THE JOURNAL OF

PHYSICAL CHEMISTRY
L e tte r S @ Cite This: J. Phys. Chem. Lett. 2018, 9, 2049 2055 pubs.acs.org/JPCL

Hydrogen Evolution Reaction at Anion Vacancy of Two-Dimensional
Transition-Metal Dichalcogenides: Ab Initio Computational
Screening

Joohee Lee, *° Sungwoo Kang, ° Kanghoon Yim, * Kye Yeop Kim, © Ho Won Jang,
Youngho Kang,* © and Seungwu Han*

Department of Materials Science and Engineering and Research Institute of Advanced Materials, Seoul National University, Seoul
08826, Korea

Materials Modeling and Characterization Department, Korea Institute of Materials Science, Changwon 51508, Korea
< Supporting Information
ABSTRACT: The catalytic activity for the hydrogen evolution reaction (HER) at the anion

vacancy of 40 2D transition-metal dichalcogenides (TMDs) is investigated using the
hydrogen adsorption free energy ( Gy) as the activity descriptor. While vacancy-free basal

planes are mostly inactive, anion vacancy makes the hydrogen bonding stronger than clean § o

basal planes, promoting the HER performance of many TMDs. We nd that ZrSe, and ZrTe, ; - .
have similar Gy as Pt, the best HER catalyst, at low vacancy density. Gy depends € -2 7
signi cantly on the vacancy density, which could be exploited as a tuning parameter. At 5 T

proper vacancy densities, MoS,, MoSe,, MoTe,, ReSe,, ReTe,, WSe,, IrTe,, and HfTe, are g '4: j
expected to show the optimal HER activity. The detailed analysis of electronic structure and & | i
the multiple linear regression results identi es the vacancy formation energy and band-edge & | i
positions as key parameters correlating with G, at anion vacancy of TMDs. 88 0% o 0 1

AAG, (eV)
C urrently, producing hydrogen, an eco-friendly energy fuel, vacancies in MoS, could increase the catalytic activity for HER
predominantly relies on the technology using fossil fuels, by enhancing the hydrogen adsorption, and the activity
but it has critical drawbacks such as limited availability of fossil increased even further when an adequate strain was applied
fuels and emission of CO, and pollutants during the hydrogen on the defective MoS,. This motivated much research to
production.” Accordingly, signi cant e orts are put on introduce vacancies, dopants, and other forms of defects in

developing an alternative way to produce hydrogen, which is TMDs for using the material as HER catalysts.”® *°
sustainable as well as environmentally benign.? Splitting water, While preceding works demonstrated the catalytic activity of
the most abundant resource on earth, may resolve the MoS, with anion vacancies, a question remains whether other
aforementioned problem of using fossil fuels for hydrogen TMDs may also exhibit the enhanced HER activity, possibly
production. Water molecules decompose into hydrogen and higher than MoS,, when defects are introduced. Therefore, it
oxygen gas within electrochemical cells operating on the would be timely to carry out an extensive study on anion
electrical bias or solar energy. Because of strong O H bonds in vacancies in various TMDs and evaluate them in terms of HER
water molecules, water splitting requires catalysts that speed up activity. In this article, we theoretically explore the HER
the hydrogen and oxygen evolution reactions (HER and OER, e ciencies of basal planes and anion vacancy sites of various

respectively). For decades, Pt has been known to be the best TMD materials by calculating the hydrogen binding energy, a
catalyst for HER in water splitting, but the high material cost well-established descriptor for HER.™ " We suggest candidate

makes it unsuitable for large-scale applications. As a result, TMDs that are promising for HER when anion vacancies are
discovering an alternative material of Pt has been the biggest introduced.  Through the detailed analysis of electronic
challenge toward the use of hydrogen as a future energy fuel.® ° structures, we also identify strong correlation of physical

There are growing interests in 2D transition-metal parameters such as the vacancy formation energy and band-
dichalcogenides (TMDs), particularly MoS,, as a nonprecious edge positions with the adsorption energy of hydrogen to the
catalyst for HER owing to various advantages such as earth anion vacancy. )
abundance, low cost, high catalytic activity, and stability in the Density functional theory (DFT) calculations are conducted
acidic media.® 2* Because the basal planes of stable TMDs are using the Vienna Ab initio Simulation Package (VASP).” We
inert, studies have focused on exploiting active edge sites*®?**
or metastable phases.”* ° Received: March 7, 2018

