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Abstract

By performing density functional theory-based calculations, we investigate how structural,
electronic and mechanical properties of single layer ReS, can be tuned upon hydrogenation of its
surfaces. Itis found that a stable, fully hydrogenated structure can be obtained by formation of strong
S-H bonds. The optimized atomic structure of ReS,H; is considerably different than that of the
monolayer ReS; which has a distorted-1T phase. By performing phonon dispersion calculations, we
also predict that the Re,-dimerized 1T structure (called 1T®) of the ReS,H, is dynamically stable.
Unlike the bare ReS, the 1TR-ReS,H, structure which is formed by breaking the Re, clusters into
separated Re, dimers, is an indirect-gap semiconductor. Furthermore, mechanical properties of the
1TR phase in terms of elastic constants, in-plane stiffness (C) and Poisson ratio (v) are investigated.
Itis found that full hydrogenation not only enhances the flexibility of the single layer ReS; crystal but

also increases anisotropy of the elastic constants.

1. Introduction

The transition metal dichalcogenides (TMDs) form a
large family of layered, van der Waals-bonded materials
in their bulk crystal. Isolation of monolayer TMDs leads
to dramatic changes in their electronic, optical, and
mechanical properties [ 1-4]. Following the synthesis
of monolayers of Mo- and W-dichalcogenides, recently
monolayers of rhenium dichalcogenides (ReS, and
ReSe;,) [5] were successfully added to the TMD family.
Due to their distorted structures, monolayers of ReS,
and ReSe; exhibit anisotropic electronic, optical, and
transport properties [6-8].

Similar to other TMDs, the bulk forms of Re-dichal-
cogenides, ReS, and ReSe,, were reported to be ina form
of van der Waals layered structure [9-11]. Raman bands
and their relative intensities depending on the number
of layers and the layer-stacking-order were investigated
for ReSe; [12]. Recently, Yang et al showed that locally
induced strain by generation of wrinkles in monolayer
ReSe, modulates the optical gap, enhances light emis-
sion, induces magnetism, and modulates the electrical
properties [13]. The structural properties of bulk ReS,
were studied by the x-ray diffraction experiments and
the symmetry properties were reported [14]. Mono-
layer form of ReS, was successfully isolated and its
unique properties such as a weakband-renormalization,
absence of interlayer registry and weak interlayer cou-

pling arising from Peierls distortion of the 1T structure
were reported [5]. It was also showed by Tongay et al
that the monolayer ReS; hasa directband gap of 1.55eV
which was confirmed by photoluminescence measure-
ments [5]. Pradhan et alinvestigated the field-effect tran-
sistor performance of few-layer ReS, [15]. They found
that ReS, on SiO; behaves as an n-type semiconductor
at low electron densities . For higher values of # the
resistivity decreases,and a metallic behavior is observed.
Yu et al studied electronic properties of ReS, depending
on applied strain and the number of layers [16]. They
reported that characteristics of the band structure and
itsband gap are insensitive to the applied strain. Moreo-
ver, the charge carrier mobilities were found to be nearly
independent of the number of ReS; layers. Vibrational
properties, especially the low frequency modes, of ReS;
were studied to understand coupling of ReS; layers. He
et al studied the ultra low-frequency Raman spectra
of ReS, and reported that the layers are coupled and
orderly stacked in few layer ReS, [17]. In addition, the
same analysis were reported by Lorchat et al in terms
of the calculated force constants between ReS; layers
[18]. The optical properties of monolayer ReS, were
also paid much attention due to strong anisotropy in
the structure [19-21]. Zhong et al [19] reported that
the huge excitonic effects dominate the optical spectra
of monolayer ReS; with an exciton binding energy of
about 1eV.
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Tuning the physical properties of 2D materials
became an important issue for their versatile use
in next generation nanodevice technology. Surface
functionalization of 2D monolayers with various types
ofatoms such as H, F,and Li, is one useful way to achieve
that [22-25]. Among these atoms, H was widely used
in experiments and considered also theoretically. For
instance, it was first shown for graphene that hydro-
genation of the sample bilaterally tunes the electronic
properties significantly. Sofo et al predicted a form
of fully saturated hydrocarbon which they named as
graphane [26]. They found that the graphane is a
dynamically stable material with a comparable binding
energy with other hydrocarbons such as benzene and
cyclohexane. Following the study of Sofo et al, two years
later Elias et al successfully synthesized graphane [27]
and observed that this new 2D material is an insula-
tor. In addition, the transmission electron microscopy
(TEM) measurements revealed that the graphaneisa
crystalline material and retains the hexagonal lattice.
Moreover, it was reported that the reaction of graphene
with hydrogen atoms is reversible which means gra-
phene can be restored after annealing the graphane
layer. In recent years, the hydrogenation of other novel
2D monolayers, such as TMDs, has came into promi-
nence. Pan et al investigated the electronic and magn-
etic properties of hydrogenated monolayer VTe, and
found that the hydrogenated VTe, exhibits a transition
from semiconductor to metal and further to half-metal
under the effect of applied tension [28]. Shi ef al stud-
ied the electronic and magnetic properties of hydrogen-
ated monolayer MoS, under applied biaxial strain and
found that the ferromagnetic (FM) ground state occurs
as the applied strain is increased [29].

