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ABSTRACT

The layered compounds and especially transition metal dichalcogenides are at the forefront of
current research on electrocatalytic materials. Despite the fact that electrocatalytical properties
of molybdenum and tungsten disulfides are well known their tellurium analogues are
significantly less explored. Here we show an effective method for MoTe, and WTe; chemical
exfoliation based on alkali metal intercalation and subsequent reaction with water. The as
synthesized and exfoliated tellurides were characterized in detail and investigated for potential
application in electrocatalysis. The inherent electrochemical activity related to both cation and
anion was observed. This is dominantly related to the oxidation tendency of tellurium. The
MoTe, and WTe, show significantly contrasting properties towards hydrogen evolution

reaction, where MoTe, shows highly increased HER activity with little dependence on
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electrochemical treatment whereas WTe, shows slightly worse improvement and strong
dependence on the electrochemical treatment. In particular, the exfoliated MoTe, exhibits
improved electrocatalytic activity for hydrogen evolution reaction and possesses a huge

application potential.
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tellurides; transition metals; hydrogen evolution; exfoliation; nanostructures

INTRODUCTION

With the demand of renewable energy sources, more and more attention is being
funneled into the research of efficient hydrogen evolution reaction (HER) catalysts. It is
highly desirable to replace high-cost platinum with cheaper and more available alternatives. A
large number of candidates have been recently proposed and widely explored. These include
porous metallic nanocatalysts, doped graphene, metal oxides, metal phosphides and transition
metal dichalcogenides.™! Over the past years, enormous amount of attention has been paid to

the last mentioned: transition metal dichalcogenides (TMDS).lz’ 13

TMDs are composed of stacked layers with general formula of MX, (M= transition
metal, X=S, Se, Te). Strong covalent bonds within layers and weak Van der Waals forces
between layers make this group of materials excellent candidates for exfoliation.'*'® Several
methods have been developed for the preparation of atomically thin layers. These include
chemical vapor deposition (CVD), mechanical exfoliation and also probably the most
efficient liquid phase exfoliation and ion intercalation based exfoliation.'° Ton intercalation

based exfoliation is especially intriguing, as it can induce a phase transition from
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semiconducting 2H phase to metallic 1T phase." *' The extent of phase transition to 1T is of

pivotal importance since this phase exhibits better HER catalytical activity than 2H phase®"*

Most of the research on TMDs HER catalysis has been devoted to MoS, and WS,. A
variety of methods have been developed for the enhancement of HER performance of these
compounds.”** As far as ion intercalation based exfoliation goes, n-butyllithium is the most
commonly used intercalant.'"* ** ** Aromatic based exfoliation agents such as sodium
naphtalenide have also been shown to produce single layer sheets with a high yield.*"** Aside
from the aforementioned 2H -> 1T phase transition, the increased catalytic activity also stems
from the increased amount of edges, which are the HER active sites.”> 2 3 In fact, the
approach of increasing the edge site concentration via decreasing size of the catalyst is very

fashionable.**>°

Despite the promising results, many of the TMDs family members remain unexplored
in terms of HER catalysis. Most of the reports deal with MoS; and WS; and their composites
with conductive substrates such as graphene.’” > 27 #¥#! Lately, research on other TMDs
including molybdenum and tungsten diselenides has begun to proliferate.*> * However, very
little attention has been paid to molybdenum and tungsten ditellurides. As of now, there is
only one paper dealing with molybdenum and tungsten ditellurides.** Since that paper deals
with liquid phase exfoliation, there is still a knowledge gap about performance of chemically
exfoliated MoTe, and WTe,. Despite the fact that their electrochemical properties are
relatively unexplored, MoTe, and WTe, have been intensively studied for some of their
outstanding physical properties. For example they are both so-called type-II Weyl semimetals
which gives rise to extraordinary physical properties.” *® WTe, can also exhibit

superconducting properties and very high magnetoresistance.47’ “®
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In this work we demonstrate the influence of chemical exfoliation of MoTe, and WTe,
on the HER catalytical properties. For this purpose we have incorporated two commonly used
exfoliation reagents — n-butyllithium and sodium naphtalenide. Thorough characterization
revealed strong tendency towards oxidation after exfoliation of both MoTe, and WTe,. The
knowledge acquired from the inherent electrochemistry investigation allowed for the
extraction of potentials used for the oxidative/reductive pretreatment aiming for further
enhancement of calatytical properties. The schematic drawing of tellurides exfoliation

procedure is shown on Scheme 1.

MoTe,, WTe,
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Scheme 1. The schematic drawing of exfoliation procedure based on lithium intercalation and

subsequent exfoliation by reaction with water.

RESULTS AND DISCUSSION

In this paper we show the relations between electrocatalytic activity of layered
ditellurides and their structure as well as their degree of exfoliation. Significantly contrasting
properties are observed on the hydrogen evolution reaction (HER) catalysis of chemically
exfoliated transition metal ditellurides, namely MoTe, and WTe,. For more detailed
comparison, bulk materials are described too. Two of the previously reported exfoliation
reagents were used to intercalate and subsequently exfoliate these materials. One of them, n-
butyllithium is commonly used for the exfoliation of transition metal dichalcogenides
(TMDs). The other one, sodium naphtalenide has also been previously reported to be suitable
for high yield exfoliation of TMDs, especially in the case of layered transition metal

disulfides.

A variety of analytical techniques including scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), Raman spectroscopy and X-ray photoelectron
spectroscopy were employed to carefully characterize the materials from the viewpoint of
composition and structure. The results extracted from inherent -electrochemistry
measurements were used to probe the potential activation of materials via oxidation/reduction.
Samples in this work are referred to on the basis of procedure used for exfoliation (Bulk, BuLi

and Naph) and eventually the reductive/oxidative electrochemical treatment (red.; ox.).

Electron micrographs depicting the morphology of molybdenum and tungsten

ditellurides are shown in Figure 1.
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MoTe; Bulk

WTe; Bulk

Figure 1. SEM micrographs of bulk and exfoliated MoTe, (top) and WTe, (bottom). Scale

bars correspond to 5 pm.

A striking transition from large regularly shaped crystals of bulk material to wrinkled small
crystallites of exfoliated materials was clearly observed. SEM micrographs documented the
successful exfoliation using n-butyllithium and sodium naphtalenide reagents. However, most
of the wrinkling formed during the exfoliation was observed only on the edges of relatively
large sheets. This was especially apparent in the case of WTe, BuLi suggesting that the yield
of single to few-layered sheets was much lower than in the case of transition metal sulfides,

where the use of same exfoliation reagents led to high yield of single to few-layered sheets.?!

