges, likely
formed as the result of the violent exfoliation process in
water. MoSe2 demonstrated a slight expansion of its
layers but also some amount of exfoliation debris.

As may be expected, BuLi exfoliation was observed
to be most effective across all materials, in contrast to
MeLi, in line with its prior use in numerous chemical
exfoliation procedures.2,3,25 Although MoSe2 and WS2
showed greater wrinkling and expansion across their
layers, individual layers do not clearly delaminate and
can remain as stacked macrostructures. In addition for
MoSe2, we determine the presence of surface oxides
based on EDS (Supporting Information) and XPSdata in
the subsequent discussions. A more obvious delami-
nation of layers was achieved using BuLi in the case of
WSe2, where straight-cut edges were observed with
minimal longitudinal breakage of the sheets.

Raman spectroscopy is then exploited as a valuable
tool in obtaining structural evidence of the layered
TMDs after exfoliation treatment. Figure 2 displays
the Raman spectra of both bulk and treated TMDs,
with peak data tabulated in Table S2. Typical spectra
for all materials consist primarily of two characteristic
peaks: the Raman active in-plane E12g and out-of-
plane A1g modes, which we denote based on the D6h

point group of the bulk material for consistency.26,27

Analysis of spectral characteristics for both vibrations
consequently provides further information on their
layered structures. While the in-plane E1g mode is also
observed in all cases, its diagnostic value is compara-
tively limited.

First for MoSe2, we see no significant changes in
the spectral features of the lines after treatment with
MeLi, but notable differences with BuLi. Of note is the
softening (4.6 cm�1) and broadening (0.7 cm�1) of the
most intense A1g line, which is correlated to the edges
of individual layers.28 It is known that electron-doping
results in our observed phenomena only for the A1g

phonon and not the E12g phonon, which does not
exhibit such a trend.29,30 Hence, this confirms that
electron donation from the C�Li bond to MoSe2 had
occurred with BuLi but not with MeLi.

Second for WS2, the broad trend observed is
the lack of complete exfoliation of individual layers.
An inspection of the E12g line reveals slight softening
after treatment (2.3 cm�1), with a clear increase in
its full-width at half-maximum (fwhm) from the bulk
(9.0 cm�1) to the MeLi- (9.2 cm�1) and BuLi-treated
(13.5 cm�1)materials, in agreementwith earlier reports
that the fwhm increases with a decreasing number of
layers.31,32 However, the same trendwas not paralleled
for the A1g line with no obvious changes in fwhm.More
notable is the IA1g

/IE12g ratio, which did not substantially
decrease as is expected if exfoliation had proceeded to
give three layers or less.33 Thus, both SEM and Raman
spectroscopy suggest that while some intercalation
may have indeed occurred with both organolithium
treatments, there is as yet little evidence to confirm
complete delamination of individual WS2 layers.

Finally in the case of WSe2, both E12g and A1g

phonons are located in very close proximity at

Figure 2. Raman spectra of MoSe2, WS2, and WSe2 in their bulk state (top), after treatment with methyllithium (center) or
butyllithium (bottom), with subsequent exfoliation in water. λexc = 514.5 nm.
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ca. 250 and 253 cm�1.28 A principal phenomenon
indicative of exfoliation is the splitting of the over-
lapping peak that occurs for flakes of three layers or
less, with the maximum 11 cm�1 splitting for a
monolayer.34 In the instance with BuLi exfoliation, the
broad shoulder peak centered 11 cm�1 higher than the
main peak signifies that monolayer WSe2 was indeed
obtained. It is very likely that this splitting is obscured
from the superimposed spectra of other few-layered
structures, resulting in the observed shoulder. Addi-
tionally, the softening of the main peak (4.7 cm�1) and
its large increase in fwhm (3.3 cm�1) compared to the
bulk material further prove that exfoliation was
achieved for WSe2.

Even though insights were gained frommicroscopy
and Raman spectroscopy, neither provides a truly
quantifiable measure of exfoliation. Logically, the sur-
face area is expected to increase after exfoliation, and
it therefore serves as a good physical parameter to

determine the efficiency of exfoliation. Methylene blue
adsorption has previously been employed for surface
area determination of 2D layered materials such as
graphenes,35�37 and we now extend its application to
include TMDs as a means to evaluate their exfoliation.
As presented in Table 1, the measured surface area of
each TMD is observed to increase considerably after
MeLi treatment, but the highest values are obtained
only with BuLi. Other key observations noted are that
the most significant increase in surface area is for
MoSe2 after BuLi exfoliation, and both MeLi and BuLi
resulted in similar exfoliation extents for WSe2. Even
though small differences are noted in observations
made between the three techniques, the overall con-
clusion remains that the BuLi exfoliation route is most
effective, and different TMDs are seen to follow the
order MoSe2 > WS2 > WSe2. Furthermore, the high
surface area of BuLi-exfoliated MoSe2 agrees well with
colloidal MoSe2 nanosheets determined using the BET
method.20

To further understand the chemical changes asso-
ciated with the structural transformations observed,
we subsequently perform XPS to examine the surface
elemental compositions and bonding information.
We first study the bulk TMDs, and Figure 3 illustrates
the high-resolution core-level Mo 3d and W 4f peaks.
Deconvolution analysis of Mo bonding modes in bulk
MoSe2 shows a distinct pair of peaks (3d5/2 and 3d3/2)
originating primarily from the native semiconduct-
ing 2H phase in the IV oxidation state at ca. 229.5
and 232.5 eV,15,16,28,38,39 with their atomic percentages

