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Abstract

Monolayer tantalum disulfide (TaS;) has attracted much attention for its
superconducting and charge-density-wave (CDW) properties. However, multiple
structural defects are frequently observed in fabricated samples and greatly influence
their performance. Using first-principles calculations, we systematically investigate
the atomic structures, energetic stability, electronic and catalytic properties of six
common point defects and six grain boundaries (GBs) of monolayer TaS,. The single
S atom vacancy defect of monolayer TaS; has the lowest formation energy below 2 eV,
regardless of the chemical environment. For GBs, 4|4 and 4|8 defect rings without
homoelemental bonds are predicted to form more easily than the 5|7 defect ring. For
the hydrogen evolution reaction (HER) process, the binding strengths of different
defect sites are related to the p or d band center of the S or Ta atom, respectively. In
particular, TaS, with a single S vacancy defect shows superior catalytic activity with a
H atom adsorption energy of 0.1 eV and a Tafel barrier of 0.25 eV. These theoretical
results provide vital guidance for detecting various defects of two-dimensional TaS; in
experiments and modulating catalytic properties via defect engineering.

Keywords: TaSz, grain boundary, binding strength, hydrogen evolution reaction

* Corresponding author. Email: yuechen@hku.hk (Y. Chen).
1



1. INTRODUCTION
Two-dimensional (2D) transition metal dichalcogenides (TMDs) have attracted

great interest for their unique electronic, optical and chemical properties in an
extensive range of promising applications.’ The traditional TMD monolayer MoS;, a
semiconductor with a direct band gap of 1.8 eV,° has been widely fabricated for
field-effect transistors, photoelectric detectors, solar batteries and so on.5° Recently,
VB subgroup TMDs composed of 2D TaS» and NbS; have gradually entered
researchers’ field of view due to their extraordinary superconductivity compared to
other common 2D materials.’*® The existence of defects including the change in
stacking order and the intrinsic defect induced disorder in TaS: nanosheets can
effectively enhance the superconducting critical transition temperature (T¢) by
approximately 3 K.1"18 On the other hand, topological defects in TaS, can effectively
modulate the phonon dynamics,!® charge density wave states,”® periodic lattice
distortions,?! and electrocatalytic activities.?

Substantial point and line defects have been detected in TaS> in experiments.
Kingyanjui et al. found plentiful S vacancies caused by high-energy electron
irradiation?! and demonstrated that increased S vacancies with lower formation energy
can lead to dislocations according to their DFT calculations. Additionally,
nonhexagon polygons including 5|7 disclination pairs, and quadrangle and octagon
defect rings were observed using high-resolution transmission electron microscopy
(HRTEM). In scanning tunneling microscopy (STM) measurements, Se substitution
defects with different doping concentrations were detected in TaS, and a transition
from the Mott insulating state to the metallic state was reported.? Peng et al. revealed
that Ta atom defects modulated by acidic conditions enhanced the carrier density and
electron-phonon interaction, contributing to the superconducting performance.’

2D TMDs, such as MoS; and WS,, with large surface areas and active edge defect
sites, are regarded as promising electrocatalysis materials for HER evolution.?*?
However, the semiconductor character limits the electrical conductivity and catalytic
activity. Inducing large lattice bending and realizing a high concentration of 1T phase

MoS; were demonstrated as effective methods for decreasing the Tafel slope of 1T
2



MoS; to 40 mV/dev and further improving its catalytic activity.??® Similarly, TaS;
thin films possess an intrinsic metallic character and have been demonstrated as
high-efficiency catalysts in electrochemical reactions.3* For instance, Liu et al.
revealed that the current density can reach 10 mA cm™ with an overpotential of
approximately 50~60 mV at the highly active basal-plane sites of TaS,%® exceeding
the performance of previously reported TMDs. Uniform thickness and domain size
ensure superior dispersibility in ethanol and promote the reaction efficiency of the
HER.3%* |In addition, novel vertically oriented TaS, fabricated via substrate
engineering regulation possesses an ultrahigh exchange current density of
approximately 67 pAcm and a relatively low Tafel slope of 67-82 mV dec?®.3
Despite the progress discussed above, a few issues are yet to be resolved. What are
the morphologies of different point and line defects of monolayer TaS, detected in
experiments? What are the relative dynamic stabilities of these defects in different
chemical potential environments? Considering the outstanding metallic properties of
2D TaS», how do the different defect sites influence its catalytic activity? To answer
these questions, here, we systemically investigate the structure, stability, electronic
and catalytic properties of a series of point and line defects in monolayer TaS: via
DFT calculations. A single S vacancy defect is found to form easily regardless of the
chemical environment. The energy barrier for forming H: is as low as 0.25 eV in the
HER process. H atom adsorbing on the Ta site is found to be more stable than that on
the S site in both point and line defect configurations. These theoretical results pave
the way to experimentally identifying the intrinsic defects in TaS> nanosheets, and to
making use of these defects to achieve an improved performance in electrocatalytic

applications.