Recently, Li et al. have successfully activated the MoS, basal Accepted:  April 5, 2018
plane by creating sulfur vacancies.”” It was found that the sulfur Published: April 5, 2018
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use the projector-augmented wave (PAW) method®® to
represent electron ion interactions, and generalized gradient
approximation is chosen for the exchange-correlation func-
tional.>” The energy cuto for the plane-wave basis set is
chosen to be 450 eV, and the k-points for the Brillouin-zone
integration are sampled on a mesh grid of 18 x 18 x 1 and 4 x
4 x 1 for unit cells and 4 x 4 supercells, respectively. The ionic
positions are relaxed until the magnitude of the force on each
atom is reduced to within 0.03 eV/A. The spin-polarized
calculations are performed throughout this work. For TMDs
with nite local magnetic moments at the transition-metal ions
(VS,, VSe,, VTe,, and CrTe,), we consider ferromagnetic spin
con guration. To avoid interactions between repeated images
along the z axis within the periodic boundary condition, we
introduce a vacuum with 20 A thickness. The spurious dipole
interaction between the slabs is corrected by introducing
external dipoles.*®

To select 2D TMDs, we rst search Inorganic Crystal
Structure Database (ICSD)* for compounds with the
composition MX, (M = metal ion in group 4 12 and 14, X
= S, Se, and Te). Excluding 3D materials (usually Pyrite
structures) and 2D structures with four-fold coordinated metals
such as PdX, or GeX, (X = S or Se), we identify 40
compositions, as shown in Figure 1a. For possible polymorphs
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Figure 1. (a) Most stable phases of selected TMD compositions. (b)
Top views of polymorphs calculated for each TMD. The H phase
(MoS, type) has the trigonal prismatic coordination of chalcogen
atoms, while the T phase (Cdl, type) has the octahedral coordination.
T (WTe, type) and T (ReSe, type) phases are distorted T phases.

of each TMD, we consider H, T, T, and T phases, where H
and T indicate the trigonal prismatic and octahedral structures,
respectively, and T and T are distorted T phases (see Figure
1b). In the present study, only the most stable phases are
studied. We note that some elements may have drawbacks in
actual utilization. For instance, Tc is radioactive and Re has
extraordinarily low natural abundance.
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The hydrogen-adsorption property of both basal plane and
X-vacancy (V) is calculated using supercells containing 16
MX, units (i.e., 4 x 4 supercells for H and T phases). Vy is
created by removing a chalcogen atom within the supercell,
which corresponds to the nominal vacancy density ( ) of
6.25% in the upper chalcogen plane. Further increase in the
supercell size barely changed the properties of Vy, meaning that
Vy can be regarded as an isolated defect in this concentration.
The vacancy formation energy (EY) is calculated as follows

EY = E(clean) E(Vy) +

(€]
where E(clean) is the total energy of a clean TMD supercell
and E(Vy) is the total energy of a supercell including one Vy. In
eq 1,  is the chemical potential of X, and it is chosen by
employing standard corrosion resistance of X, namely, the
condition that the evolution of H,X gas is equilibrated with
10 © bar at room temperature (see Section 1 in the Supporting
Information for details). In the low-symmetry T and T
phases, there exist several inequivalent vacancy sites, and we
choose the most stable site with the lowest EY.

Hydrogen adsorption energy ( E,) is computed using the
following equation

1
f— * *

Eq=ECH) EC)  SE(H) @
where E(*H) and E(*) are the total energies of a supercell with
and without hydrogen adsorbed on the active site *,
respectively, and E(H,) is the total energy of the hydrogen
molecule. For the basal plane, we test every inequivalent M-top
and X-top sites, nding that hydrogen favors the X-top site over
the M-top site for most TMDs, except for nine TMDs (CoTe,,
HfTe,, IrTe, NbTe,, ReTe,, TaTe,, TiTe,, NiTe, and ZrTe,).

The hydrogen adsorption free energy ( Gp) is de ned as
follows

GH = EH + EZPE T S 3)
where Ezpe is the di erence of the zero-point energy and T is
the temperature (300 K in the present study). From the
normal-mode analysis, we obtain  Ezpg of 0.021 eV for MoS,
when hydrogen is adsorbed on the sulfur vacancy. For
simplicity, we use this value in every system because Ezpe
changes only slightly over di erent TMDs.***" Ineq 3, S'is
the entropy change due to the hydrogen adsorption. We
assume that the entropy di erence between hydrogen-adsorbed
TMD and TMD is negligible. This means that S (1/2)
S°(H,), where S°(H,) is the entropy of H, gas at the standard
condition (1.36 meV/K from the thermochemical table).*?