TABLE 1. SurfaceAreaMeasurements Based onMethylene

Blue Adsorption on MoSe2, WS2, and WSe2 in Solutions

Prepared from Their Bulk States and after Treatment with

Methyllithium or Butyllithium

surface area (m2/g)

material/treatment MoSe2 WS2 WSe2

bulk 2.33 10.2 2.98
MeLi-treated 33.8 13.9 24.5
BuLi-treated 74.1 44.7 24.4

Figure 3. High-resolution X-ray photoelectron spectra of Mo 3d andW 4f regions of metal dichalcogenides in their bulk state
(top), after treatment with methyllithium (center) or butyllithium (bottom), with subsequent exfoliation in water. Deconvo-
luted peaks correspond to the metallic 1T phase (red), semiconducting 2H phase (blue), or the oxidized (VI) state (green).
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recorded in Table S3. Although XPS is an indispensable
technique for analysis of TMD elemental compositions,
it is also important to emphasize that intricate factors
exist, such as the close proximities in binding energies
of different phases.40 Hence, the calculated atomic
percentages reflect an overviewof the relative changes
in the materials as they undergo exfoliation, and
individual values should not be interpreted as absolute
quantities. In addition to the 2H phase, a small con-
tribution of the 1T phase can also be found near 228.1
and 231.0 eV and a further pair from oxidized Mo(VI)
species at approximately 232.7 and 235.8 eV. Similarly
for the W 4f spectra of bulk WS2 and WSe2, three pairs
of peaks indicate the major presence of the 2H phase
(∼33.2 and 35.3 eV) and also the 1T phase (∼32.1 and
34.4 eV) and W(VI) oxidation state (∼36.3 and 38.5 eV)
in lesser concentrations.28,32,41 The 2H-polytype is
dominant for all bulk TMDs at about 80 at. % and
is surprisingly close to that for natural MoS2 ore
(molybdenite).42 At this point, it is enlightening to note
that small amounts of the transition metals exist in the
oxidized VI state even for native bulk TMDs. Particu-
larly, the increasing oxidation of bulk TMDs from
MoSe2 < WS2 < WSe2 agrees with reported trends that
selenides are more easily oxidized than sulfides43 and
of tungsten over molybdenum dichalcogenides.44

Moving to investigate the effects of organolithium
chemical exfoliation, themost striking observation is in
MoSe2, showing a great increase in its Mo(VI) oxidation
state with exfoliation. The presence of the oxidized VI
species increases significantly after treatment with
MeLi, up to a maximum of 78 at. % with BuLi. As the
concentration of the 1T phase remains fairly constant
at about 12 at. %, it is possible that electron doping of
the original 2H phase via strong lithium-based reduc-
tants renders it unstable, leading to subsequent oxida-
tion after atmospheric exposure. The surface Se/Mo
atomic ratios were also seen to decrease considerably
to only 0.7 after BuLi treatment, indicating a chalcogen-
deficient surface. This observation was not replicated
in other TMDs, which maintained their expected
stoichiometric ratio of ∼2 (Table S3). Moreover, both
XPS and EDS (Tables S1 and S4) confirm a simultaneous
increase in oxygen content. This trend is in direct
opposition to the case of WS2, where no significant
oxidation of the material was discovered. Also, no
substantial conversion of the 2H to 1T phase was
measured after treatment with BuLi, though a margin-
ally larger 1T content was obtained with MeLi.

The disparity in exfoliation effects of the TMDs is
most obvious for WSe2, as the only material showing
a semblance of the 2H to 1T phase conversion known
to occur in MoS2 as a result of electron doping.16,25,45

Peak deconvolution shows that the 1T percentage
underwent a large increase from 2.6 at. % in the bulk
to 66.7 at. % after exfoliation with BuLi. This conversion
is seen from the experimental W 4f spectra, as denoted

by the gradual shift of the main peaks toward lower
binding energies: with respect to the W(VI) 4f5/2 peak
with the highest energy at 38.5 eV, its separation from
the main 4f5/2 peak increases in the measured spectra
from ∼3.3 eV for bulk WSe2 to 3.7 eV with MeLi
treatment and 4.0 eV after BuLi treatment. On the basis
of an earlier report,32 we identify that a measured
separation of 4.0 eV exists between the 4f5/2 peaks
of W(VI) and the 1T phase, while a smaller separation
of e3.0 eV between the two 4f5/2 peaks denotes the
presence of a 2H phase. Overall, the observed 0.7 eV
shift of the main peaks concurs with a previous report
attributing it to a change in the surface doping.46

Hence, all evidence first reveals that the effective-
ness of methyllithium is inferior to butyllithium as the
classical reagent employed for TMD exfoliation. Both
tungsten dichalcogenides showno significant changes
in their chemical composition after BuLi treatment and
demonstrate a substantial expansion of their c-axis, but
stop short of attaining actual detachment of layers in
WS2. MoSe2 experienced the largest increase in surface
area with BuLi exfoliation, but the treatment may have
also resulted in its destabilization and consequent
oxidation upon exposure to the environment.