2. COMPUTATIONAL METHODS

Spin-polarized density functional theory (DFT)® calculations were carried out using
the Vienna ab initio simulation package (VASP).*® The planewave basis set with an
energy cutoff of 450 eV, the projector augmented wave (PAW) potentials,”*® and the

generalized gradient approximation (GGA) parameterized by Perdew, Burke and
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Ernzerhof (PBE) for the exchange-correlation functional®® were applied. DFT-D3
dispersion correction method was adopted to better describe the van der Waals (vdW)
interaction.*° To avoid interaction between neighboring regions, we used rectangular 5
><5 supercells of monolayer TaS; to describe different point defects, and a large
lateral distance of 18 A between a GB and its replica. A vacuum region of 18 A was
added in the vertical direction to eliminate interaction between neighboring layers.
The Brillouin zone of the supercell was sampled by a uniform k-point mesh with a
spacing of 2I1><0.03 A, The model structures were fully optimized for both cell
dimensions and ionic degrees of freedom with thresholds of 107° eV for the total
energy and of 0.02 eV/A for the forces on each atom. The kinetic process of the HER
including the energy barrier and transition state was studied using the climbing-image
nudged elastic band (CI-NEB) method implemented in VASP.*! Transmission electron
microscopy (TEM) images of different point defects and GBs were simulated using
QSTEM software.*? The experimental in-plane and out-of-plane lattice parameters of
bulk TaS; are 3.36 A and 5.90 A, respectively,*® which are well accorded with our
calculated results of a=b =3.34 Aand ¢ =5.87 A.
3. RESULTS AND DISCUSSION
3.1. Structures and formation energies of TaS; point defects and GBs

We consider six typical point defects frequently observed in experiments, including
the monosulfur vacancy (Vs), two sulfur vacancy (Vsz), TaSe vacancy (Vtass), TaSs
vacancy (VTas3), and antisite defects where two S atoms substitute a Ta atom (S2ta)
and a Ta atom substitutes two S atoms (Tasz). As shown in Figure 1a, TaS; containing
different vacancies or antisite defects show a planar structure, while those atoms near
the defect sites have relatively large displacements compared to pristine TaS. (The
detailed bond lengths and angles around defect sites for all optimized structures are
shown in Figure S1 of the supporting information). The Ta-S bond length around a
point defect is 2.38-2.54 A, close to that in pristine TaS; (2.48 A). Antisite defects can
induce S-S and Ta-Ta homoelemental bonds (bond lengths of approximatelly 2.20 and
2.45 A, larger than those in MoS; of 2.11 and 2.31 A).* To better understand the

common point defects observed in experiments, we simulated TEM images based on
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our relaxed structures, as shown in the bottom panels in Figure 1la. Overall, the Ta
atoms with a larger atomic mass in the middle of the sandwich configuration have a
higher partial charge density (shown in red) than the S atoms at both ends (shown in
yellow) of TaS,. The single S atom projection has a lower charge density (shown in
green) for Vs and Vras3 defects. For S2ta and Tasz antisite defects, substituted S and
Ta atoms in TEM images have almost identical brightness to those in pristine TaS..
To characterize the energetic stability of these point defects, the formation energy is
calculated as:
Er=Ewt— >, Nigi— Eper 1)

