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Transition metal dichalcogenides (TMDs) have been investigated for use in a hydrogen evolution reaction (HER),
mostly in the form of nano-sized flakes, due to the abundant active site formation by nanostructuring, surface
functionalization, and phase engineering. However, the physical origin of the active HER on TMDs remains to be
clarified. Here, we investigate the role of anion vacancies for the HER on the basal plane of single-crystalline
tungsten dichalcogenide (WTe,), a group 6 metallic TMD. The WTe, with a small amount of anionic (Te) va-
cancies shows an improved overpotential from -0.707 to —-0.568 V and a constant Tafel slope of 154 mV/dec in
the HER. Photoemission spectroscopy, combined with first-principle calculations, reveals that the work function
of WTe, is decreased by the anionic Te vacancies, which improves the bulk conductivity and the overpotential in
the HER with the material. Moreover, the enlarged electrochemical active surface area with a large number of Te
vacancies in the WTe, critically improves the HER performance with decreases in the overpotential and the Tafel
slope, —0.119 V and 79 mV/dec, respectively. Our results show that the modulation of work function and surface
morphology is a promising way to improve the HER in TMDs.

1. Introduction

The use of fossil fuel inevitably produces carbon dioxide, which
results in air pollution as well as global warming. Accordingly, ex-
tensive efforts have been made to develop alternative clean energy
sources [1,2]. Among possible solutions, hydrogen has received con-
siderable attention as an ideal energy source because of its large energy
density and clean final product, water [3,4]. While the major industrial
method to produce hydrogen—steam reforming of methane—still uses
considerable fossil fuels and emits carbon dioxide, hydrogen generation
based on electrolysis has been suggested as a sustainable, clean, and
renewable way for the mass production of hydrogen. For this purpose, it
is important to develop efficient electrochemical catalysts based on
earth-abundant elements that can replace expensive noble metal-based
electrochemical catalysts.

Layered transition metal dichalcogenides (TMDs), particularly
semiconducting TMDs, have been extensively studied because of their
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low cost and abundant catalytic active sites [5-9]. Jaramillo et al. re-
ported that hexagonal MoS,, a group 6 TMD semiconductor, exhibits a
highly catalytic activity in the hydrogen evolution reaction (HER); the
conductive edges and defects were suggested for the origin of the active
HER [10]. To further enhance the catalytic activity of semiconducting
TMDs, hybridization with other conducting materials and alkali-ion
intercalation have been tried; an increased electron transfer rate via
phase transition improves the electrochemical catalytic reaction, the
HER [11-14]. Phase engineering and nanostructuring for hybrid elec-
trochemical catalysts with semiconducting TMDs have shown im-
pressive catalytic performances due to their abundant conducting active
sites, such as increased densities of edges or defects [15-17]. However,
the increased defect and edge densities in the TMDs make it difficult to
clarify the origin of the improved HER at the atomic scale in the ma-
terials.

Based on the polymorphism in TMDs, structural phase engineering
has been extensively studied for the HER with group 6 TMDs. Phase
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engineering has demonstrated enhanced catalytic performances by
providing catalytically-active metallic (1T or 1T°) areas to the semi-
conducting hexagonal (2H) TMDs [18-20]. For example, metallic tri-
gonal (1T) MoS, inhomogeneously fabricated by alkali-ion intercala-
tion exhibits active HER performances; however, the metallic phase
possesses poor chemical stability due to its metastable nature.

Among the group 6 TMDs, MoTe, and WTe, have a thermo-
dynamically-stable metallic phase (distorted octahedral or 1T’) that
exhibits unique physical and electrochemical properties [21-23]. In
particular, unlike MoTe,, WTe, has a single metallic phase without a
semiconducting phase. Both the metallic MoTe, and WTe, possess lat-
tice distortion implying charge density wave (CDW) states in the ma-
terials. Seok et al. reported that the metallic basal plane (1T’) of MoTe,
serves as an active area with a uniquely localized electron density [24].
The calculated Gibbs free energy for hydrogen adsorption suggests that
the basal plane of metallic TMDs can be catalytically active with a high
turn-over frequency similar to that of a platinum catalyst [25-29].