Differences in Inherent Electrochemistry of Molybdenum vs
Tungsten Transition Metal Dichalcogenides. The current
achievements of MoS2 as a viable catalyst for hydrogen
evolution14�16 and varied electrochemical applica-
tions11�13 are simultaneously fueling the search for
analogues among other layered TMD materials. Along
with their proliferation as catalysts in electrochemistry,
it is essential to acquire fundamental knowledge
of their inherent electrochemical properties, which
is not well studied at present. Also, the impact of the
chemical exfoliation treatments on the TMDs is exam-
ined. Toward these ends, we carry out a systematic
investigation of the TMDs using cyclic voltammetry as a
suitable technique for examining the electrochemistry
of layeredmaterials such as graphenes47 and TMDs.10,48

The voltammograms of all bulk and exfoliated
TMDs are displayed in Figure 4, each characterized
by their distinctive oxidation peaks. Of note is the
incidence of varying peak shapes and positions, sug-
gesting involvement of numerous species, which we
subsequently attempt to identify. We can also reason
that the inherent processes corresponding to these
must involve chemically irreversible oxidations. This
is particularly evidenced in MoSe2 by the large peaks
observed during the initial oxidative sweep and which
virtually disappear from subsequent scans. However,
for WS2 and to a lesser extent in WSe2, these peaks
significantly diminish in height after the first oxidative
sweep, but broad peaks may still be observed even
after two oxidation cycles. A further comparison with a
previous report on MoS2 shows that the recurrence of
broad waves is a likely characteristic only of tungsten
and not molybdenum dichalcogenides, highlighting

A
RTIC

LE



ENG ET AL . VOL. 8 ’ NO. 12 ’ 12185–12198 ’ 2014

www.acsnano.org

12190

the possible difference in oxidation routes occurring
between the two TMD elements.49 It is also interesting
to note an increase in oxidation potential in the order
fromWSe2 <MoSe2 <WS2 <MoS2. These dissimilarities
must again originate from the different reactants and
products involved during electrochemical oxidation,
and the solubility of their products can also play an
important role.50 One possibility resulting in this dif-
ference identified earlier from XPS is the larger pre-
sence of surface oxides in exfoliated MoSe2 compared
to similarly treated tungsten materials prior to any
electrochemical treatment. Further XPSmeasurements
after electro-oxidation confirm significant dissolution
of MoSe2 material (Figures S7 and S8) with a corre-
sponding decrease in the Mo(VI) signal. Tungsten
dichalcogenides in comparison maintain similar com-
positions after electro-oxidation. Hence, the soluble
products formed from MoSe2 electro-oxidation are
immediately lost, but small amounts of insoluble oxi-
des remain on tungsten TMD surfaces after electro-
chemical treatment. Examples could include tungsten
oxide precipitates reported in WSe2.

50 These could
subsequently detach gradually during potential cy-
cling especially from hydrogen evolution induced at
negative potentials and therefore appear as broad
waves that decrease with each cycle. Considering
the intrinsic HER catalytic activity of TMDs, it is also
important to note possible delamination of surface
material if strongly reducing potentials are applied.

We then scrutinize the significance of different
peak potentials that occur for TMD electro-oxidations

depending on exfoliation treatment. MoSe2 voltam-
metry is found to depend strongly on whether it exists
as the bulk material, after MeLi treatment, or after
exfoliation with BuLi. With only a few other reports
onMoS2 available,

10,48,49 very little else is known about
the general inherent electrochemistry of TMDs. They
however cite typical oxidation processes analogous
to those observed in our voltammetry of MoSe2, WS2,
and WSe2. In particular, two oxidation peaks were first
reported by Chorkendorff et al.: a small peak at ca. 0.7 V
and a notably larger peak at higher anodic potentials.48

The two peaks were correlated to oxidation of the edge
plane, which requires a lower overpotential and oxida-
tion of the basal plane that necessitates application of
a higher potential.50 It then follows that peak potentials
should increase after exfoliation in our case as more
basal plane surfaces are revealed, which is indeed the
trend observed for both tungsten dichalcogenides
(Figure S5). The same general trend follows for MoSe2
only for voltammetric runs started in the anodic direc-
tion, with the exception of an unusually low oxidation
potential of the MeLi-treated product. Such a negative
effect from MeLi treatment, however, can arise from
the passivation and inactivation of TMD layers due to
byproducts of the exfoliation reaction. The lithium
intercalationmechanism is known to occur via a radical
process, with lithium diffusion into the layers followed
by combination of the corresponding radical moiety;
the resulting butyl radical is observed to form octane
as the final dimerization product in the BuLi case.2,51 It
stands to reason that MeLi treatment correspondingly

Figure 4. Cyclic voltammograms illustrating inherent electrochemistry of transition metal dichalcogenides in their bulk
states (a�c) and as exfoliated in methyllithium (d�f) and butyllithium (g�i). All scans start at 0.0 V vs Ag/AgCl, and arrows
indicate the starting scan direction. First scans are labeled red, followed by second scans in blue and third scans in gray.
Conditions: supporting electrolyte of 50 mM PBS at pH 7.2; scan rate: 100 mV s�1. Corresponding voltammograms with
starting cathodic scans are available in the Supporting Information.
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results in methyl radicals, but which are considerably
more reactive and are known to attack oxides particu-
larly prevalent in exfoliated MoSe2.

52 The higher car-
bon contents in all MeLi-treated materials measured
from EDS and XPS (Tables S1 and S4) further support
this proposition. Hence, the presence of more surface
oxide in MoSe2 inadvertently lends itself to passivation
from MeLi.