Composition as well as elemental distribution was measured by SEM-EDS. Element
distribution maps are shown in Figure S1 and the composition is summarized in Table 1. The
maps revealed homogeneous distribution for all the samples, but there was a tremendous
increase in oxygen content contrasting with the oxygen free bulk materials. Such an increase

is most likely related to an increased surface area introduced by the exfoliation. Even though
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this is quite typical for chemically exfoliated TMDs, such a high oxygen content indicated
higher susceptibility of molybdenum and tungsten tellurides toward oxidation, compared to

other TMDs.!

Further characterization was performed with TEM and HR-TEM (Figure 2). The individual
exfoliated plates with single and few layer thickness exhibit lateral sizes in the range from
hundred of nanometers up to few microns. Elemental distribution map measurement
performed by EDS (Figure S2) shows homogeneous distribution of elements without any

evidence of phase separation and decomposition.

Figure 2. TEM and HR-TEM images of TMDs with SAED insert. The scale bar on TEM
images correspond to 1 pum and 500 nm (MoTe, Naph) and the scale bar on HR-TEM image

corresponds to 5 nm.

Table 1. Composition of bulk and exfoliated Molybdenum and Tungsten ditellurides obtained

by EDS.

Sample M (at. %) Te (at. %) O (at. %)  Te/M
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MoTe; Bulk  31.3 68.7 0.0 2.20

MoTe, BuLi 16.9 39.3 43.9 2.33

MoTe,; Naph 21.7 53.6 24.7 2.47

WTe, Bulk  31.7 68.3 0.0 2.15

WTe, BuLi  23.0 50.7 26.4 2.21

WTe, Naph  24.2 49.0 26.8 2.02

X-ray diffraction (XRD) was used to verify the phase purity of both synthesized bulk
and exfoliated molybdenum and tungsten tellurides. The XRD patterns are shown in Figure
S3 together with structures of MoTe, and WTe,. Pure 2H phases were successfully
synthesized for both bulk materials. Exfoliation by both n-butyllithium and sodium
naphtalenide led to a partial decomposition into tellurium and the corresponding telluride.
However, the degree of decomposition was very low in all cases (approximate concentration
of Te lower than 5 wt. %). Despite the high concentration of oxygen (EDS and XPS), no
reflections related to the oxides were detected. This indicates the presence of amorphous
oxides only. Although the reflections of exfoliated tellurides are quite sharp and narrow, we
attribute this to restacking which is quite typical for TMDs. It was shown by SEM that

significant wrinkling and lowering of sheet size took place during the exfoliation.

Raman spectroscopy was employed for further structural characterization of MoTe,
and WTe,. Raman spectra of MoTe; in the 160-400 cm™ region are shown in the left part of
Figure 3. Several modes were found in this region. An in-plane mode at ~ 235 cm™ denoted
as E'5, and out-of-plane mode at ~ 174 cm™ denoted as A, were observed in MoTe, bulk and
MoTe, Naph samples.* > A, mode was not observed in the MoTe, BuLi sample. This was

caused by an overlap with an intense peak with a maximum at~130 cm™ which is not
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completely shown in the region displayed in Figure 3. Raman spectrum over a wider range of
wavenumbers is shown in the supporting information (Figure S4). Apart from the peak at 130
cm’, several additional peaks were identified in the MoTe, BuLi Raman spectrum: an intense
peak at ~ 119 cm™ and two peaks at ~ 820 and 995 cm™ which are related to the presence of
MoOs.”! None of these peaks were detected in other MoTe, spectra. This is also in good
agreement with the high concentration of oxygen in the MoTe, BuLi sample (see EDS
discussed previously and XPS discussed in the following sections). Additional peak denoted
as By, was observed in the Raman spectrum of MoTe, Naph. This peak appears neither in
Raman spectrum of the bulk nor in the single layer MoTe, suggesting that MoTe, Naph
sample was composed of few layers thick sheets.”> The absence of this peak in the Raman
spectrum of MoTe, BuLi may indicate that this material was composed of atomically thin

sheets that do not possess this phonon vibration.>
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Figure 3. Raman spectra of bulk and exfoliated MoTe; (left) and WTe, (right).

Raman spectra of WTe, are shown in the right part of Figure 3. Four peaks were
detected in the 100 — 250 cm™ wavenumber region. These peaks located at ca. 213, 164, 143
and 124 cm™ are denoted as A19, A17, A14 and A13 , respectively.53 Even though the peak
positions are in good agreement with the literature for all WTe, samples, the peak intensity
ratios are in good agreement only for bulk WTe,. We observed significant lowering of A,
mode intensity while the remainder of the modes exhibited an increase in intensity as well as
strong broadening, which was especially apparent for WTe, Naph sample. We have not
observed any softening of the modes associated with the decreased number of layers below
five layers reported in the literature.”> We suggest that the strong broadening of individual
modes was related to the decrease of lateral size of individual sheets which was observed by

SEM.

In the next step, surface composition was examined by X-ray photoelectron
spectroscopy (XPS). Survey spectra (Figure S5) were firstly recorded. The composition
extracted from the survey spectra and the chalcogen to metal ratios are summarized in Table
S1. The carbon shown in the results originates from adventitious carbon and hydrocarbon/CO,
contamination. An increase in oxygen concentration can be seen for both exfoliated MoTe;
and WTe, samples. This is related to the increase of surface area, which allows faster surface
oxidation. The susceptibility of MoTe, and WTe, towards oxidation has already been reported
previously.” >* The chalcogen to metal ratios also revealed that the exfoliation produces

tellurium rich surface in the case of MoTe, and metal rich surface in the case of WTe,.
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Figure 4. High-resolution XPS spectra of a) MoTe, Mo 3d, b) WTe, W 4f, ¢c) MoTe, Te 3d

44 and d) WTe, Te 3d.

47 High resolution core-level spectra were further recorded for Mo 3d, W 4f and Te 3d
49 states (Figure 4). Firstly, deconvolution of Mo 3d spectrum in Figure 4a revealed the
51 presence of two oxidation states in both bulk and exfoliated MoTe,. Mo3** 3ds; and Mo**
3ds;, pair at ca. 228.7 eV and 231.8 eV, respectively, was attributed to MoTe, whereas the
56 pair located at ca. 232.8 eV and 236 eV was attributed to molybdenum in Mo®" oxidation state