In this study, we improved the catalytic activity of WTe, single
crystals by introducing Te deficiencies at the surface of WTe,. Thermal
reduction in a vacuum and electrochemical reduction in an acidic so-
lution were used for the surface modification. The morphology and
chemical state changes of the WTe, surface were studied by atomic
force microscopy (AFM), scanning electron microscopy (SEM), and in-
situ photoelectron spectroscopy with X-ray and ultraviolet (UV) light
sources (XPS and UPS). Quantitative analysis using an electron probe
microanalyzer (EPMA), energy dispersive X-ray analyzer (EDX), and
XPS demonstrated that the ratio of Te and W atoms decreased drama-
tically after the surface treatment. In-situ UPS measurements, combined
with first-principles calculations, demonstrated a decrease in the work
function in Te-deficient WTe,, which contributed partially to the en-
hancement of the bulk electrical conductivity in metallic WTe,. We
found that the explosive increase of the surface area via Te deficiency-
driven surface modification played a crucial role for the improved HER
in metallic TMDs. Thus, our systematic study clarified the role of an-
ionic chalcogen vacancies in the HER with metallic TMDs.

2. Experimental

Metallic WTe, single crystals were grown by a flux method that was
similar to our previous report [30]. The detailed synthetic conditions
are described in the supporting materials. The crystallographic prop-
erties of the WTe, single crystal were investigated by an X-ray dif-
fractometer (Rigaku, SmartLab) with Cu Ka radiation (A. = 1.54059 [o\)
in the Bragg—Brentano geometry.

To study the role of Te vacancies in the HER, Te vacancies at the
surface of a WTe, single crystal were created by two different methods,
vacuum-annealing and electrochemical reduction. For the vacuum-an-
nealing, WTe, single crystals were annealed at 373 K for 1 h in a tube
furnace with a vacuum level of 10~ 2 Torr. For the electrochemical
reduction, multiple cyclic voltammetry (CV) was conducted between a
WTe, electrode and a glassy carbon electrode in a voltage range be-
tween 0 and -1.2 V vs. RHE with a scan rate of 100 mV/s.

The HER experiments were performed using a three-electrode cell
employing 200 mL of a 0.5 M sulfuric acid (H>SO4) electrolyte solution
at room temperature. A silver/silver chloride electrode (Ag/AgCl,
Qrins, Korea), a glassy carbon electrode (Qrins, Korea), and the WTe,
single crystal were used as the reference, counter, and working elec-
trodes, respectively (Fig. S1). Linear sweep voltammetry (LSV) was
conducted at a scan rate of 5 mV/s using a potentiostat (VMP3 from Bio
Logic, France). The same experimental setup was used for the electro-
chemical active surface area (ECSA) analysis with a voltage range from
0.035 to 0.16 V vs. RHE and sweep rates of 20, 50, 80,100, and
200 mV/s.

Atom-resolved high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) imaging was performed with
a probe-corrected transmission electron microscope (TEM) operated at

Applied Surface Science 515 (2020) 145972

200 keV (JEM-ARM200F, JEOL, Japan). Scanning tunneling micro-
scopy (STM) images were obtained using Omicron STM (Germany) at
room temperature in an ultra-high-vacuum (UHV) chamber (base
pressure: ~1 X 107 !° Torr). For the chemical analysis of the WTe,
catalyst surface, we conducted XPS and UPS in an ultra-high-vacuum
(UHV) chamber (base pressure: ~1 x 10~ !° Torr) with photon energy
of 1486 eV and 21.218 eV, respectively. The electron analyzers were an
ESCALAB 250Xi XPS Microprobe (Thermo-Scientific) for XPS and
Scienta R4000 spectromicroscopy (Scienta) for UPS. The roughness
analysis with in-situ vacuum annealing were performed by an atomic
force microscopic (AFM) system (SEIKO E-sweep AFM with a base
pressure of ~1 x 10~ % Torr). The surface morphologies together with
quantitative analysis were checked by a field-emission scanning elec-
tron microscopy (FE-SEM) system (Hitachi SU8220 FE-SEM with a base
pressure of ~1 X 107 Torr) at the Western Seoul Center, Korea Basic
Science Institute.