To examine how Gy changes at the large vacancy
concentration, we introduce four anion vacancies uniformly in
the upper chalcogen layer of the 4 x 4 supercell, which
corresponds to 25% of . Such a high vacancy concentration
could be achieved in experiments by argon plasma treatment.”’
Because the hydrogen coverage ( ) at vacancy sites a ects

Gy, we st evaluate the equilibrium using the Frumkin
adsorption isotherm.”® By assuming a linear relationship
between G, and , we nd that the equilibrium  is
bigger than 0.8 in the majority of TMDs. As such, we compute

Ey at the maximum coverage we can simulate in the given
supercell

1
Eq( y = 25%) = E(*4H) E(*3H) EE(HZ) @
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Table 1 compiles the main computational results. The most
stable phase and band gap in our calculations are consistent

Table 1. Main Calculation Results®

5 EY Gy Gy Gy
TMD  phase (eV) (eV) (6.25%) (25%) (basal)
TiS, T metal  0.68 0.61 0.48 0.54
TiSe, T metal  1.54 0.42 051 1.00
TiTe, T metal  2.36 0.08 0.38 110
ZrS, T 118 2.25 011 0.38 1.08
ZrSe, T 048 237 0.01 031 129
ZrTe, T metal 248 0.03 0.29 1.20
HfS, T 128 2.82 0.42 0.38 1.30
HfSe, T 058 2.89 0.25 0.20 150
HfTe, T metal  2.85 011 0.07 123
VS, H metal  0.96 0.57 116 0.85
VSe, T metal  1.19 0.34 051 0.74
VTe, T metal  1.85 0.10 0.32 061
NbS, H metal  1.12 0.37 043 0.15
NbSe, H metal  1.64 0.28 0.23 059
NbTe, H metal 193 0.19 0.37 0.61
TaS, H metal 1.46 0.24 0.39 0.33
TaSe, H metal 173 0.31 0.33 0.69
TaTe, H metal 143 0.71 048 0.58
CrS, H 093 1.65 0.28 021 154
CrSe, H 074 225 0.18 0.47 167
CrTe, H 053 051 0.64 144 115
MoS, H 181 221 0.28 0.03 232
MoSe, H 163 2.64 0.20 0.06 252
MoTe, H 127 310 0.09 0.12 233
WS, H 0.66 237 041 0.14 2,62
WSe, H 058 270 0.35 0.03 2.69
WTe, T metal 2.64 0.24 0.30 115
TcS, T 1.35 1.08 0.74 1.00 116
ReS, T 143 1.60 0.61 041 165
ReSe, T 126 224 0.58 0.09 1.89
ReTe, T 093 2.92 0.14 0.03 159
CoTe, T metal  1.34 0.44 0.75 0.38
IrTe, T 0.63 272 0.10 031 141
NiTe, T metal 1.16 0.78 0.82 0.95
PdTe, T 0.34 153 0.77 0.69 130
Pts, T 1.85 1.28 0.53 050 1.36
PtSe, T 142 1.89 0.39 0.37 167
PtTe, T 081 233 0.30 0.22 145
SnsS, T 157 1.35 0.44 0.40 117
SnSe, T 0.87 116 0.75 050 0.97

&Stable phase, band gap (E,), vacancy formation energy (EY), and
hydrogen adsorption free energy relative to that on Pt ( G,) of
anion vacancy at 6.25 and 25% vacancy concentrations and clean basal
plane.

with previous computation results.***> The group-dependent
preference of a speci ¢ phase is observed, which is closely
related to electronic con guration of the d manifold of
transition metals.*®

Figure 2 shows hydrogen adsorption free energies for clean
basal planes and anion vacancies, along with the volcano plot
for elemental metals, which was obtained from the relation
between experimental exchange currents and theoretical Gy
values for Mo, Ni, Pt, Ir, Cu, and Au.** For facile comparison,
we discuss the catalytic activity based on Gy that is Gy
relative to that of Pt obtained using the same computational
setup

2051

Figure 2. Hydrogen adsorption free energies ( Gy) of (a) clean
TMD basal planes and anion vacancies at (b) 6.25 and (c) 25%
vacancy concentrations. The volcano plot (dashed lines) for metal
catalysts showing the relation between the experimental exchange
current and theoretical Gy, is adopted from previous work.*! Insets
represent atomic structures of clean or defective basal planes used to
calculate Gy (s the vacancy site). Considering the tunabilitY of

Gy, within a few hundred millielectronvolts by applying strain,***’
the sweet spot (| Gy| <0.1eV) is shaded in red to indicate potential
candidates more clearly.