where Eqo is the total energy of a point defect, Eper is the energy of the corresponding
perfect TaS> supercell, ui is the chemical potential, and N; is the number of excess or
deficient atoms. Figure 1b shows the formation energies of different point defects as a
function of sulfur chemical potential. The positive/negative slopes of different
systems are proportional to the numbers of deficient/excess sulfur atoms labeled by
orange/green lines. At equilibrium, the chemical potentials of S and Ta satisfy the
relation 2us + uta = utas2, Where uras2 is the chemical potential of a unit cell of TaS..
The left boundary corresponds to the Ta-rich condition, where the chemical potential
of S is calculated as us = (utas2 — uta)/2 = —5.69 €V, utas2 and ura represent the total
energies of a formula unit of TaS, and one Ta atom in its cubic phase, respectively.
The right boundary corresponds to the S-rich condition, where the S chemical
potential is taken as the total energy of one S atom in its orthorhombic phase, and it is
equal to —4.09 eV. It is seen that the Vs vacancy generally has the lowest formation
energy below 2 eV regardless of the S chemical potential environment, consistent
with a previous study of MoS,.*> The formation energies of Vs, and Vrass under
Ta-rich conditions are below 2 eV, whereas S21. and Vras3 under S-rich conditions
with formation energies below 3 eV, can form more easily than other defects. Larger
vacancy defects in other common TMDCs (MoSe., MoTez, WS;, WSe; and WTe»)
were reported to have formation energies in a range from 2.81 to 3.38 eV,*8 which

are generally larger than that in TaS,. Vras3 has a much lower formation energy than
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V1ase, Which may be attributed to the similar S vacancy chemical environments for
V1as3 and Vs, as can be seen from the TEM images. Simulated TEM images show that
the loss of surface sulfur atoms in Vtass and Vs defects causes lower brightness
around S, comparing to that in pristine TaS. In terms of chemical potential, both
V1as3 and Vs defects have a deficiency of one sulfur atom, resulting in an identical
slope in the relationship between formation energy and sulfur chemical potential, as
shown in Figure 1b. On the other hand, antisite defect S2t. under S rich conditions is
predicted to form more easily than Tasy under Ta rich conditions, which can be
understood by the decrease in the homoelemental bond length from 2.45 A (Ta-Ta
bond in TaS) to 2.20 A (S-S bond in S2+,), hence improving the structural stability. In
comparison, Tasz and Vrase With higher formation energies may not be observed in
experiments except for under extreme irradiation damage conditions.

In addition to point defects, different types of grain boundaries (GBs) are often
observed in TMD sheets.*%-*2 Based on the commonly observed GBs, we construct six
TaS> GBs including 4|4 defect rings for (1,1)|(1,1) and (1,1)|(1,1)i2, 5|7 defect rings
for (2,2)|(3,1) and (3,1)|(3,1), and 4|8 defect rings for (3,0)|(3,0) and (1,1)|(1,1)i3, as
shown in Figure 2a. Different GBs are designated by translation vectors (n, m.) and
(nr, mg) at the left and right domains of the GB. For those GBs with the same
translation vectors, we use (N, mu)|(nr, MRr)IN to distinguish them. To better
characterize the energetic stability of GBs, the formation energy is defined as

Ef' = (Ecs— NucEuc)/2L 2)
where Egg is the total energy of the TaS,; GB; Ny and Eyc correspond to the number
and energy of the TaS; unit cell, respectively; L is the periodic length; and the factor 2
represents the GB and its replica in the computational model. The structural
parameters and energetic information are summarized in Figure 2b and Table S1. The
formation energies of TaS, GBs are generally within the range of 0.18-0.41 eV/A,
much lower than those of MoS; GBs (0.34-1.00 eV/A)* and higher than those of
phosphorene GBs (0.09-0.24 eV/A).5 In contrast, 5|7 defect rings including (2,2)|(3,1)
and (3,1)|(3,1) GBs, have a relatively high E¢ of approximately 0.4 eV/A due to the

unsaturated Ta and S atoms, consistent with a previous investigation on MoS, GBs.*
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Moreover, simulated TEM images are shown below the corresponding GB models,
where green, orange, and red represent the charge density projections of a single S

atom, two S atoms, and a single Ta atom, respectively.