First-principles calculations were conducted using a Quantum
ESPRESSO package [31]. We used norm-conserving pseudopotentials
for W, Te, and H atoms, a plane wave energy cutoff of 80 ryd, a PBE
exchange-correlation functional [32], and equilibrium lattice para-
meters of a = 6.36 A and b = 3.53 A to simulate the orthorhombic
WTe, structure.

3. Results and discussions

The WTe, layers composed of distorted octahedrons (Fig. 1a) and
distorted octahedral structural units with two different Te sites, a and
B, that resulted in atomic distortion at the WTe, surface are shown in
the STM image (Fig. 1b). High-resolution scanning transmission elec-
tron microscopy (STEM) imaging shows that the WTe, layers were se-
parated by a van der Waals gap of roughly 4 A along the c-axis (Fig. 1c).
A lattice distortion of Te atoms was visible along the a-axis, which in-
dicated a charge density wave (CDW) on the WTe, similar to that re-
ported for MoTe, [24].

The bulk properties of the vacuum-annealed WTe, single crystal
were investigated using XRD and Raman spectroscopy before and after
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Fig. 1. (a) Schematic illustration of WTe, layer with the octahedral structural
unit of WTe, (inset). Structural distortion due to the charge density wave results
in nonuniform atomic distribution (top view) and a bucked structure (side
view) with different Te sites a and P. (b) High-resolution atomic STM image
projected in the (0 0 1) direction clearly shows the nonuniform atomic ar-
rangement. (c) HAADF-STEM image projected in the (0 1 0) direction clearly
shows the van der Waals gaps between WTe, layers.
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Fig. 2. (a) X-ray diffraction patterns of pristine (blue) and annealed (red) WTe; single crystal. (b) X-ray photoemission spectra of core levels, W 4f, and Te 3d obtained
for pristine (blue) and annealed (red) WTe, single crystals. (c) AFM images of exfoliated WTe, microsized single crystal before and after in-situ vacuum-annealing
process. Line profiles across the surface (black lines) were acquired to estimate the surface roughness of pristine and annealed WTe,. (d) Linear sweep voltammetry
polarization curves acquired for pristine and annealed WTe, single crystals. Overpotentials were measured at the current density of 1 mA/cm? (inset). (e) Tafel plots
of pristine and annealed WTe, single crystals. The inset shows the optical image of the tested WTe, single crystal. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

vacuum-annealing of single-crystalline WTe,. Fig. 2a shows the dif-
fraction peaks of the pristine and annealed WTe, single crystal. The
diffraction peaks corresponding to (00n) planes did not show any sig-
nificant angle shift (inset of Fig. 2a) and no other structural phases such
as segregated metallic phases (W or Te) or nonstoichiometric phases
were found in the diffraction patterns. Raman spectra (Fig. S2) obtained
for the pristine and annealed WTe, single crystal also showed no sig-
nificant changes in the Raman-active peaks at 118 cm™! (A;D),
134 cm™! (A;%), 164 cm ™! (A7), and 212 cm ™! (A,°), as reported in a
previous study [33].