This knowledge further explains differences in
the oxidation potentials of MoSe2materials depending
on whether an initial anodic or cathodic sweep was
performed; higher peak potentials are seen from a
starting anodic scan for both forms of exfoliatedMoSe2,
while the reverse is true for the bulk (Figure S5). We can
reasonably infer from XPS that the initial reduction
sweep causes surfaceoxides inMeLi- andBuLi-exfoliated
MoSe2 to undergo dissolution (Figure S7). This then
reveals the original underlying MoSe2 surface as vali-
dated by the position of the Se 3d5/2 and 3d3/2 peaks at
54 and 55 eV, respectively (Figure S8).28,39 Subsequent
reversal of the potential sweep toward the anodic direc-
tion then results in a peak at approximately 0.6 V and
is thus likely to account for oxidation of MoSe2 itself.
This peak is always observed as a small prewave and
also justifies the unusually low oxidation potential of the
MeLi material with its passivated/inactive oxide surfaces.
Instead, bulk MoSe2 has at least three visible peaks at
ca. 0.6, 0.8, and1.2 V, ofwhich the 1.2 Vpeakdominates if
a cathodic sweep is performed first. Unlike its tungsten
counterpart, the Se 3dpeak ofMoSe2 appears at a higher
binding energy after electro-oxidation, suggesting for-
mation of a new selenium species thatmight explain this
peak observed at high potential. Overall, the absence
of such peculiar behavior in tungsten dichalcogenides
again stems from the insolubility of its oxides and
probable higher resistance to electro-oxidation.50

Despite the involvement of numerous convoluting
aspects such as different electroactivities of edge vs

basal planes, surface oxides, and their solubilities, a
key interest remains in identifying the electrochemical
redox processes responsible for the observations. We
next perform voltammetry under similar conditions for
both IV and VI oxides of molybdenum and tungsten
(Figures S9, S10). Irreversible oxidation peaks are seen
only for the IV oxides and not for the VI oxides. A sharp
oxidation for molybdenum(IV) oxide is observed at
0.7 V close to those of MoSe2, whereas oxidation of
tungsten(IV) oxide occurs at a slightly lower potential
with a low and broad peak shape interestingly similar
to tungsten dichalcogenides. These may serve as
evidence for the proposed irreversible oxidation of
metal centers from theirþ4 toþ6 oxidation states48,49

or otherwise as conclusive proof of oxide participation.
Additional investigations show that a pH dependence
of the oxidation peak (Figure S6) exists, but a linear
correlation occurs only under acidic conditions (pHe 3).
Even so, the relation between oxidation potential and

pH does not equate to the 59 mV/pH value expected
for a simple oxidation such as WO2 þ H2O f WO3 þ
2Hþ þ 2e�. The Hþ:e� ratios calculated for the
observed oxidation peaks are ∼1:16, 1:2, and 4:5 for
MoSe2, WS2, and WS2, respectively. We may further
postulate the identities of products based on thermo-
dynamic stabilites at their observed potential. At
strongly anodic potentials above ∼1.0 V vs Ag/AgCl,
constituent elements would exist at their highest
oxidation states and include both solid and aqueous
species such as MoO4

2�, WO3(s), HSO4
�, and HSeO4

�

under acidic conditions or MoO4
2�, WO4

2�, SO4
2�, and

SeO4
2� at neutral to basic pH.50,53,54 Hence, such

a low proton:electron ratio especially forMoSe2 is again
suggestive of multiple processes involved, resulting in
a combination of the above products.

Thus, far, we have shown that all the TMDs studied
exhibit inherent electrochemistry, each bearing their
specific set of characteristics. In addition to con-
ventional wisdom on the effects of basal and edge
planes,48�50 we further propose that surface oxides
can dictate the inherent electrochemistry of chemically
exfoliated TMDs and are also influenced by their
differing solubilities. Due to the greater solubility of
oxides in MoSe2, more erratic behavior is observed,
which we attribute to the redox reactions of MoSe2
itself. Despite that their intricate redox mechanisms
cannot be entirely elucidated at present, a more press-
ing concern for the immediate future is that inherent
electrochemistry of TMDs can pose limitations onmany
related applications. One foremost constraint is the
possible restriction of their operating potential windows
as electrode materials in various fields such as sensing
and electrocatalysis, which we study in depth next.

Inherent Electrochemistry of TMDs Limits Potential Window
of Common Redox Analytes. In recent years, the majority
of electrochemical applications involving TMDs are
centered almost chiefly on HER catalysis. To address
the relative shortfall in this aspect, we first explore the
possibility of other potential applications such as ORR.
Heterogeneous electron transfers at these surfaces are
also investigated toward a redox analyte commonly
used in electrochemical sensing. More importantly,
effects and implications of the previously discussed
inherent TMD electrochemistry are further studied in
their contexts.