In this study, we investigate the structural phase
transition in monolayer ReS, by full-surface hydro-
genation. The new crystal structure, 1TRe2_ReS,H,, is
found to be dynamically stable and it is an indirect-gap
semiconductor. In addition, the effect of hydrogena-
tion on the mechanical properties is investigated. The
paper is organized as follows: Details of the computa-
tional methodology are given in section 2. Structural
and electronic properties of monolayers of ReS,, single
H-adsorbed ReS,, and 1TRe2-ReS,H, are presented in
section 3.1. Mechanical properties of bare and hydro-
genated monolayer crystals in terms of in-plane stiff-
ness, C, effective Young modulus, E, Poisson ratio, v,
and bending rigidity, D, are presented in section 4.
Finally, we conclude in section 5.

2. Computational methodology

For the first-principles calculations, we employed the
plane-wave basis projector augmented wave (PAW)
method in the framework of density-functional theory
(DFT). The generalized gradient approximation (GGA)
in the Perdew- Burke-Ernzerhof (PBE) form [30] was
employed for the exchange-correlation potential as
implemented in the Vienna ab initio simulation package
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(VASP) [31,32].The van der Waals (vdW) correction to
the GGA functional was included by using the DFT-D2
method of Grimme [33]. For calculation of the band
gap, effect of spin-orbit coupling (SOC) on top of
GGA was considered. The charge transfer analysis was
performed by using Bader technique [34].

For the electronic and geometric relaxations of the
monolayer crystals, the energy cut-off value for the
plane wave basis set was taken to be 500 eV. The total
energy was minimized until the energy convergence
becomes less than107° eV in the structural relaxation
and the convergence criteria for the total Hellmann-
Feynman forces on the unitcell was taken to be10~*eV
A. To prevent possible interactions between periodic
images of ReS; layers, a large vacuum spacing of 18 A
was considered. The minimum energy was obtained
by varying the lattice constant and the pressure was
reduced below 1 kbar. AT'-centered15 x 15 x 1k-point
mesh scheme was adapted for the Brillouin zone (BZ)
sampling for the primitive unit cells. The broadening
for the density of state (DOS) calculations was taken
tobe0.05eV.

In order to investigate the dynamical stability of
monolayers of ReS, and 1TR¢2_ReS,H,, the vibrational
spectra of the structures were simulated. Phonon
spectra were calculated by using the small displace-
ment method as implemented in the PHON code [35].
For the calculation of force constant matrix, 48- and
80-atom supercells were considered for monolayer
ReS, and 1TR-ReS,H,, respectively. Each individual
atom was displaced from its equilibrium position by an
amount 0.04 A in the harmonic region. In addition, we
examined the stability of the monolayer ReS, and 1TR¢:
—ReS,H; structures by performing ab initio molecular
dynamic (MD) simulations.

3. Structural and electronic properties

3.1. Monolayer ReS,

Differing from most of the TMDs having 1T or 1H
phases, monolayer ReS; has a distorted crystal form
named as 1T’ phase [5] which corresponds to point
group symmetry C;. The primitive unitcell of 1T’ phase
is formed of eight S atoms coordinated around four-
atom-cluster of Re (Rey) as shown in figure 1(a). Our
structural optimization confirms the 1T’ phase of the
monolayer ReS; as the ground state. As given in table 1,
the lattice parameters a and b are found to be 6.46 and
6.38 A, respectively. The Re-Re bond lengths in a Re,
cluster are 2.81 and 2.71 A for side and diagonal Re
atoms, respectively. In addition, the Re—S bond length
varies from 2.36 t0 2.51 A. Bader charge analysis reveals
that the bond between Re and S is covalent-type with
a charge depletion of 0.5 e from Re to S atom. The
phonon analysis confirms that the monolayer ReS, is

dynamically stable as shown in figure 1(b).