To study the surface chemistry of Te-deficient WTe,, surface-sensi-
tive photoemission spectroscopy was performed before and after the in-
situ vacuum-annealing at T = 373 K for 30 min with a vacuum of
1 x 108 Torr. Fig. 2b shows the core level spectra of W 4f and Te 3d of
WTe,. No other secondary phases were found before and after the an-
nealing process. As seen in Fig. 2b, the W 4f peak in the Te-deficient
WTe, surface shifted by 0.10 eV, while the Te 3d peaks remained almost
unchanged after the Te deficiency was created. Since W atoms are
surrounded by Te atoms in the octahedral form, the Te deficiency in-
fluenced the chemical state of W 4f but hardly affected the chemical
state of Te 3d. The relative ratio of XPS peak areas enabled quantitative
analysis of the WTe, surface. We found that the area ratio of W 4f and
Te 3d peaks after vacuum-annealing decreased significantly from 1:2 to
1:0.6 (Table S1). Considering the fact that XPS measurement is sensitive
to the surface, we speculate that the surface of WTe, has more Te va-
cancies than the bulk of WTe,.

Even though the chemical state was modified by Te vacancies on the
surface of WTe,, the surface morphology remained almost unchanged.
WTe, flakes were mechanically exfoliated on Si/SiO, substrates by the
scotch tape method, and the flakes were studied by AFM before and
after the in-situ vacuum-annealing process with a vacuum of
1 x 1078 Torr. In Fig. 2c, the surface roughness of the pristine and
annealed WTe, were 13.2 A and 10.0 [o\, respectively. However, the
surface morphology changed dramatically on annealing at tempera-
tures above 673 K probably due to the high Te deficiency (see Fig. S3).
This indicates that a mild annealing process at temperatures less than

473 K preserves the pristine surface morphology with uniformly dis-
tributed Te vacancies on the flat WTe, surface.

To study the role of the Te vacancy in the electrochemical catalytic
activity, HER performances of the pristine and vacuum-annealed WTe,
single crystal were measured. Fig. 2d shows the voltammetry polar-
ization curves of the pristine and vacuum-annealed WTe;, single crystal.
The overpotential obtained at a current density of 1.0 mA/cm? was
—0.53 V and -0.40 V for pristine and Te-deficient WTe,, respectively
(inset in Fig. 2d), and the Tafel slopes in Fig. 2e obtained from polar-
ization curves remained almost unchanged within a range between 154
and 159 mV/dec. Considering the large Tafel slope of 154 mV/dec in
pristine and 159 mV/dec in vacuum-annealed WTe,, the Te vacancies
seemed to be too insignificant to increase the rate of hydrogen con-
version at catalytic active sites.

A decrease in the overpotential with the unchanged Tafel slope
could be explained by the change in the bulk transport properties in Te-
deficient WTe,. We acquired UPS spectra for the pristine and Te-defi-
cient WTe, single crystal and estimated the work function from the
secondary cut-off in the UPS spectra. A UPS spectrum was recorded
after exfoliation in a vacuum chamber (base pressure: 1 x 10~ ' Torr)
with scotch tape for pristine WTe, and another was obtained after in-
situ vacuum-annealing for Te-deficient WTe, (annealing conditions
were the same as those for annealed WTe, for XPS measurements, re-
sults of which are shown in Fig. 2b). Pristine WTe, exhibited a work
function of 4 eV while Te-deficient WTe, exhibited a work function of
3 eV. We found that the work function decreased for the Te-deficient
WTe, surface by 1 eV (see Fig. 3a).

To support our experimental findings, first-principles density func-
tional theory (DFT) calculations were performed to estimate the work
function of WTe, without or with Te vacancies as seen in Fig. 3b. The
thickness dependence of the calculated work function was rather strong
in mono- and bilayers of WTe, and saturated at approximately 4.66 eV
above three layers of WTe, (see Figs. S4, S5). Considering the bulky
WTe, samples, we estimated the work function of the pristine WTe, as
4.66 eV. To obtain the work function of Te-deficient WTe,, we con-
sidered two types of Te vacancies created at a sites and f sites with a
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Fig. 3. (a) UV photoemission spectra before and after in-situ vacuum-annealing on WTe, single crystal. Secondary cut-off values show changes in the work functions
(®) from 4 to 3 eV after vacuum-annealing process. (b) DFT calculations for work function of 4-layer WTe, with/without vacancies at a site (one Te vacancy in one

unit cell).