3.2. Electronic and catalytic properties of pristine TaS;

To examine the catalytic properties of monolayer TaS,, we first analyze the features
of Ta-S bonds based on the electron localization function (ELF). The ELF is usually
viewed as a contour plot in real space and its values vary from 0 to 1. An ELF value
of approximately 1 denotes perfect localization of electrons, O respresents low
electron density, and 0.5 indicates a free electron gas.>* The ELF of TaS; on the (001)
and (110) planes is presented in Figure 3a. For the (001) plane, the ELF slice is cut
along the middle of the Ta-S bond. Evidently, electrons localize mainly around the
projected S atoms (yellow spheres) and the ELF is approximately 0.4-0.7 between Ta
and S atoms, indicating the formation of chemical bonds. The bottom panel shows the
ELF distribution on the (110) plane. The ELF value approaches 0.5 around the Ta-S
chemical bonds, suggesting that electrons can transport freely to some extent. Such
results can also be demonstrated from Bader charge analysis. Each S atom in TaS;
gains approximately 0.76 electrons on average which is more than that in MoS; (0.49),
suggesting stronger ionic bonding between Ta and S atoms.

To further investigate the electronic properties of monolayer TaS», we calculate the
projected electronic band structure of Ta/Mo and S elements, as shown in Figure 3b
and Figure S2 in the Supporting Information. Monolayer MoS;, as a two-dimensional
semiconductor, has a band gap of 1.67 eV at the high-symmetry K point, in
accordance with previous PBE calculations.>® The valence band maximum (VBM) is
mainly contributed by di,? orbitals at K point (dark blue) and d,? orbitals at the T’
point (purple) of Mo atoms. The conduction band minimum (CBM) is mainly
constituted by d;? orbitals at the K point (purple) of Mo atoms, whereas S atomic
orbitals have almost no contribution to the VBM and CBM. Different from monolayer
MoS;, the band structure of TaS; is shifted by approximately 0.57 eV, leading to

crossing of the Fermi level with the dx%,? and d,?orbitals of Ta atoms, and a metallic
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character. Such results are consistent with the above ELF and Bader analyses.

The outstanding electronic properties of monolayer TaS; facilitate its potential
application in electrocatalysts for the hydrogen evolution reaction (HER).30-%
Generally, the HER in acidic media involves two reaction steps: (1) electrochemical
hydrogen adsorption: H* + e© — H* (Volmer reaction) and (2) electrochemical
desorption: H* + H* + e — H, (Heyrovsky reaction) or H* + H* — H, (Tafel
reaction). First, we examine the Volmer reaction process by calculating the partial
density of states (PDOS) before and after H atom adsorption, as shown in Figure 3c.
The 1s orbital of an isolated H atom is half occupied at the Fermi level and it overlaps
with the three projected 3p orbitals of the S atoms before the H atom is adsorbed.
When H is adsorbed on the top site of S atom, the 1s orbital of the H atom is shifted to
deeper valence bands around -7.2 eV, well matching with the 3p, of the S atom,
leading to the formation of bonding states (c) between H* and TaS; in Figure 3d.
Meanwhile, the conduction bands at approximately 2.8 eV induce antibonding states
(o™). As a reference, the PDOS of a single H atom adsorbed on MoS; is shown in
Figure S3 in the Supporting Information. On the one hand, the electronic 1s states of
an isolated H atom still exist in the vicinity of the Fermi level after adsorption,
meaning that the binding H* strength is lower in MoS; than in TaS2. On the other
hand, there is no strong orbital hybridization among the three 3p orbitals of S atoms
and H atom orbitals in the deeper valence bands as in TaS. These results reveal that
the superior conductivity and stronger coupling between the H atom and monolayer

TaS, may effectively improve the catalytic performance of TaS; in the HER.

3.4. Catalytic properties of TaS> point defects and GBs

A number of investigations have demonstrated that edge and basal plane defects in
MoS> nanosheets benefit the electrocatalytic HER performance. Herein, we
systematically explore the catalytic properties of four easily formed point defects and
six representative GBs of monolayer TaS; as discussed above. For the Volmer reaction,
the free energy of formation for hydrogen adsorption (AGu+)® reflects the catalytic

activity of the HER and is defined as:



AGh» = AEn+ + AZPE — TAS (3)
where AEn=, AZPE and AS are the H* binding energy, zero-point energy and entropy
differences between the adsorbed H* and gaseous H> phase. The temperature (T) is set
as 298.15 K in this work and the values of AZPE and AS can be obtained from the
NIST-JANAF thermodynamics table.>” AGu« = 0 corresponds to an ideal HER
catalyst, and a positive (negative) AGn= value indicates a weak (strong) interaction
between H* and the catalyst, which is beneficial for H* desorption (adsorption). As
shown in Figure 4a, S4 and Table S1, for point defects that have relatively low AGu»<
0.2 eV, H atom can stably adsorb at the top site of S atom, except for Vs> system
where the H atom is bonded with three surrounding Ta atoms, resulting in a decrease
in AGn~ to -0.74 eV. For 4|4 defect ring (1,1)|(1,1) and (1,1)|(1,1)i2 GBs, the top S
atom is the stable adsorption site for the H atom and they have relatively high AGn=
values of 0.34 eV and 0.47 eV, respectively. For other GBs including 5|7 rings and 4|8
rings, the H atom prefers to bond with two neighboring Ta atoms as shown in Figure
S5 in the Supporting Information, and AGn= decreases to 0.05 ~ -0.34 eV, benefiting
the adsorption of the H atom. On the other hand, Bader charge analysis shows that the
formation of defect can enhance the charge transfer between H and monolayer TaS;
compared to the pristine system (see Figure S6 of supporting information). To gain
further insight into the HER activity of different types of TaS> defects, the PDOS of S
and Ta atoms is plotted in Figure 4b and 4c, respectively. Among these defects, the
profiles of valence band states are almost the same (highlighted by gray regions) and
the differences in the PDOS caused by intrinsic defects are mainly related to the
conduction states from 1 to 3 eV. For the top S adsorption sites, the 3p orbitals of the
S atoms are mainly distributed in the valence band regions, and the p band center
ranges from -3.25 eV to -2.99 eV. Different from the S adsorption sites, when the H
atom is adsorbed by two or three Ta atoms, the d orbitals of the Ta atoms have partial
contributions to the conduction bands, and the d band center is located at a deeper
energy level between -3.35 eV and -3.23 eV. All defect systems exhibit metallic
behavior, with prominent d orbital states of Ta atoms in the vicinity of the Fermi level,

indicating their primary contributions to the H* binding and HER catalytic activity.
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The relationship between the d band center (e4) of transition metal Ta or the p band
center (gp) of S and free energy AGn+ is shown in Figure 4d. The &4 of Ta in defect

systems is defined as:

[ ED(E)IE
e (4)
LO D(E)dE

g4(e0) =

where E corresponds to the energy, and D(E) is the PDOS of Ta d orbitals or S p
orbitals. The &g or go band center shows a linear relationship with the lowest AGn= for
different defect systems, which well accords with the trend in d-band center theory
with H* binding for transition metals.®® Therefore, an appropriate d band center can
be regarded as a criterion to ensure moderate adsorption strength and catalytic activity
for the HER.

To better characterize the catalytic activity of monolayer TaS; and its defects,
kinetic processes of Tafel reactions including H atom recombination and H release
are further studied, as shown in Figure 5. Here, we compare the minimum energy
paths and the transition states of two representative defects Vs and the (1,1)|(1,1)i3
GB with relatively low formation energy and AGn~ with those of pristine TaS,. For
pristine TaSz, two H atoms initially adsorb at neighboring S atoms and gradually
move close to each other in the desorption process with an energy barrier of 1.36 eV.
However, in the Vs defect system, two H atoms tend to adsorb on the same S atom
bonded with three Ta atoms and the reaction barrier of breaking H-S bonds decreases
to 0.25 eV, which is much lower than the value of 1.32 eV in M0S..%® On the other
hand, the most stable configuration in (1,1)|(1,1)i3 GB is H atoms bonded with two Ta
atoms in the octagon defect rings; the energy barrier is equal to 1.48 eV, which is
close to the value of the pristine system. Hence, the introduction of specific intrinsic
defects into monolayer TaS> may effectively provide active sites for H* desorption
and H formation, further improving the HER catalysis performance via the kinetic

process.
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4. CONCLUSION

In summary, we systematically explored the structures, stabilities, electronic and
catalytic properties of different point defects and grain boundaries in monolayer TaS;
via first-principles calculations. Homoelemental bonds deteriorate the energetic
stability of Tas> and S2ta point defects and 5|7 defect rings constituting GBs. The
conducting property of monolayer TaS, ismainly contributed by the 5d,? and 5dx2.?
orbitals of Ta atoms. The Vs, Vras3, and S2t. point defects, and (3,0)|(3,0) and
(1,2)|(1,1)i3 GBs with adsorption free energies in the range from 0.07 eV to 0.21 eV
have appropriate catalytic sites for the HER. For different H atom adsorption sites, the
free binding energy has an appropriate linear relationship with the p/d band center of
the S/Ta element. In particular, the Vs vacancy defect has a relatively low Tafel barrier
of 0.25 eV when two adjacent H atoms form H,. Our results provide a theoretical
guideline to identify the possible point and line defects of monolayer TaS; and pave

the way to tailoring the electronic and catalytic properties via defect engineering.