58 (MoO;3 typical for TMDs). A dramatic increase of Mo®" peaks intensity can be clearly seen
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especially in the case of MoTe, BuLi. This is in good agreement with EDS and Raman
spectroscopy measurements (see previous sections) and further confirms the susceptibility of
MoTe, towards oxidation. Interestingly, intercalation and subsequent exfoliation does not
induce any phase transition from 2H to 1T. However, this has been previously reported for
some others TMDs. ' The concentrations of the individual valence states are summarized in
Table S2. Figure 4b displays the high resolution core-level spectra of W 4f state. Similarly to
Mo 3d, two pairs of peaks were detected in the W 4f spectra, namely W*" 4f;, together with
W** 4f5, at ca. 31.7 and 33.9 eV, respectively, from 2H WTe,, and W®' 4f;,, together with
W 4fs, at ca. 35.5 and 37.7 eV, respectively, from WOs. Additionally, a new pair of peaks,
originating from 1T WTe,, was observed at slightly lower binding energies than 2H WTe.
This is in high contrast with MoTe,, in which no 1T phase was observed. Moreover, it can be
seen from Table S2 that most of the WTe; is in the form of 1T phase, especially in the case of
WTe, Naph. This suggests that the exfoliation process of WTe; is highly favorable for the 2H
-> 1T phase transformation. On the other hand, an increase of W™ concentration can be seen
in the case of exfoliated WTe, as well. This was again attributed to an increased surface area
and higher degree of oxidation introduced during the exfoliation. Finally, Te 3d core-level
spectra of MoTe, and WTe, are displayed in Figure 4¢ and Figure 4d, respectively. A very
similar trend to that observed in Mo 3d and W 4f spectra can be seen here. In contrast to a low
concentration of TeO, in bulk materials, the exfoliated samples exhibited an increased
concentration of oxidized species. Generally, n-butyllithium exfoliation route seemed to result
in more oxidized materials than sodium naphtalenide exfoliation route for both MoTe, and
WTe,. Despite the expectations, the increased degree of oxidation does not necessarily lead to

a decrease of HER catalytic properties as will be discussed in the following sections.

In the next step, we performed inherent electrochemistry measurements. This is highly

advantageous for the extraction of electrochemical potentials used for electrochemical
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activation treatment (oxidation/reduction). Cyclic voltammetry curves for both anodic and
cathodic scans in a phosphate buffer solution are shown in Figure 5 for MoTe, and Figure 6
for WTe,. From the CV curves, potentials used for electrochemical oxidation/reduction
pretreatment were identified. Potentials higher/lower by ca. 0.2 V than the most

positive/negative oxidation/reduction peak were used.

Firstly for the MoTe, Bulk, a peak at ca. 0.55 V followed by an inconspicuous
reduction peak at ca. -0.84 V emerges in the anodic scan. This oxidation peak was shifted to
about 0.37 V in the following scans. Similarly, the same oxidation and reduction peaks were
present in the cathodic scans with the exception of the reduction peak at -0.84 V which only
emerged in the following scans. This suggested that the reduction peak is related to the
reduction of moieties formed during the oxidation at 0.55 V/0.37 V. From the literature and
our previous work we can conclude that the oxidation peak can be at least partially ascribed to

an oxidation process of tellurium.”> >

For more detailed investigation, we also performed
XPS measurements after electrochemical oxidation/reduction with the results shown in
Figure S6 and summarized in Tables S3 and S4. The increase in TeO, concentration in
MoTe, Bulk ox. is quite unsurprising. However, the striking TeO, concentration increase for
MoTe, Bulk red. was unexpected. This may be a result of a metastable intermediate formation
which is readily oxidized under exposure to ambient atmosphere. The HR XPS spectra of Mo
3d revealed changes in Mo®" concentration. A complete reduction to Mo*" in MoTe, Bulk red.

and a slight increase of Mo®" in MoTe, Bulk ox. can be seen. This indicates that the oxidation

observed in the CV curves may be an overlap of Te and Mo oxidations.

The situation becomes much more complex in case of n-butyllithium and sodium
naphtalenide exfoliated MoTe,. Obviously, exfoliation introduces new oxidizable/reducible
moieties, which is apparent from the broadening of oxidation peak at 0.55V and appearance

of new reduction peaks. The similarity of CV curves for both MoTe, BulLi and MoTe; Naph
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makes it apparent that both routes produce similar reducible/oxidizable moieties. However,
reduction peaks are less intensive in the case of MoTe, Naph and the analysis of XPS spectra
(Figure S6 and Table S4) revealed, that both Te and Mo are more easily reduced in the case
of MoTe, Naph. The smaller current indicates fewer reducible species which were shown to

be likely metastable and tend to oxidize under ambient conditions.
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Figure 5. Inherent electrochemistry measurements of bulk and exfoliated MoTe,. Conditions:

PBS (pH 7.2), scan rate 0.1 V/s.

The WTe, Bulk behavior was very similar to that of MoTe, Bulk and the comparison
revealed only one additional peak at ca. -1.5 V. Since the difference is in the metal element,
we expect that this signal originated from tungsten. The XPS spectra after electrochemical
oxidation/reduction (Figure S7 and Tables S6 and S7) revealed an increased concentration of
W% in both reduced and oxidized WTe, Bulk. This was in contrast to MoTe, Bulk which was

successfully reduced by cathodic potentials. As expected, this was even more pronounced for
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WTe, Bulk ox. The analysis of Te 3d spectra also showed an increase in TeO, concentration,
which was also very well apparent by the emergence of a new pair of peaks in the W 4f

spectra. This was not observed in the untreated materials.

Inspection of the complex CV curves of WTe; BuLi and WTe, Naph revealed that the
exfoliation of WTe, introduced new oxidizable/reducible moieties. Firstly, an increase in
current was clearly apparent for both exfoliated samples. Additionally, the reduction peak
previously observed at about -1.5 V shifted to about -1 V in both anodic and cathodic scans
suggesting either an activation of reducible moieties or a presence of new ones. Moreover, the
oxidation peak at about 0.4 V and the reduction peak are related to each other. It is obvious
from Figure 6 that the oxidation current increased significantly after sweeping to negative
potentials. This suggested a reversible oxidation of products formed by the electrochemical
reduction. The complexity of the surface chemistry was mostly pronounced in the WTe, Naph
sample which exhibited multiple oxidation peaks (anodic scan) and multiple reduction peaks

(cathodic scan).

XPS spectra again revealed a high instability and susceptibility of the exfoliated WTe,
towards oxidation. While an increase of the oxidized species is apparent in WTe, BuLi red.
and WTe, Naph red., a complete oxidation is observed for samples treated with anodic

potentials.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

160 .
40- WTeo Bulk WTeo Buli \
~ 20 80
< ‘_% e
= 0 = 2
- z 9 =
5% g £ 40}
S 5-80 g
3 40+ — st O —1st 8*30' —1st
—2nd -160 —2nd 190l ——ond
o —3d —3d L -
80~ L L L L s L n L L " L L 1 L 160 L n n L " L L n n
-20-15-10-0500 05 1.0 1.5 20 -20-15-10-0500 05 1.0 15 20 -20-15-1.0-05 00 05 1.0 15 20
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgC)) Potential (V vs Ag/AgCl)
100 400 200
WTes Bulk WrTeo BuLi WTep Naph
ot 200 100
< = <
E — = 3.
+=-100} = 0 . Of
= c
g g A —
£
3200 — st 3200 — 3100 — st
—2nd —2d —2nd
——3rd —3rd —3rd
Bl 400 200 — s
20-15-1.0-0500 05 1.0 15 20 -20-15-10-05 0.0 05 1.0 1.5 20 -20-15-1.0-05 0.0 05 1.0 1.5 20

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgC) Potential (V vs Ag/AgCl)

Figure 6. Inherent electrochemistry measurements of bulk and exfoliated WTe,. Conditions:

PBS (pH 7.2), scan rate 0.1 V/s.