concentration of 4.46 x 10'* cm ™2 (single Te vacancy in one unit cell).
We found that the work function of WTe, decreased down to 4.21 eV
with a site Te vacancies, while the work function increased up to
4.75 eV with [} site Te vacancies. The decreased work function with a
site Te vacancies was consistent with our UPS analysis. Recently pub-
lished papers have also reported the effective electron doping via
chalcogen vacancy creation, which can lead to an upward shift in the
Fermi level in metallic the group 6 TMDs [34,35].

High-temperature vacuum-annealing was used to produce Te va-
cancies with a high density at the WTe, surface. However, because the
defective WTe,, surface is easily and seriously oxidized in air when the
sample is transfered to other analysis tools, we developed a new way of
generating a highly Te-deficient WTe, surface and characterizing its in-
situ HER performances: electrochemical reduction in an acidic solution
using voltage cycling. In Fig. 4a, SEM images of WTe, obtained from
samples with different CV cycles show that the surface morphology
changed significantly up to 8000 CV cycles. The LSV curves of the
samples in Fig. 4a are shown in Fig. S6. The electrochemical reduction
produced a rough surface of WTe, due to dissolution of Te into the
acidic solution (WTe, — WTe,, + xTe), which was verified by the EDX
and MS-ICP results of the electrolyte (see Fig. S7); accordingly, the
electrochemically-reduced WTe, surface was largely modified by Te
vacancies.

The highly-concentrated Te vacancies at the WTe, surface induced
the diffusion of Te ions from the (inside) bulk to the (top) surface
during the electrochemical reduction. As the CV cycling continued, the
thickness of the Te-deficient area increased. We note that the capacity
of Te ion diffusion from the insider area was limited. Therefore, we
achieved saturated Te vacancies at the top surface of the WTe, after a
certain number of CV cycles where creating vacancies was terminated.
We estimate the thickness of the Te-deficient region from the top sur-
face as less than a few tens of nanometers by comparing surface-sen-
sitive XPS and bulk-sensitive x-ray diffraction (XRD) (see Fig. S8).

The chemical state of Te-deficient WTe, with a rough surface was
studied using XPS measurements. As seen in Fig. 4b, W 4f and Te 3d
spectra obtained after electrochemical reduction showed multiple

features corresponding to WTe,, WTe,,, and some oxides. The core
levels of W 4f and Te 3d were located at 33.2 eV (W 4f,,,, red) and
574.1 eV (Te 3ds,3, red), respectively, with a Te/W ratio of 2 and a
binding energy interval of 540.9 eV that was consistent with the results
obtained for pristine WTe,, as shown in Fig. 2b. We considered that the
W 4f and Te 3d peaks at 34.6 eV and 573.46 eV were due to the Te-
deficient WTe, because the ratio of W 4f and Te 3d peaks was almost
1:0.6. In addition, the binding energy interval between W 4f and Te 3d
was 538.86 eV, which was smaller than that of pristine by 2.04 eV.
Fitting results are summarized in Table S1.

To determine the effect of the surface morphology on the catalytic
activity, HER performances of WTe, were determined for various CV
cycles. Fig. 4c—e show largely enhanced electrocatalytic activity on the
rough WTe, surface with an overall decrease in the overpotential from
—0.707 to —0.119 V and in the Tafel slope from 154 to 79 mV/dec.
After 8000 cycles, enhancement in the HER performance became sa-
turated and stabilized with an overpotential of 0.119 V and Tafel slope
of 79 mV/dec for the rough WTe, surface (SEM image shown in
Fig. 4a).