The heterogeneous electron transfer (HET) rate of
an electrode material is a parameter of paramount
importance and determines its suitability for electro-
chemical and biological sensing devices. An intrinsically
fast HET rate is preferable for a prospective electrode
material, as it effectively lowers the overpotential
required for an electrochemical reaction. Cyclic voltam-
metry is first performed within the typical potential
region for ferro/ferricyanide, as a redox couple com-
monly employed for electrochemical sensing purposes.
HET rate constants are then calculated based on the
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classical Nicholson approach,55 with larger separations
between the anodic and cathodic peaks relating to
slower HET rates. A first observation in the voltammo-
grams is that in addition to the reversible peaks of the
ferro/ferricyanide couple appearing from �0.2 to 0.5 V
vs Ag/AgCl, characteristic waves due to the inherent
electrochemistry of the TMDs dominate their voltam-
metry particularly during the first scan (Figure S12) and
occur at similar potentials as seen in the preceding
section. Hence, immediate extraction of HET informa-
tion from the initial scan cycle may be unreliable, and
calculations are performed using data from the subse-
quent scans instead as shown in Figure 5a�c. Peaks
from inherent TMD electroactivity are considerably
diminished from the second scan onward, allowing
for clear observation of the ferro/ferricyanide redox
couple. Peak separations are presented in Figure 5g,
from which the observed HET rate constants (k0obs)
are calculated (Table S6). Two distinct trends can be
observed. The first is a dependence on the metal/
chalcogen constituents of the TMDs irrespective of their
chemical treatment, where MoSe2 typically exhibits the
fastest HET and decreases in the order MoSe2 >WSe2 >
WS2. It is unsurprising that this trend is found to cor-
respond to their electrical conductivities (Figure S13),
as the intrinsic conductivity is a foremost determinant
of the observed HET at an electrode surface. On one

extreme, all WS2 materials showed irreversible k0obs
values lower than the quasi-reversible limit, which
we determine to be 6.3� 10�6 cm s�1 at the scan rate
used,56 and are thus unsuitable for electrochemical
sensing. On the other hand, BuLi-exfoliated MoSe2
has the highest k0obs value of 9.17 � 10�4 cm s�1,
better than that of conventional GC electrodes at
2.78 � 10�4 cm s�1. This leads to the observation of
the exfoliation method as a secondary factor influen-
cing HET rate. Materials demonstrated improved HET
rates after BuLi exfoliation compared to their MeLi-
treated counterparts, followed by the bulk materials
with the slight exception of bulk WSe2. Such an im-
provement in HET may be correlated with the increase
in surface area as a direct consequence of the exfolia-
tion process as shown earlier. Overall, combined effects
of a high conductivity and increased surface area result
in BuLi-exfoliatedMoSe2 exhibiting the fastest HET rate.

We subsequently turn our attention to the oxygen
reduction reaction with its key importance in fuel
cell technologies.57 Two reduction peaks near �0.4
and �0.9 V vs Ag/AgCl corresponding to the two-step
reduction process of O2 are observed. In addition to the
appearance of inherent oxidation waves at positive
potentials, we now also note the incidence of inherent
reduction peaks, especially in BuLi-exfoliated MoSe2
and WSe2 within the potentials highlighted in red

Figure 5. Electrochemical activities of the ferro/ferricyanide redox probe and the oxygen reduction reaction (ORR) on metal
dichalcogenide catalysts. (a�c) Cyclic voltammograms for Fe(CN)6

3�/4� on bulk and exfoliated MoSe2, WS2, and WSe2;
conditions: 10 mM Fe(CN)6

3�/4� in 50 mM PBS supporting electrolyte at pH 7.2; scan rate: 100 mV s�1; only second scans are
shown. (d�f) Oxygen reduction reaction on bulk and exfoliated MoSe2, WS2, and WSe2; conditions: 0.1 M KOH; scan rate:
50 mV s�1. (g) Peak separations for the ferro/ferricyanide redox probe on TMD surfaces. (h) Peak reduction potentials for the
ORR. Error bars correspond to standard deviations based on triplicate measurements. Green shaded regions designate the
potential rangewhere the analyte investigated is active, whereas red regions indicate the presence of inherent electroactivity
from the TMD. Potentials are with respect to the Ag/AgCl reference electrode.
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(ca. �0.8 V to �1.0 V) in Figure 5d and f. Closer
examination of the inherent reductions (Figure S14)
reveals a sharp faradaic process for MoSe2 and a drawn
out wave in the case ofWSe2 but altogether not inWS2,
allowing us to deduce that these inherent reductions
must involve selenides, likely in forming compounds
such as HSe� based on the potentials in which they
occur.53,54

For the purposes of studying the electrocatalysis of
oxygen reduction, we focus only on the reduction peak
at about �0.4 V vs Ag/AgCl corresponding to the first
two-electron reduction step. As collated in Figure 5h,
the lowest reduction peak potential occurs for Pt/C
at about �0.33 V vs Ag/AgCl, agreeing with the use
of Pt-based catalysts as the current state-of-the-art
in proton exchange membrane fuel cells.57 Unlike
the case of ferro/ferricyanide catalysis, neither TMD
compositions nor the chemical exfoliation methods
have any obvious effect on ORR, and MoSe2 materials
(�0.44, �0.45, and �0.46 V for BuLi-exfoliated, bulk,
and MeLi-treated MoSe2, respectively) show just a
marginal improvement in their reduction peak poten-
tials from GC electrodes at �0.47 V likely due to their
higher intrinsic conductivities. No other relation is dis-
cernible, specifically within tungsten dichalcogenides.
As such, the only factor for enhancement of ORR
catalysis in TMDs currently known is that of size
effects.58

We can thus conclude that there is a strong depen-
dence of TMD compositions and the choice of chemi-
cal exfoliation method on ferro/ferricyanide catalysis
due to differences in electrical conductivity and surface
area, but such effects are less distinct for the ORR.
In addition, inherent electrochemistry characteristics
of the various TMDs are shown to occur within both
anodic and cathodic potentials of (1.2 V for common
analytes (ferrocyanide and aqueous dissolved oxygen)
as model systems. Inherent TMD electroactivities with-
in the same potential window of an analyte may limit
applications if caution is not exercised, especially if
there is a lack of controls to distinguish analyte from
inherent electrode activity. Therefore, these new in-
sights can effectively provide recourse to the future use
of TMDs in sensing and catalysis applications.