Finally, the exfoliated molybdenum and tungsten ditellurides were tested for their
hydrogen evolution reaction (HER) catalytical activity. The bulk material as well as bare
glassy carbon (GC) and Pt/C catalyst measurements are included for comparison.
AOverpotential at -10 mA.cm™ was used to compare the individual samples. Results of HER
measurements are shown in Figure 7. Because of their low surface area and thus lower
amount of HER actives sites, both bulk MoTe,; and WTe, exhibited the largest overpotentials.
Electrochemically untreated MoTe, Bulk exhibited an overpotential of -0.75 V which
increased to -0.80 V for MoTe; Bulk red. and -0.90 V for MoTe, Bulk ox. becoming even
worse catalyst than the bare GC electrode. WTe; in its untreated bulk form showed a slightly
higher catalytic activity (-0.64 V) than the bulk MoTe,, but electrochemical treatment led

again to slightly higher overpotentials. The difference between oxidized and reduced bulk
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WTe, was negligible with overpotentials of -0.68 V and -0.69 V for WTe, Bulk red. and

WTe, Bulk ox., respectively.

Exfoliation invoked a dramatic increase in HER catalytic activity, which was very well
documented by the overpotential decrease. We attribute this to an increase in surface area
introduced during the exfoliation and a presence of 1T phase in the exfoliated WTe,. BuLi
exfoliated MoTe, and Naph exfoliated MoTe, exhibit the respective overpotentials -0.38 V
and -0.40 V. Interestingly, both electrochemical oxidation and reduction have a minute
influence on the catalytical activity especially in the case of MoTe, where only a slightly
higher overpotential can be observed for MoTe, BuLi red. This effect was a bit more
pronounced in the case of MoTe, Naph with a little higher difference between the
performance of untreated and electrochemically treated samples. The XPS analysis discussed
in the previous section revealed dramatic changes in the surface composition. The fact that
HER activity remained nearly the same suggests that even the oxidized surface of MoTe, may
serve as a HER catalyst and that the activity is hindered only to a minimal degree. This was
strikingly different from MoS; where the treatment with oxidative potentials led to worsening
of HER activity. The catalytic activity of molybdenum and tellurium oxides also has to be

taken into account and asks for more attention in the future.

We performed density functional theory (DFT) calculation of hydrogen bonding onto
edges of MoTe; and WTe, to elucidate their activity for HER. Intrinsic activity for HER can
be assessed by the Gibbs free energy of the adsorbed H (AGy), because a material with
(nearly) thermoneutral AGy (i.e. AGy = 0 eV) is expected to be effective for HER.”" PY/C is,
by far, the best electrocatalyst and its AGy has been found to be almost perfectly
thermoneutral.”® We focus on the metal edge of MoTe, and WTe,, since the edges have been
found to be active facets for molybdenum and tungsten disulfides, whereas the (0001) basal

planes have been found to be inert.”* ** Our calculations reveal that the bare metal edges (i.e.
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metal edge at 0% Te coverage) are unstable, because they have a very high energy and
undergo serious structural changes, which disrupt the nanostripe. The adsorption of tellurium
monomer atoms (i.e. 50% Te coverage) is necessary to stabilize the edge. It should be noted
that the specific structure (the coverage of chalcogen atoms on the edge) depends mainly on
the chemical potential of tellurium containing species under the operating conditions and can
seriously affect the calculated adsorption enthalpies.” The resulting Gibbs free energy of
adsorbed H is 0.57 eV and 0.34 eV for the metal edge of MoTe, and WTe,, respectively. In
comparison, molybdenum disulfide and diselenide have respective AGy of -0.36 eV and 0.02
eV for the equivalent adsorption at 25 % hydrogen coverage of the Mo-edge.** °” Tungsten
disulfide and diselenide have AGy of -0.04 eV and 0.17 eV under the same circumstances,
respectively. The hydrogen atom thus binds to the tellurium monomer atoms at the metal
edge, but the bond is weaker than the H-S bond in analogous molybdenum and tungsten
dichalcogenides. A similar trend of an increased adsorption enthalpy as one descends through
the group of dichalcogenides has been recently calculated for platinum dichalcogenides.™
Increasing the size of chalcogen atom (in the sequence S, Se, Te), the bonding orbitals
become larger and more diffused and, consequently, the bond between the atom and the
hydrogen weakens. As a result, both MoTe, and WTe, should intrinsically exhibit HER
performance inferior to that of their disulfides and diselenides, which can adsorb hydrogen
more effectively (AGy close to zero). It should be emphasized, that our calculations are of a
model character, and have therefore inherent limitations. One of limitations is the
computational model, which represents catalytic site as an ideally straight edge in vacuum, i.e.
the roles of lattice imperfections, edge curvature, and solvent effects are neglected. Moreover,
although the AGy has been widely considered to be a useful indicator for the catalytic activity,
it describes only equilibrium thermodynamics of the reaction and may not be directly related

to the activation barrier for HER.%
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Compared to MoTe,, the WTe, seems to offer a lot more possibilities in terms of
possible electrochemical activation. While the exfoliated MoTe, after electrochemical
treatment exhibited nearly the same activity, there were major differences in untreated and
electrochemically treated WTe,. WTe, BuLi with an overpotential of -0.60 V showed only a
minor improvement over bulk WTe, but became much more active after electrochemical
treatment. The overpotentials lowered down to -0.55 V for WTe, BuLi red. and even more
down to -0.40 V for WTe, BuLi ox. This was quite surprising if we consider the XPS results
which revealed that the surface of this material was fully corroded. Therefore, the catalytic
activity of surface oxides may play even more important role than in the case of MoTe.
Finally, WTe, Naph with an overpotential of -0.51 V showed a slightly higher intrinsic
activity than WTe, BuLi. However, in this case, the electrochemical treatment did not lead to
an improvement of HER catalytic activity. On one hand, WTe, Naph ox. was also revealed to
be fully corroded but still outperformed WTe, Naph red.. This again calls for more attention

on how the presence of surface oxides influences the overall HER performance of TMDs.

o s 0 —~
MoTe,_ Bulk MoTey Buli MoTe2 Naph w MoTep B3 Ne Treatment
: : ="
09 rex
o o o 2
g ° < E = 06
3 <5 2 5 =
S —PUC E T 2
- ——No Treatnjent —_ - g
- —ox. = Q.93
red ]
10, -10 -10 c>)
-12 -0.8 04 00 -12 -08 X <04 00 -1,2 -08 -04 00 §(. \> 6(\ O \\Q
Potential (V vs RHE) Potential (V vs RHE) Potential (V vs RHE) ¥ @ & o Q
’ : ° o' [ No Treatment
o Treatmen
WTe2 Bulk WTe Buli WTe2 Naph z WTe2 mmox
» 0.
aC o o 2
§ S e =
) 5 ) . ) .5 =0,
< & < 5O
£ € £ €
= - = 7]
= — — 503
B
o
3
-10 10, =10, O oo
-12 -0.8 -04 00 2 08 04 00 -12 0.8 -04 0.0

Potential (V vs RHE) Potential (V vs RHE) Potential (V vs RHE)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

Figure 7. HER performance measured by LSV in 0.5M H,SO4 with a slow scan rate of 2
mV/s. Average overpotential values are shown in the right part of the figure. Error bars are

based on triplicate measurements.