Supporting Information

Free energy (AGw+) of different point defects and GBs in the TaS; monolayer (Table
S1), bond length and angles, electronic band structures, partial density of states
(PDOS) before and after H atom adsorption, stable structures of point defects and
GBs with H atom adsorption and Bader charge analysis (Figure S1, S2, S3, S4, S5
and S6). (PDF)
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Table 1. Periodic length of GBs (L), number of unit cells in the supercell,

misorientation angle (¢), and formation energy (Ef') of different types of TaS, GBs.

Type GB LA N, 6(eg) E €V/A
a4 (1,1)|(L,1) 3.33 10 0 0.18
(1,1)(1,1)i2 3.28 11 0 0.40
57 (2,2)|(3,1) 11.82 62 16.1 0.37
(3,1)/(3,1) 1203 56 32.2 0.41
40 (1,1)/(1,1)i3 580 28 0 0.22

(3,0)/(3,0) 9.89 32 0 0.40
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Figure 1. (a) Upper panels: top and side views of atomic structural models of six
different point defects, including the monosulfur vacancy (Vs), two-sulfur vacancy
(Vs2), TaSe vacancy (VTass), TaSz vacancy (Vras3), two S atoms substituting a Ta atom
(S21a), and a Ta atom substituting two S atoms (Tasz). The S and Ta atoms are shown
in yellow and light blue, respectively; S (Ta) atoms that replace Ta (S) atoms are
highlighted in red (blue). The black dashed circles represent the missing S or Ta atoms.
Lower panels: simulated transmission electron microscopy (TEM) images based on
the corresponding atomic structures. (b) Formation energies of the six different point
defects as a function of sulfur chemical potential in the range of —5.69 eV < us <
—4.09 eV.
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Figure 2. (a) Upper panels: top view of atomic structural models of six different grain
boundaries, including 4|4 rings of (1,1)|(1,1) and (1,1)|(1,1)i2, 5|7 rings of (2,2)|(3,1)
and (3,1)|(3,1), and 48 rings of (3,0)|(3,0) and (1,1)|(1,1)i3. The S and Ta atoms are
shown in yellow and light blue, respectively. Lower panels: simulated TEM images
based on the corresponding atomic structures. The defect rings are highlighted by
black solid lines. (b) Formation energies of the six GBs. The orange, green and purple
columns represent the 4|4, 5|7 and 4|8 ring pairs, respectively.
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Figure 3. (a) Electron localization functions of monolayer TaS; on the (001) and (110)
planes. (b) Electronic band structure of monolayer TaS: projected onto the Ta and S
atoms. Different colors indicate different orbital contributions and the weights are
represented by the line widths. The Fermi level is set to zero. (c) Partial density of
states (PDOS) of the adsorbed H atom and the nearest surface S atom of monolayer
TaS, before (left panel) and after (right panel) H atom adsorption. (d) Schematic
diagram of the formation of the H-S bond for pristine TaS2. ¢ and o* represent the
bonding and antibonding orbitals, respectively.
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Figure 4. (a) Free energy diagrams for hydrogen evolution at zero potential and pH =
0 on different point defects and GBs of TaS,. The black dashed line indicates the ideal
AGh= for HER catalysis. PDOS of the (b) p orbitals of the S element and (c) d orbitals
of the Ta element. The black dashed lines and the values indicate the p band centers of
S atoms or the d band centers of Ta atoms for different defect systems. The Fermi
level is set to zero. Occupied states are shown as the gray regions. (d) p/d band center
(epleq) of the S/Ta element as a function of AGh=. The dashed lines are linear fittings.
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Figure 5. Free energy diagrams of the Tafel reaction for H> formation on pristine TaSa,
TaS; with a single S vacancy, and TaS; with a (1,1)|(1,1)i3 GB. Top and side views of
the initial, transition and final states are shown from left to right. The values below
the structures indicate the Kkinetic energy barriers compared to the initial states. H, S
and Ta atoms are shown in white, yellow and blue, respectively.
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