Hydrogen Evolution Reaction: Strong Dependence on
Metal/Chalcogen Composition and Exfoliation Method. In stark
contrast to the ORR, the HER efficiency is seen to have
strong dependencies on the chemical exfoliation route
and TMD composition. Linear sweep HER measure-
ments were performed in N2-saturated 0.5 M sulfuric
acid at a low scan rate of 2 mV s�1 for bulk and
exfoliated TMDs, with their polarization curves shown
in Figure 6a�c. Polarization curves for bare GC electro-
des and finely dispersed platinum-on-carbon as the
best known HER electrocatalyst are also demonstrated
for reference. We observe the lowest onset potential
of approximately �0.13 V vs RHE for MoSe2 after BuLi

treatment against a significantly poorer�0.29 V vs RHE
for the bulk material. This low onset potential is very
similar to that recently reported for MoSe2 nano-
sheets39 and also for MoS2 nanoparticles.15 For a
tenable evaluation of catalytic performance across
the literature, however, the overpotential at a current
density of 10mAcm�2 is used instead. At this increased
level of H2 production, a comparison of the over-
potential between different TMDs (Figure 6f) reveals
a first trend: MoSe2 materials always performed best
followed byWS2 andWSe2. Interestingly, there is also a
second dependence on the choice of chemical inter-
calant used; BuLi-exfoliated catalysts always showed
an improvement from the bulk, while MeLi treat-
ment of the TMDs results in poorer catalysis. Overall,
BuLi-exfoliated MoSe2 was the most efficient HER
catalyst (�0.36 V vs RHE) followed by the unexfoliated
bulk (�0.53 V) and MeLi-treated MoSe2 (�0.66 V) at
greater reducing overpotentials. It is much expected
that the HER efficiency increases after BuLi treatment
due to the concomitant effects of (1) an abundance of
active edge sites from the exfoliation of layers,14,59 (2)
phase transition to the more catalytic 1T polymorph
due to electron transfer from the C�Li bond in
butyllithium,16,25 and (3) a reduction in the potential
barrier for electron hopping with a decreasing number
of layers.38 In terms of more convenient parameters,
this enhancement in HER efficiency is clearly correlated
with BuLi exfoliation due to the surface area increase
determined earlier. With MeLi, however, any effect
from increased surface area is effectively negated by
passivation of TMD surfaces from reactive methyl
radicals,52 mirroring our observations in their inherent
electrochemistry. This is also reflected in their typically
lower conductivity values (Figure S13).

Tafel analysiswas subsequently executed for theHER
polarization curves to elucidate the electrochemical
mechanisms (Figure 6d), with their values tabulated
in Figure 6e. The mechanism of the hydrogen evolution
on different TMD surfaces can be understood from the
rate-determining steps as such:15

1. Volmer adsorption step:

H3O
þ þ e� f Hads þH2O b � 120 mV=dec

2. Heyrovsky desorption step:

Hads þH3Oþ þ e� f H2 þH2O b � 40 mV=dec

3. Tafel desorption step:

Hads þHads f H2 b � 30 mV=dec

In the widely studied MoS2 analogue, both the
metallic 1T phase and active edge sites are known to
be electrocatalytic for HER, with prior reports showing
the lowest Tafel slopes for metallic MoS2 at typically
∼40mV/dec,16,25 agreeingwith the Volmer�Heyrovsky
mechanism. In comparison, edge-rich nanosheets
show a slightly higher Tafel slope of 55�60 mV/dec.14
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We observe in our case a Tafel slope of 126 mV/dec
on bare GC electrodes, indicating adsorption as
the slow step in contrast to the most catalytic Pt/C
with a value of 32 mV/dec corresponding to the
Tafel reaction. The broad trend we observed for both
tungsten dichalcogenides is the Volmer adsorption
mechanism as the limiting step with slopes generally
close to its 120 mV/dec theoretical value.

The highest catalytic efficiencies however were
consistently seen in MoSe2, with Tafel slopes ranging
significantly lower at an average of∼65 mV/dec for the
bulk and alsoafter BuLi exfoliation,whereas a 96mV/dec
value was obtained for the MeLi-treated material.
Since experimental Tafel slopes are a direct outcome
of surface HER mechanisms, it is thus prudent to con-
sider surface compositions of the catalysts. Constituent
elements of the TMDs themselves may first contribute
to their varyingHERperformance, in addition to possible
negative effects of insoluble surface oxides from
tungsten dichalcogenides. Though this is deterministic
of different TMDs, the surface metal-to-chalcogen ratios

instead represent a potential point of control in improv-
ing HER efficiency. We see from XPS that only MoSe2
materials exhibit chalcogen-deficient surfaces (Table S3).
Their surface compositions are MoSe(2�x), where x = 0.6
and 0.7 for bulk and MeLi-treated MoSe2, respectively,
with the BuLi-treated material being most deficient in
selenium at x = 1.3. This is in agreement with Mo edge
sites shown to have a lower energy barrier for hydrogen
evolution in MoS2,