Finally, Tafel slopes extracted from the LSV curves are displayed and compared in
Figure 8. As a benchmark for potential application performance, Tafel slopes are of high
importance. Values of Tafel slopes around 150 mV/dec of both MoTe, Bulk and WTe, Bulk
showcased their small HER catalytic activity, which is not enhanced neither by
electrochemical oxidation nor reduction. The exfoliated MoTe, samples exhibited Tafel slope
of 57 mV/dec and 47 mV/dec for MoTe, BuLi and MoTe, Naph, respectively, showcasing the
major improvement in comparison with the Bulk sample. Only minimal differences in Tafel
slope values can be observed for electrochemically treated samples. This is in good agreement
with LSV measurements. WTe, BulLi and WTe, Naph (56 mV/dec and 58 mV/dec,
respectively) Tafel slopes also follow the overall HER activity very well. The improvement of

WTe, ox. HER activity was also confirmed by the decrease of Tafel slope to 42 mV/dec.
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Figure 8. Tafel slopes extracted from LSV measurements. Average values and error bars are

based on triplicate measurements.
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Conclusion

In summary, we have thoroughly characterized bulk and chemically exfoliated MoTe,
and WTe, and tested their activity towards hydrogen evolution reaction. The feasibility of
electrochemical activation via the oxidation or reduction was also inspected. Exfoliation using
both n-butyllithium and sodium naphtalenide led to a dramatic increase in oxygen content.
We attributed this to an increased rate of oxidation caused by increased surface area observed
by SEM. XPS analysis revealed that both metals as well as tellurium were oxidized during the
process of exfoliation. The degree of oxidation of the individual elements was strongly

dependent on the exfoliation route.

Presence of various reducible/oxidizable surface moieties in the exfoliated
molybdenum and tungsten ditellurides was detected by the inherent electrochemistry
measurements. A variety of different characteristic signals also clearly shows that these
moieties were dependent on used exfoliation agent. With the use of potentials inferred from
the inherent electrochemistry measurements, we have tested the materials for possible
enhancement of catalytic properties. Surface analysis after electrochemical treatment revealed

a very high susceptibility of molybdenum, tungsten as well as tellurite towards oxidation.

Finally HER catalytic activities were determined for all of the studied materials. HER
performance was significantly enhanced in the case of MoTe, exfoliated with both n-
butyllithium and sodium naphtalenide and both materials performed similarly even after both
electrochemical treatments. More pronounced enhancement was observed for WTe;
exfoliated with sodium naphtalenide. On the other hand, n-butyllithium exfoliated WTe,
showed much more promising possibilities for electrochemical pretreatment activation
surpassing the sodium naphtalenide exfoliated WTe,. Interestingly, despite the very high

degree of corrosion, these materials, especially MoTe,, retain their high HER activity. This is
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of high importance, because the loss of catalytic activity due to surface corrosion is not an

issue in this case.

EXPERIMENTAL

Materials

Molybdenum powder (99.9%) and tungsten powder (99.9%) were obtained from Alfa Aesar,
Germany. Tellurium (99.999%) was obtained from Mateck, Germany. N-butyllithium (2.5 M
in hexanes) and sodium (99.9%) were obtained from Sigma-Aldrich, Czech Republic.
Naphthalene and tetrahydrofuran (THF) were obtained from Penta, Czech Republic.
Synthesis procedures

MoTe, and WTe, were prepared by synthesis from elements in evacuated quartz glass
ampoules. Stoichiometric amount of Mo (for MoTe;), W (for WTe,) and Te corresponding to
10g of ditellurides was placed in quartz glass ampoule (100x15mm; 2mm wall thickness) and
evacuated on the base pressure of 1x10™ Pa. Subsequently, quartz ampoule was melt sealed
by oxygen-hydrogen welding torch. The sample was heated to 600 °C for 48 hours. Ampoule
content was mechanically mixed for 10 minutes and heated to 800 °C for 48 hours and then to
850 °C for 12 hours after the first heating procedure. All heating and cooling rates were 5
°C/min.

Prepared TMDs were then prepared by chemical exfoliation method. Glovebox with an Argon
atmosphere was used for the exfoliation process. Prior to exfoliation, powder samples were
dried at 70 °C for 24h. After cooling down to room temperature, samples were loaded into the
glovebox. Lithium intercalation was performed by stirring 1g of individual TMD with excess
(1.5x moles compared to TMD) of n-butyllithium solution (hexane). Sodium naphtalenide
solution used for exfoliation of 1g of TMD powder was prepared by mixing sodium metal

with naphthalene in dried tetrahydrofuran. Glass coated magnetic stir bars were used to avoid
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fluorine contamination. Intercalated TMDs were then filtered via 0.45 um nylon membrane.
30 mL of hexane or 30mL of tetrahydrofuran was used to wash lithium or sodium intercalated
TMDs, respectively. The exfoliated materials were then dispersed in 100 mL of water (under
inert Argon atmosphere) and ultrasonicated for 15 min. Purification was performed by
dialysis and filtration. Prior to any further use, materials were dried in vacuum oven at 50 °C
for 48h.

Characterizations

Scanning electron microscope (SEM) equipped with FEG source (Tescan Lyra dual
beam microscope) was used for morphology measurements. Energy dispersive spectroscopy
(EDS) analyzer (X-MaxN) with a 20 mm” SDD detector (Oxford instruments) was used for
the measurements of composition. Data were evaluated using AZtecEnergy software. Before
the measurement, samples were placed onto a conductive carbon tape. All measurements were
carried out with 15 kV acceleration voltage.

An inVia Raman microscope (Renishaw, England) with a CCD detector was used for
Raman spectroscopy in backscattering geometry. A Nd-YAG laser (532 nm, 50 mW) with
50x magnification objective was used for measurements. Instrument calibration was
performed with a silicon reference which gives a peak centre at 520 cm ' and a resolution of
less than 1 cm™'. In order to avoid radiation damage, laser power output used for this
measurement was kept at S mW.