Gy Gu(PY)

Gy ®)

Because Pt is the best catalyst known to date, we assume that
Gy close to 0 is the condition for ideal HER catalysts. We
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Figure 3. Schematic band diagrams illustrating the interaction between hydrogen with the clean basal planes ((a c) for group 4, 5,and 6 10 TMDs,
respectively) and defective planes ((d f) for group 4, 5, and 6 10 TMDs, respectively).

note that Gy varies by a few tenths of electronvolts among
di erent exchange-correlation functionals, but the relative
di erences are well maintained (see Section 2 in the Supporting
Information). Therefore, discussions based on Gy would
not be a ected by the choice of exchange-correlation
functionals.

Gy values on the TMD basal planes are plotted in Figure
2a for the energy range between 1 and 1 eV. Only a few
TMDs appear in this range, and the majority of TMD basal
planes show signi cantly large and positive G, consistent
with the previous work.** This implies that most of the TMD
basal planes are HER-inactive due to the unfavorable hydrogen
adsorption. Interestingly, all TMDs shown in Figure 2a are
metals. This is because it costs less energy to add an extra
electron to metallic TMDs than semiconducting TMDs; when
hydrogen is adsorbed to the basal plane of TMD, the
interaction of the hydrogen state with host states gives rise to
the bonding and antibonding states. In metallic systems, an
extra electron after lling the bonding state occupies the host
state near the Fermi level, as illustrated in Figure 3a,b for group
4 and 5 TMD metals, respectively. On the contrary, in
semiconducting TMDs, the lowest empty state to be lled by
the excess electron is higher in energy by the band gap (see
Figure 3c). This results in the larger energy cost to form a bond
with hydrogen in semiconducting TMDs.

Next, we discuss the hydrogen adsorption on TMDs with
anion vacancies. When Vy is created, the dangling bonds of
neighboring cations hybridize into defect states. The detailed
analysis of these states will be useful for understanding the
behavior of Gy in various TMDs. Except for group 5 TMDs,
three localized defect states are generated: singlet a; and doubly

2052

degenerate e levels. The energetic position of these levels can
be classi ed depending on the group number of transition
metals, as schematically depicted in Figure 3d f. In group 4
TMDs (Figure 3d), all V states appear inside the host states
because the large ionicity results in distinct orbital characters of
the bands; that is, M-d states mainly constitute the unoccuPied
bands, while X-p states comprise the occupied bands.*’ In
group 6 10 TMDs with the strong covalent bond (Figure 3f),
the a; defect state is fully occupied. In group 5 TMDs (Figure
3e), three other localized states, also denoted as a; and e states
by the group theory, appear above Eg. This originates from
signi cant distortion of the atomic structure around Vy, which
leads to localization of cation states in the vicinity of Vy (see
Section 3 in Supporting Information).

As shown in Table 1, the adsorption strength of hydrogen on
Vy is very di erent from that on the clean basal plane. The
anion vacancy tends to lower G compared with the basal
plane, and, consequently, more TMDs are found in Figure 2b at
the low vacancy concentration ( \ = 6.25%). Speci cally, ZrS,,
HfTe,, IrTe, ZrSe,, ZrTe,, TiTe, and MoTe, exhibit G
within 0.1 eV. In particular, ZrSe, has Gy of 0.01 eV, the
smallest in magnitude, and hence the best HER performance is
expected for ZrSe,.

To understand the material dependence of catalytic activity
of anion vacancies, we try to identify key physical quantities
thata ect Gy We use the backward elimination method in
the multiple linear regression model to nd the most correlated
quantities among various properties in bulk and vacant systems
(see Section 4 in Supporting Information for details of the
regression procedure). The nal regression result in Figure 4
shows that Gy at the vacancy site is highly correlated with
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Figure 4. Regression result showing the correlation between hydrogen
adsorption free energies on anion vacancy sites and physical
parameters such as the vacancy formation energy and LUMO and
HOMO levels. The R? score of the regression is 0.77.