48,60 MoSe2
61 and also experimentally

shown with colloidal MoSe2 having unsaturated
Se-edges62 and vacancies.20 The chalcogen deficiency
in our case is likely to have arisen from surface oxidation
shown previously from XPS and SEM-EDS and intrigu-
ingly enhances the overpotential and Tafel slope. Again,
the poorer slope after MeLi treatment supports our
proposition of surface passivation by methyl radicals.
Overall, the 65 mV/dec value that we see for exfoliated
MoSe2 is improved from that of pure MoSe2 nano-
sheets at 101 mV/dec39 and free MoS2 nanoparticles at
94mV/dec.15 Thus, HER efficiencies of TMDs are observed
to be profoundly dependent on the metal-to-chalcogen

Figure 6. Electrochemical activity of the hydrogen evolution reaction (HER) on metal dichalcogenide catalysts. Polarization
curves (a�c) for HER on bulk and exfoliated MoSe2, WS2, and WSe2. Bare glassy carbon electrodes and platinum on carbon
catalyst are also shown for comparison. Conditions: 0.5 M H2S04; scan rate: 2 mV s�1. (d) Tafel plot for the HER. (e) Tabulated
values for the Tafel slope; dotted lines at 120 and 30 mV/dec correspond to the Volmer and Tafel mechanisms, respectively.
(f) Overpotentials required for the HER at 10mA cm�2 current density. Error bars correspond to standard deviations based on
triplicate measurements.

A
RTIC

LE



ENG ET AL . VOL. 8 ’ NO. 12 ’ 12185–12198 ’ 2014

www.acsnano.org

12195

composition, which determines the intrinsic free energy
for adsorption of atomic hydrogen, and also the exfolia-
tion method employed, which in turn influences the
catalytic edge sites and polymorphs.

Another point of interest is the presence of pre-
waves seen only in some materials such as MoSe2 and
WS2 after BuLi exfoliation. To this, there are two
possibilities stemming from either intrinsic chemical
or physical processes; first is the inherent TMD electro-
activity as outlined previously, while the second is
varying catalytic efficiencies of HER on different sites
such as edge and basal planes. Chemically irreversible
reductions were observed only in some materials,
noted by their disappearance after the initial HER
measurement with no apparent effects on the sub-
sequent HER efficiency (Figure S17). However, the
charges passed within these HER prewaves do not
necessarily correspond with the charges measured
from inherent reductions and are usually far greater
by about 2 orders ofmagnitude (Figure S18). Therefore,
while the inherent electrochemistry of the TMDs is a
probable cause of HER prewaves wherever they arise,
differences in catalytic activities of TMD surfaces may
also be an important contributing factor,14 such as the
enhanced catalysis at edge sites against basal planes
with their sluggish kinetics. Nonetheless as we have
shown, the effects of TMD composition and exfoliation
method can still be accurately investigated by evaluat-
ingmaterials at a suitably high current density to avoid
misinterpretation from inherent electroactivity. This
substantiates our notion that accurate information
can be obtained only with a good understanding of
fundamental TMD properties.

CONCLUSION

We have performed a comprehensive investigation
into the effects of chemical exfoliation of TMDs (MoSe2,
WS2, WSe2) and extensively examined their properties
toward a variety of electrochemical aspects and applica-
tions. Strong dependences on the TMD composition
and chemical exfoliation route are found to exist due to
changes in properties such as surface area and electrical
conductivity. All TMDs investigated possess inherent
electrochemical activity, and their characteristics are
influenced by their compositions, with molybdenum
exhibiting greater variation over tungsten TMDs. Inher-
ent electroactivities can pose limitations for their current
use as electrocatalysts and also electrode materials in
other applications. Voltammetric studies reveal that
possible complications may arise in many areas such
as sensing and catalysis, even for common redox reac-
tions within a relatively small potential window of(1 V
and over a wide range of pH. In summary, care must be
taken when exploiting TMD materials for any electro-
chemical purpose, as activity of the electrode material
itself may convolute data obtained and result in erro-
neous interpretations. Therefore, an awareness of TMD
electrochemistry is especially crucial for the current
development of HER catalysts and useful outcomes
may nevertheless be achieved with proper application
of this new knowledge. We prove this to be true in
electrochemical sensing where heterogeneous electron
transfer rates can be accurately determined at TMD
surfaces and also in HER catalysis where highly efficient
hydrogen production can be accomplished by the care-
ful choice of TMD composition and exfoliation routes.