X-ray powder diffraction data were collected at room temperature on Bruker D8

Discoverer powder diffractometer (Bruker, Germany) with parafocusing Bragg—Brentano

geometry using CuKa radiation (A = 0.15418 nm, U = 40 kV, I = 40 mA). Data were
scanned over the angular range 5-90° (20) with a step size of 0.019° (20). Data evaluation

was performed in the software package EVA.
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ESCAProbeP (Omicron Nanotechnology Ltd, Germany) spectrometer with a
monochromatic aluminium X-ray radiation source (1486.7 eV) was used High resolution X-
ray photoelectron spectroscopy (XPS). Firstly, wide-scan survey spectra of all elements were
collected. High-resolution C 1s, Mo 3d, W 4f and Te 3d core level spectra were also recorded.
Relative sensitivity factors were used to evaluate the element concentrations. Samples were
placed onto conductive carbon tape and the electron gun was used to eliminate sample
charging during measurement (1-5 V).

The electrochemical characterization was performed by cyclic voltammetry using
potentiostat PGSTAT204 (Metrohm Autolab B.V., The Netherlands) with three electrode set-
up. Glassy carbon working electrode (GC), glass carbon auxiliary electrode (GC) and
saturated Ag/AgCl reference electrode were obtained from Gamry (USA). For the inherent
electrochemistry measurements a 1 pl of 1 mg/ml of TMD suspension was drop-casted onto
the surface of GC electrode and dried to obtain a homogeneous layer. CV curves were then
measured in an argon purged 50 mM phosphate buffer solution with a scan rate of 0.1 V/s. A
new portion of material was applied before every measurement. GC electrode was cleaned by
polishing (0.05 pm alumina) before every measurement. Hydrogen evolution reaction (HER)
was performed in argon purged 0.5 M H,SO, solution with a scan rate of 2 mV/s. All the
measurements were performed three times, always with a new portion of material drop-casted
on the GC electrode. For the clectrochemical treatment measurements, materials were
reduced/oxidized at potentials specific for each material, rinsed in distilled water, dried and
then used for individual measurements with conditions described above.

DFT calculations
DFT calculations were performed using the projector-augmented wave method
implemented in the Vienna Ab initio Simulation Package (VASP).*" ® The energy cutoff for

the plane-wave expansion was set to 350 eV. We used optimized van der Waals functional
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optB86b-vdW functional,® which works very well for both covalent and van der Waals bonds
in layered materials.** We considered the adsorption of hydrogen onto the surface and edge
sites of single layered ditellurides. The surface (basal plane) was modeled by a 4x4 supercell
(16 Mo or W atoms) in connection with 3x3x1 k-point sampling. The layers were separated
by 18 A of vacuum. The edge was modeled by a 4x4 nanostripe, i.e. it contained four atoms
along the edge and the nanostripe was four atoms wide. The nanostripe model of the as-
cleaved edge of the 2H structure exposed both telluride terminated edge and metal terminated
edge. We focused on the metal terminated edge. We used 50 % Te coverage of the metal edge
for both MoTe, and WTe; to stabilize dangling bonds at the edge. The Brillouin zone of the
one-dimensional nanostripe was sampled by 1x3x1 k-points where three k-points belonged to
the only direction in which the cell was periodically repeated. As the edge contained four
adsorption sites on tellurium atoms, possible hydrogen coverages of the edge were 25%, 50%,

75%, and 100%. The differential energy of adsorption AE was calculated as
AE= Eror(nH") - Eror{(n-1)H'] - 1/2 Eror(Hz)

The Gibbs free-energy of the adsorption atomic hydrogen (AG) was obtained as
AG=AE+AEzpp-TASy

where, AEzpg and ASy was the difference in zero point energy, and entropy between the
adsorbed hydrogen and hydrogen in the gas phase. These thermal corrections were found to
be independent of particular adsorption site, and thus AG at standard condition was

determined by AE plus a thermal correction constant of 0.29 eV.”’

AUTHOR INFORMATION

Corresponding Author

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 26 of 30

*Zdenek Sofer, Dept. of Inorganic Chemistry, University of Chemistry and Technology

Prague, Technicka 5, 166 28 Prague 6, Czech Republic. E-mail: zdenek.sofer@vscht.cz.

ASSOCIATED CONTENT

Supporting information.

The EDS maps of exfoliated and non-exfoliated tellurides obtained by SEM and TEM, X-ray
diffractograms, Raman spectra of MoTe, BuLi, XPS survey spectra, high resolution Mo 3d,
W 4f and Te 4f spectra and composition obtained by XPS, composition of tellurides after

electrochemical pretreatment obtained by XPS.

ACKNOWLEDGMENT
Project was supported by Czech Science Foundation (GACR No. 17-11456S and GACR No.
16-05167S) and by specific university research (MSMT No. 20-SVV/2017). This work was

created with the financial support of the Neuron Foundation for science support.

AUTHOR CONTRIBUTIONS

M. P. and Z. S. planned and supervised the project. J. L., P. V. and V. M. and D. S. planned
and conducted the experiments. P. L. performed DFT calculations. The manuscript was

written through contribution of all authors.

COMPETITING FINANTIAL INTERESTS

The authors declare no competing financial interests.

ACS Paragon Plus Environment



Page 27 of 30

©CoO~NOUTA,WNPE

ACS Catalysis

REFERENCES

1. Chia, X.; Ambrosi, A.; Sofer, Z.; Luxa, J.; Pumera, M. ACS Nano 2015, 9, (5), 5164-
5179.

2. Callejas, J. F.; Read, C. G.; Roske, C. W.; Lewis, N. S.; Schaak, R. E. Chem. Mater.
2016, 28, (17), 6017-6044.

3. Lu, Q.; Hutchings, G. S.; Yu, W.; Zhou, Y.; Forest, R. V.; Tao, R.; Rosen, J,;
Yonemoto, B. T.; Cao, Z.; Zheng, H.; Xiao, J. Q.; Jiao, F.; Chen, J. G. Nat. Commun. 2015, 6,
6567.

4, Zheng, Y.; Jiao, Y.; Zhu, Y.; Li, L. H.; Han, Y.; Chen, Y.; Du, A.; Jaroniec, M.; Qiao,
S. Z. Nat. Commun. 2014, 5, 3783.

5. Gong, M.; Zhou, W.; Tsai, M.-C.; Zhou, J.; Guan, M.; Lin, M.-C.; Zhang, B.; Hu, Y;
Wang, D.-Y.; Yang, J.; Pennycook, S. J.; Hwang, B.-].; Dai, H. Nat. Commun. 2014, 5, 4695.