To study the effects of the Te vacancy on the HER performance, we
estimated the turnover frequency (TOF) for pristine WTe, and vacuum-
annealed WTe, for hydrogen adsorption at the surface. Theoretical
calculations predicted that Te sites in distorted metallic TMDs, a and 3
sites (Fig. 1a), exhibit different hydrogen adsorption energies (AEy) of
0.64 eV (a sites) and 1.54 eV (f sites) (see Fig. S9). The most active Te
atoms are located at the a sites with smallest Gibbs free energy, 1.14 eV
(see Fig. S10). We assumed that Te atoms at [3 sites would still behave as
active sites in vacuum-annealed WTe,. The deduced TOF of vacuum-
annealed WTe, was 0.064 s~ !, which was rather enhanced compared to
that of pristine WTe,, 0.014 s™!, probably due to the enhanced bulk
conductivity in vacuum-annealed WTe, (details are given in the sup-
porting materials). We summarized the HER performances of pristine
WTe,, vacuum-annealed WTe,, electrochemically-reduced WTe, me-
tallic MoTe, (1T°), and bulk Pt for comparison in Table 1.

We further studied the changes of the HER active area in the elec-
trochemically-reduced WTe, surface that had an increase of the surface
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roughness. The electrochemical active surface area (ECSA) analysis was
conducted with pristine and electrochemically-reduced WTe,. Fig. 5a
shows that the hysteresis of current density (J) varies with different
scan rates (from 20 to 200 mV/s). We estimated the double layer ca-
pacitance (Cyq) from the slopes in the plots of the current density as a
function of scan rate in Fig. 5b as 0.0257 and 6.1 mF/cm? for pristine
and electrochemically-reduced WTe,, respectively. We assumed that
Te-deficient WTe, via vacuum-annealing and electrochemical reduction
had similar TOF values of 0.064 s~ 1, but the electrochemically-reduced
WTe, had an enlarged ECSA due to a large increase in surface rough-
ness, which led to a high HER performance with decreases in Tafel
slopes and overpotentials.

4. Conclusion

The catalytic performance of hydrogen evolution was studied on
metallic WTe, single-crystals and Te-deficient WTe, surfaces. We found
that the Te vacancies enhanced the bulk conductivity of WTe, with a
decreased work function. The surface morphology was highly modified
by Te vacancies, resulting in an increase in the electrochemical active
surface area. We suggest that the increase in bulk conductivity and the

Table 1

electrochemical active surface area in Te-deficient WTe, could be the
main reasons for recently reported excellent HER performances of
metallic transition metal dichalcogenides with chalcogen vacancies.
Our study clarifies the role of chalcogen vacancies for the electro-
catalytic activity and paves the way to find a new strategy for designing
an ideal electrochemical catalyst using metallic layered materials.
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Comparison of catalytic activities of pristine, vacuum-annealed WTe, and electrochemically-reduced WTe, together with two references, metallic 1T’-MoTe, and

bulk platinum film adopted from reference [24].

Catalyst Potential for 10 mA/cm? (V versus RHE) Tafel slope (mV per decade) Exchange current density (mA/cm?) TOF (s~ 1)
Pristine WTe, -0.707 154 2.0 x 107° 0.014
Vacuum-annealed WTe, —0.568 159 9.4 x 1072 0.064
Electrochemically-reduced WTe, -0.119 79 3.0 x 107! -
1T-MoTe, [24] —0.356 127 2.1 x 1072 0.14

Pt [24] —0.046 36 45 x 107! 0.94
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Fig. 5. Electrochemical active surface area (ECSA) analysis (a) Cyclic Voltammetry curves of the electrochemically-reduced WTe, measured in a non-faradic region
from 0.035 to 0.16 V vs. RHE with various scan rates of 20, 50, 80,100 and 200 mV/s (b) Double layer capacitance (Cq;) of the pristine (black) and the electro-
chemically-reduced WTe, (blue line), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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