METHODS
Molybdenum selenide (99.9%), tungsten sulfide (99.8%), and

tungsten selenide (99.8%) were obtained from Alfa Aesar
(Germany). Methyllithium (1.6M in diethyl ether), n-butyllithium
(1.6M in hexane), andmethylene bluewere obtained fromSigma-
Aldrich, Czech Republic. Hexane was obtained from Lach-ner,
Czech Republic. Concentrated sulfuric acid, potassium hydroxide,
dibasic potassium phosphate, monobasic sodium phosphate,
sodium chloride, potassium chloride, potassium ferrocyanide,
20 wt % platinum on graphitized carbon (Pt/C), and all transition
metal oxides were obtained from Sigma-Aldrich (Singapore).
Glassy carbon (GC) electrodes and a platinum electrode (Pt)
purchased from CH Instruments (Austin, TX, USA) of 3 mm
diameters were used as working and auxiliary electrodes, respec-
tively. A Ag/AgCl (1 M KCl) electrode was used as the reference.
Deionized water with a resistivity of 18.2 MΩ cm was used
throughout in the preparation of solutions.
The exfoliation of TMDs was carried out by suspension of

15 mmol of a particular TMD bulk powder in 20 mL of 1.6 M
methyllithium in diethyl ether and 20mL of 1.6M n-butyllithium
in hexane. The solution is then stirred for 72 h at 25 �C under an
argon atmosphere. The Li-intercalated material is separated by
suction filtration under an argon atmosphere, and the inter-
calation compound was washed several times with hexane
(dried over Na). The separated TMD with intercalated Li was

subsequently placed in water (100 mL) and repeatedly centri-
fuged (18000g). The final obtained materials were dried in a
vacuum oven at 50 �C for 48 h prior to further use.
Scanning electron microscopy was done using a JEOL 7600F

field-emission scanning electron microscope (JEOL, Japan) in
gentle-beammode at 2 kV. Energydispersive X-ray spectroscopy
data were obtained at an accelerating voltage of 15 kV. Raman
spectroscopy was performed on a confocal micro-Raman
LabRam HR instrument (Horiba Scientific) in backscattering
geometry with a CCD detector, with a 514.5 nm argon-ion
excitation laser and a 100� objective mounted on an Olympus
optical microscope. The laser spot size was approximately 5 μm
across. Instrument calibration was achieved with a silicon refer-
ence giving a peak position at 520 cm�1. Samples were prepared
by drop-casting ultrasonicated dispersions with a concentration
of 1.0 mg mL�1 in deionized water onto a silicon wafer. X-ray
photoelectron spectroscopy was performed with a Phoibos
100 spectrometer with a Mg KR X-ray source (SPECS, Germany)
at 1254 eV. Relative sensitivity factorswere used for evaluation of
chalcogen-to-metal ratios and quantitative distributions of 2H
and 1T phases and the oxidation states in Mo and W. Electro-
chemical analyses were performed in a 5mL electrochemical cell
at room temperature using a standard three-electrode config-
uration on an Autolab PGSTAT 101 electrochemical analyzer
(Eco Chemie, Utrecht, The Netherlands) controlled by NOVA
version 1.8 software (Eco Chemie). Surface areas were measured
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using adsorption of methylene blue. About 0.1 g of each TMD
material (weighed exactly to within(0.01 mg) was dispersed in
70 mL of deionized water by ultrasonication (400 W, 30 min). To
the suspensionwas added 1mMaqueous solution ofmethylene
blue and then filled to 100 mL. Concentration of unabsorbed
methylene blue was determined by UV�vis spectroscopy at
λmax = 665 nm (Cary 50, Agilent). For the calculation of surface
areas, the value of 1.3 nm2 per methylene blue molecule was
used.35

Aqueous dispersions of transition metal dichalcogenide cat-
alysts were first prepared in deionized water at a 1.0 mg mL�1

concentration with ultrasonication for 1 h to obtain a well-
dispersed suspension. The dispersion process was most effi-
cient for butyllithium-exfoliated materials, as indicated by the
intense change of solution color, which continued to remain
stable after just ∼15 min of sonication. Bulk materials require
longer periods of more than 40�50 min, with only slight
increase in color intensities. Suspensions of bulk TMDs are
unstable, and agglomeration is almost immediate. Aliquots of
5 μL of the dispersion inks were then drop-casted on GC
electrodes immediately after sonication and dried, giving a
catalyst loading of 70.7 μg cm�2 per electrode. GC electrode
surfaces were renewed prior to new measurements by polish-
ingwith a 0.05μmalumina particle slurry on a polishing pad and
thoroughly washed with deionized water.
Studies on the inherent electrochemistry of TMDs on mod-

ified electrodes were made in a 50 mM phosphate-buffered
saline (PBS, pH 7.2) solution using cyclic voltammetry at a
scan rate of 100 mV s�1. The hydrogen evolution reaction was
investigated by linear sweep voltammetry in 0.5 M H2SO4 at
a scan rate of 2 mV s�1. Measurements of the heterogeneous
electron transfer rates at TMD surfaces were done using PBS as
the supporting electrolyte for 10 mM of the ferro/ferricyanide
redox probe. Cyclic voltammetry experiments were performed
at a fixed scan rate of 100 mV s�1, and only data from second
scans were used to avoid interferences arising from inherent
peaks occurring in the initial scan. Solutions were purged with
nitrogen gas before measurements. Calculation for the HET rate
constant (k0obs) was achieved using the method developed
by Nicholson,55 relating the observed ΔEp to a dimensionless
parameter, ψ, and consequently to k0obs. The roughness factor
was not taken into account in this case. The [Fe(CN)6]

3�/4�

diffusion coefficient of 7.26 � 10�6 cm2 s�1 was used for
calculation.63 Calculation of the quasi-reversible limits for k0obs
is based on the definition by Matsuda and Ayabe.56 Voltam-
metric measurements of the oxygen reduction reaction on
TMDs were also obtained in an oxygen-saturated solution
of 0.1 M KOH achieved by bubbling. A scan rate of 50 mV s�1

was used.
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