6. Voiry, D.; Yang, J.; Chhowalla, M. Adv. Mater. 2016, 28, (29), 6197-6206.

7. Khan, A. H.; Ghosh, S.; Pradhan, B.; Dalui, A.; Shrestha, L. K.; Acharya, S.; Ariga, K.
Bul. Chem. Soc. Japan 2017, 90, (6), 627-648.

8. Liu, J.; Ji, Q.; Imai, T.; Ariga, K.; Abe, H. Sci. Rep. 2017, 7, 41773.

9. Sengottaiyan, C.; Jayavel, R.; Shrestha, R. G.; Hill, J. P.; Ariga, K.; Shrestha, L. K. J.
Inorg. Organomet. Polym. Mater. 2017, 27, (2), 576-585.

10. Abe, H.; Liu, J.; Ariga, K. Mater. Today 2016, 19, (1), 12-18.

11. Manikandan, M.; Tanabe, T.; Ramesh, G. V.; Kodiyath, R.; Ueda, S.; Sakuma, Y.;
Homma, Y.; Dakshanamoorthy, A.; Ariga, K.; Abe, H. Phys.Chem. Chem. Phys. 2016, 18,
(8), 5932-5937.

12. Low, T.; Chaves, A.; Caldwell, J. D.; Kumar, A.; Fang, N. X.; Avouris, P.; Heinz, T.
F.; Guinea, F.; Martin-Moreno, L.; Koppens, F. Nat. Mater. 2017, 16, (2), 182-194.

13. Li, B. L.; Setyawati, M. I.; Chen, L.; Xie, J.; Ariga, K.; Lim, C.-T.; Garaj, S.; Leong,
D. T. ACS Appl. Mater. Interfaces 2017, 9, (18), 15286-15296.

14. Chhowalla, M.; Shin, H. S.; Eda, G.; Li, L.-J.; Loh, K. P.; Zhang, H. Nat. Chem. 2013,
5, (4), 263-275.

15.  Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.; Coleman, J. N. Science
2013, 340, (6139).

16. Wang, Q. H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J. N.; Strano, M. S. Nat. Nano.
2012,7, (11), 699-712.

17. Funaki, K.; Tezuka, K.; Shan, Y. J. Phys. Stat. Solidi A 2014, 211, (4), 901-904.

18. Coleman, J. N.; Lotya, M.; O’Neill, A.; Bergin, S. D.; King, P. J.; Khan, U.; Young,
K.; Gaucher, A.; De, S.; Smith, R. I.; Shvets, I. V.; Arora, S. K.; Stanton, G.; Kim, H.-Y.;
Lee, K.; Kim, G. T.; Duesberg, G. S.; Hallam, T.; Boland, J. J.; Wang, J. J.; Donegan, J. F.;
Grunlan, J. C.; Moriarty, G.; Shmeliov, A.; Nicholls, R. J.; Perkins, J. M.; Grieveson, E. M.;
Theuwissen, K.; McComb, D. W.; Nellist, P. D.; Nicolosi, V. Science 2011, 331, (6017), 568-
571.

19. Pumera, M.; Sofer, Z.; Ambrosi, A. J. Mat. Chem. 4 2014, 2, (24), 8981-8987.

20. Wu, J.; Liu, M.; Chatterjee, K.; Hackenberg, K. P.; Shen, J.; Zou, X.; Yan, Y.; Gu, J;
Yang, Y.; Lou, J.; Ajayan, P. M. Adv. Mater. Interfaces 2016, 3, (9), 1500669-n/a.

21.  Ambrosi, A.; Sofer, Z.; Pumera, M. Chem. Commun. 2015, 51, (40), 8450-8453.

22. Voiry, D.; Yamaguchi, H.; Li, J.; Silva, R.; Alves, D. C. B.; Fujita, T.; Chen, M.;
Asefa, T.; Shenoy, V. B.; Eda, G.; Chhowalla, M. Nat. Mater. 2013, 12, (9), 850-855.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 28 of 30

23.  Jaramillo, T. F.; Jergensen, K. P.; Bonde, J.; Nielsen, J. H.; Horch, S.; Chorkendorff, I.
Science 2007, 317, (5834), 100-102.

24. Lukowski, M. A.; Daniel, A. S.; Meng, F.; Forticaux, A.; Li, L.; Jin, S. J. Am. Chem.
Soc. 2013, 135, (28), 10274-10277.

25. Kibsgaard, J.; Chen, Z.; Reinecke, B. N.; Jaramillo, T. F. Nat. Mater. 2012, 11, (11),
963-969.

26. Voiry, D.; Salehi, M.; Silva, R.; Fujita, T.; Chen, M.; Asefa, T.; Shenoy, V. B.; Eda,
G.; Chhowalla, M. Nano Lett. 2013, 13, (12), 6222-6227.

27. Cheng, L.; Huang, W.; Gong, Q.; Liu, C.; Liu, Z.; Li, Y.; Dai, H. Angew. Chem. Int.
Ed. 2014, 53, (30), 7860-7863.

28. Xu, S.; Li, D.; Wu, P. Adv. Funct. Mater. 2015, 25, (7), 1127-1136.

29. Ambrosi, A.; Sofer, Z.; Pumera, M. Small 2015, 11, (5), 605-612.

30. Dines, M. B. Mater. Res. Bull. 1975, 10, (4), 287-291.

31. Zheng, J.; Zhang, H.; Dong, S.; Liu, Y.; Tai Nai, C.; Suk Shin, H.; Young Jeong, H.;
Liu, B.; Ping Loh, K. Nat. Commun. 2014, 5, 2995.

32. Tan, S. M.; Sofer, Z.; Luxa, J.; Pumera, M. ACS Catal. 2016, 6, (7), 4594-4607.

33. Lassalle-Kaiser, B.; Merki, D.; Vrubel, H.; Gul, S.; Yachandra, V. K.; Hu, X.; Yano, J.
J. Am. Chem. Soc. 2015, 137, (1), 314-321.

34, Wang, T.; Gao, D.; Zhuo, J.; Zhu, Z.; Papakonstantinou, P.; Li, Y.; Li, M. Chem. Eur.
J. 2013, 19, (36), 11939-11948.

35. Chung, D. Y.; Park, S.-K.; Chung, Y.-H.; Yu, S.-H.; Lim, D.-H.; Jung, N.; Ham, H.
C.; Park, H.-Y; Piao, Y.; Yoo, S. J.; Sung, Y.-E. Nanoscale 2014, 6, (4), 2131-2136.

36. Wang, T.; Liu, L.; Zhu, Z.; Papakonstantinou, P.; Hu, J.; Liu, H.; Li, M. Energy
Environ. Sci. 2013, 6, (2), 625-633.