EY, the lowest unoccupied molecular orbital (LUMO) level,
and the highest occupied molecular orbital (HOMO) level of
the defective TMDs ( Gy 1.60 0.42EY + 0.35 | yvo
0.20 omo). This can be rationalized as follows: First, in
hydrogen adsorption on the vacancy site, localized defect states
hybridize with the hydrogen state to form a bonding state that
partly compensates the loss of bond energy due to the vacancy
formation. Therefore, the more energy is required for vacancy
formation, the more hydrogen adsorption is favored. Second,
the excess electrons after lling the bonding state occupy the
LUMO level of the defective system, as shown in Figure 3d f.
Thus lower LUMO level facilitates the hydrogen adsorption.
The strong correlation between LUMO and the hydrogen
adsorption energy was also reported for the nondefective TMD
catalyst.”® Note that in group 5 TMDs atomic arrangements
around Vy in TMDs in the H phase restore the original
positions of nondefective TMDs, removing a; and e states
associated with the structural distortion (see Figure 3e). Lastly,
the bonding state e ectively takes two electrons from HOMO
level, so higher HOMO levels tend to strengthen the hydrogen
adsorption. For instance, the bonding state in MoS, takes two
electrons from the a, state, and an excess electron occupies the
LUMO level (e state). (See Figure 3f) The foregoing analysis
explains why the vacancy site is more active than defect-free
basal planes.

In the case of large Vy concentrations, the interaction among
defect defect states as well as defect-host states modulates the
hydrogen adsorption property at the vacancy site. As a result,
TMDs including MoTe,, ReSe,, MoSe,, MoS,, ReTe,, WSe,,
and HfTe, that were outside the optimal window at low
appear in Figure 2c as promising candidates.

Assuming the linear dependence of Gy on , which is
indeed a good approximation for S vacancy in MoS, for , >
6%,°" we estimate the HER activity at the intermediate .
Figure 5 shows TMDs that can potentially exhibit good HER
activity at certain values of  between 6.25 (low) and 25%
(high) with Gy close to zero. We classify these TMDs into
four types: Anion vacancies of MoS,, WSe,, ReSe,, and ReTe,
in type I show relatively high Gy at low , but it decreases
to 0 eV at high . Thus they can be a good HER catalyst
when the anion vacancy is created in large concentrations. (In
ref 27, the external strain was applied in addition to increasing

v-) In type 1l consisting of MoSe, and MoTe,, Gy of anion

2053

Figure 5. Trend of hydrogen adsorption free energy as a function of
the vacancy concentration. See the text for details of each type.

vacancy, which is small and positive at low , also reduces with
increasing  but becomes negative at high . Considering the
stability issue in tellurides,*® MoSe, would be more favorable
than MoTe, at intermediate . TMDs classi ed as type 11l
such as ZrSe, and ZrTe, show the almost ideal value of Gy
at low , while they gradually become inactive at high , due
to overly strong bonding of hydrogen. Unlike types I I,

Gy of anion vacancy in type IV TMDs increases with .
Because these materials have negative Gy at low ,
increasing  to 10% would be bene cial, but further creation
of vacancy would undermine the HER activity.

In conclusion, we have explored the HER e ciency of anion
vacancies of stable phases of various TMDs based on the
hydrogen adsorption free energy. Our results show that many
inert TMD basal planes become candidates for HER catalysts
upon introducing anion vacancies, supporting that the vacancy
engineering could be a strong design principle for every TMD.
We found that ZrSe, and ZrTe, have similar hydrogen-binding
energies to that of Pt, the best HER catalyst, when the vacancy
density is low. Moreover, ne-tuning is possible by adjusting
vacancy concentrations. At proper vacancy densities, MoS,,
MoSe,, MoTe,, ReSe,, ReTe,, WSe,, IrTe, and HfTe, are
expected to show the optimal HER activity with the hydrogen-
binding energy approaching the thermoneutral condition. The
experimental veri cation of the present theoretical prediction is
in demand. By providing insights into the design principles to
catalytically activate 2D materials using point defects, we
believe that the present study will contribute to identifying
alternative catalysts that may eventually replace Pt.
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