Electronic properties of the monolayer ReS; are
also investigated. We find that it possesses a direct
band gap of 1.45 eV calculated within GGA + SOC. As
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surfaces. (d) The corresponding partial density of states.

Figure 1. For the monolayer ReSy; (a) top and side views of the structure, (b) the phonon-band structure, (¢) VBM and CBM
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Table 1. For the monolayer ReS, and 1TR®2-ReS,H, structures; structure, calculated lattice parameters a and b, the average charge
donation of a Re atom, A p, the energy band gap of the structures calculated within; GGA (EgGA), SOC on top of GGA (Egoc), and the work

function ®.
Structure a(A) b (A) Ap (e) E 56 (eV) E¢%0C (eV) d (eV)
ReS, Rey-cluster 6.46 6.38 0.9 1.45(d) 1.34(d) 5.56
1TR2_ReS,H, Re,-dimer 7.46 6.65 0.7 0.60(7) 0.75(i) 2.47
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Figure2. (a) Possible adsorption sites for a single H atom, labeled by numbers. (b) Top and side views of single H adsorbed
monolayer ReS; and (c) the corresponding partial density of states (PDOS).

given in figure 1(c), we plot the highest of the valence
band (VB) and the lowest of the conduction band
(CB) energy levels as surfaces. The valence band maxi-
mum (VBM) and conduction band minimum (CBM)
appear attheI" pointin BZ. The DOS calculation dem-
onstrates that both VBM and CBM are dominated by
the Re states.

3.2. Single H-atom adsorption on monolayer ReS,

The adsorption of atoms to the surface of a material is
an efficient way to tune their physical properties. For
2D materials, H atom is widely used for such purposes.
In regard to functionalize the monolayer ReS,, we first
investigate the single H adsorption to the surface of

the monolayer. In the unitcell, top of two Re and four
S atoms are considered as the possible adsorption sites
as shown in figure 2(a). Among these 6 different sites,
the site-1 is found to be the energetically favorable one
witha S—H bond length of 1.42 A (see figure 2(b)). The
binding energy of the H atom to the surface s calculated
tobe 0.81 eV which is smaller than that of on graphene
(0.98¢V) [36]. The single H adsorption leads to mid-
gap states which appear at 0.5V above the VBM as
shown in figure 2(c). The contributions to those mid-
gap states are mainly from the Re atoms and relatively
small contributions also exist from the S and H atoms.
A net magnetic moment of 1 p1z appears at the vicinity
of the H bonding site.
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Figure3. (a) Top and side views of monolayers of 1T-ReS,H, (top panel) and 1TR¢2-ReS,H, (bottom panel). Corresponding
phonon-band dispersions for (b) 1T ReS,H, and (c) 1TR—ReS,H,. (d) The phase transition from Re, clusters in bare structure (on
the left side) to Re, dimers in 1TR¢2-ReS,H, (on the right side) and the corresponding charge densities on the same Re-planes.

-0.2
-0.3
-0.4
-0.5
-0.6

-0.2

-0.2 -0.1 0.2

0.0 0.1
k. (A1)

Figure4. Forthe monolayer 1TR¢ReS,H,; (a) VBM and CBM surfaces and (b) the corresponding partial density of states.
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3.3. Full-Hydrogenation of monolayer ReS,

Following the analysis of the single H adsorption,
we investigate the full-surface hydrogenation of the
monolayer ReS,. The full hydrogenation refers to that
all the S sites are occupied by H atoms as shown in
figure 3(a). The H atoms prefer to bind perpendicular
to the surface plane instead of being inclined as in single
H case. The full hydrogenation expands the lattice such
that the parameters a and b increase to 7.46 and 6.65 A,
respectively. The most significant change in the
structure is that a Re4 cluster is broken into two Re,
dimers as shown in figure 3(d). In this new structure
which we name as 1TR2_ReS,H,, the Re—Re bond
length increases to 2.90 A, however, the Re-S bonds

do not change significantly. The Bader charge analysis
shows that each H atom is donated 0.1 e charge. In
addition, the calculated phonon-band structure reveals
the dynamically stability of monolayer 1TR-ReS,H,
as shown in figure 3(c). Although, the crystal structure
of monolayer 1TR-ReS,H, resembles the perfect
1T phase, the hydrogenated perfect 1T phase is not
dynamically stable (see figure 3(b)). Thus, it is clearly
seen that the formation Re; dimers contribute to the
dynamical stability of 1TR-ReS,H,.