37. Li, Y.; Wang, H.; Xie, L.; Liang, Y.; Hong, G.; Dai, H. J. Am.Chem. Soc. 2011, 133,
(19), 7296-7299.

38. Li, H.; Tsai, C.; Koh, A. L.; Cai, L.; Contryman, A. W.; Fragapane, A. H.; Zhao, J.;
Han, H. S.; Manoharan, H. C.; Abild-Pedersen, F.; Norskov, J. K.; Zheng, X. Nat. Mater.
2016, 15, (1), 48-53.

39. Tang, Q.; Jiang, D.-e. ACS Catal. 2016, 6, (8), 4953-4961.

40. Lukowski, M. A.; Daniel, A. S.; English, C. R.; Meng, F.; Forticaux, A.; Hamers, R.
1.; Jin, S. Energy Environ. Sci. 2014, 7, (8), 2608-2613.

41]. Zhou, H.; Yu, F.; Sun, J.; He, R.; Wang, Y.; Guo, C. F.; Wang, F.; Lan, Y.; Ren, Z;
Chen, S. J. Mater. Chem. A 2016, 4, (24), 9472-9476.

42. Tsai, C.; Chan, K.; Abild-Pedersen, F.; Norskov, J. K. Phys. Chem. Chem. Phys. 2014,
16, (26), 13156-13164.

43, Wang, H.; Kong, D.; Johanes, P.; Cha, J. J.; Zheng, G.; Yan, K.; Liu, N.; Cui, Y. Nano
Lett. 2013, 13, (7), 3426-3433.

44, Gholamvand, Z.; McAteer, D.; Backes, C.; McEvoy, N.; Harvey, A.; Berner, N. C.;
Hanlon, D.; Bradley, C.; Godwin, I.; Rovetta, A.; Lyons, M. E. G.; Duesberg, G. S.; Coleman,
J. N. Nanoscale 2016, 8, (10), 5737-5749.

45, Jiang, J.; Liu, Z. K.; Sun, Y.; Yang, H. F.; Rajamathi, C. R.; Qi, Y. P.; Yang, L. X,;
Chen, C.; Peng, H.; Hwang, C. C.; Sun, S. Z.; Mo, S. K.; Vobornik, I.; Fujii, J.; Parkin, S. S.
P.; Felser, C.; Yan, B. H.; Chen, Y. L. Nat. Commun. 2017, 8, 13973.

46. Wang, C.; Zhang, Y.; Huang, J.; Nie, S.; Liu, G.; Liang, A.; Zhang, Y.; Shen, B.; Liu,
J.; Hu, C.; Ding, Y.; Liu, D.; Hu, Y.; He, S.; Zhao, L.; Yu, L.; Hu, J.; Wei, J.; Mao, Z.; Shi,
Y.; Jia, X.; Zhang, F.; Zhang, S.; Yang, F.; Wang, Z.; Peng, Q.; Weng, H.; Dai, X.; Fang, Z.;
Xu, Z.; Chen, C.; Zhou, X. J. Phys. Rev. B 2016, 94, (24), 241119.

ACS Paragon Plus Environment



Page 29 of 30

©CoO~NOUTA,WNPE

ACS Catalysis

47. Kang, D.; Zhou, Y.; Yi, W.; Yang, C.; Guo, J.; Shi, Y.; Zhang, S.; Wang, Z.; Zhang,
C.; Jiang, S.; Li, A.; Yang, K.; Wu, Q.; Zhang, G.; Sun, L.; Zhao, Z. Nat. Commun. 2015, 6,
7804.

48. Ali, M. N.; Xiong, J.; Flynn, S.; Tao, J.; Gibson, Q. D.; Schoop, L. M.; Liang, T.;
Haldolaarachchige, N.; Hirschberger, M.; Ong, N. P.; Cava, R. J. Nature 2014, 514, (7521),
205-208.

49, Yamamoto, M.; Wang, S. T.; Ni, M.; Lin, Y.-F.; Li, S.-L.; Aikawa, S.; Jian, W.-B.;
Ueno, K.; Wakabayashi, K.; Tsukagoshi, K. ACS Nano 2014, 8, (4), 3895-3903.

50. Keum, D. H.; Cho, S.; Kim, J. H.; Choe, D.-H.; Sung, H.-J.; Kan, M.; Kang, H.;
Hwang, J.-Y.; Kim, S. W.; Yang, H.; Chang, K. J.; Lee, Y. H. Nat. Phys. 2015, 11, (6), 482-
486.

51. Seguin, L.; Figlarz, M.; Cavagnat, R.; Lassegues, J. C. Spectrochim. Acta Mol
Biomol. Spectrosc. 1995, 51, (8), 1323-1344.

52. Ruppert, C.; Aslan, O. B.; Heinz, T. F. Nano Lett. 2014, 14, (11), 6231-6236.

53. Kim, Y.; Jhon, Y. L.; Park, J.; Kim, J. H.; Lee, S.; Jhon, Y. M. Nanoscale 2016, 8, (4),
2309-2316.

54. Chen, B.; Sahin, H.; Suslu, A.; Ding, L.; Bertoni, M. 1.; Peeters, F. M.; Tongay, S.
ACS Nano 2015, 9, (5), 5326-5332.

55. Chia, X.; Adriano, A.; Lazar, P.; Sofer, Z.; Luxa, J.; Pumera, M. Adv. Funct. Mater.
2016, 26, (24), 4306-4318.

56. Guascito, M. R.; Chirizzi, D.; Malitesta, C.; Siciliano, M.; Siciliano, T.; Tepore, A.
Electrochem. Commun. 2012, 22, 45-48.

57. Hinnemann, B.; Moses, P. G.; Bonde, J.; Jargensen, K. P.; Nielsen, J. H.; Horch, S.;
Chorkendorft, I.; Nerskov, J. K. J. Am. Chem. Soc. 2005, 127, (15), 5308-5309.

58. Noarskov, J. K.; Bligaard, T.; Logadottir, A.; Kitchin, J. R.; Chen, J. G.; Pandelov, S.;
Stimming, U. J. Electrochem. Soc. 2005, 152, (3), J23-]26.

59. Lazar, P.; Otyepka, M. Chem. Eur. J. 2017, 23, (20), 4863-4869.

60. Huang, Y.; Nielsen, R. J.; Goddard, W. A.; Soriaga, M. P. J. Am. Chem. Soc. 2015,
137, (20), 6692-6698.

61. Blochl, P. E. Phys. Rev. B 1994, 50, (24), 17953-17979.

62. Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, (3), 1758-1775.

63. Klimes, J.; Bowler, D. R.; Michaelides, A. Phys. Rev. B 2011, 83, (19).

64. Lazar, P.; Martincova, J.; Otyepka, M. Phys. Rev. B 2015, 92, (22).

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 30 of 30

TABLE OF CONTENTS

exfollatlon ' v‘ Hydrogen
evolution
reaction
Mo, W
Tellurides

ACS Paragon Plus Environment