The hydrogenation also modifies the electronic
properties significantly. In figure 4(a), the surface plots
of the VBM and CBM are shown and it is found that
the 1TR*2-ReS,H, isan indirect-gap semiconductor. Its
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Figure5. (Time vs. temperature diagrams of the MD simulations. Two sets of calculations are given. (a) and (c) show the first
set in which the temperature increases from 0 to 800 K for the monolayer ReS; and 1TR¢2-ReS,H,, respectively. (b) and (d) show
the second set in which the temperature increases from 700 to 1500 K for the monolayer ReS, and 1TR2-ReS,H,, respectively. (b)
indicates that the monolayer ReS, remains stable even at 1500 K. In (d), the dissociation of the 1T®¢2-ReS,H, appears as a sudden
increase in the system temperature at ~2 ps. In lower panel, the structural forms of the 1TR¢2-ReS,H, are shown before and after

band gap is 0.75 eV which is approximately half of that
of monolayer ReS,. The band extrema points do not
appear at the ordinary symmetry points. The VBM of
the monolayer resides between I" and M, points along
b, vector while the CBM lies between I" and M, points
along b; vector. As seen from the partial density of states
(PDOS) in figure 4(b), the domination of Re states at
the VBM and CBM persists.

In addition, for further examination of the stability
of the monolayer ReS, and 1TR>-ReS,H, structures, we
perform molecular dynamics (MD) simulations under
gradually increasing temperature. We consider two sets
of calculations; in the first set, the temperature of each
structure is increased from 0 to 800 K in a time inter-
val of 0-16 ps, and we find that both structures remain
stable as shown in figures 5(a) and (c). In the second
set, the temperatures are increased from 700 to 1500 K
in the time interval of 0-20 ps for each structure. For
the second case, the monolayer ReS, remains stable (see
figure 5(b)) while 1TR2-ReS,H, dissociate after 2 ps at
around 1000 K by firstly releasing the hydrogen atoms
(see figure 5(d)). The corresponding structures are
shown in the lower panel of figure 5.

4. Mechanical properties of monolayer
ReS; and 1T Re2—-ReS,H, Crystals

The elastic properties of 2D homogeneous monolayer
materials can be represented by two independent
constants, the in-plane stiffness, C, and the Poisson
ratio, v. In addition, the effective Young modulus, E, can
be defined for a 2D monolayer material in terms of its
proper thickness, h1,,and Cto simulate its bulk behavior.
In this part of the study, we analyze and discuss the
mechanical properties of both of the monolayers, ReS,
and 1TR2_ReS,H,, in terms of the elastic parameters.
The elastic constants of the monolayer ReS; and
1TR_ReS,H, are determined by using the energy-
strain relation. 48- and 80-atom supercells are con-
structed for monolayer ReS, and 1TR¢—ReS,H,,
respectively. The supercell vectors are stretched and
compressed along the | and|| directions, respectively.
The L is defined as the perpendicular direction to
Re4 chains and || is taken to be parallel to Re, chains.
However, in the case of 1TR-ReS,H,, these two direc-
tions are defined the same as for Re, dimers. The strain
parameters €, and ¢ are varied between $0.02 with a
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Table2. Elastic parameters along | - (perpendicular to Re, chains)
and|-directions (parallel to Re, chains) for the monolayers of ReS,
and 1TR_ReS,H, structures; calculated in-plane stiffness C, and
Cy» Poisson ratio v and vy, effective Young modulus E | and Ej.

CL Cy v vy Ep E;
Jm32 (Jm?) — — (GPa) (GPa)
ReS, 166 159 0.19 0.19 497 477

ITR ReS,H, 128 97 038 029 329 250

step size of 0.01. Then, three different sets of data are
calculated; (i) gy = 0 and ¢, varying, (ii) ¢, = 0 and
g varying and (iii) e, = g varying. At each configu-
ration, the atomic positions are fully relaxed and the
strain energy, Es, is calculated by subtracting the total
energy of the equilibrium state from the strained struc-
ture. Then, the calculated data is fitted to the equation;
Es = cel* + og)” + cerg) [37], and the coefficients ¢;
are determined.

The in-plane stiffness, C, is a measure of the
rigidity of a material under applied load. Direc-
tion-dependent C can be calculated by two
formulas; C = (1/A0)2q — ¢5*/2¢) [39] and
Ci= (1/Ap)(2e — ¢5*/2a) [39] where ¢;==c; due to the
anisotropy of the unit cell and Ay is the strain-free area
of the supercell. The rigidity of monolayer ReS, and
1TR_ReS,H,, may clearly be understood by comparing
their in-plane stiffness with that of other 2D materials.
Our calculated values of C are 166 and 159N m~! for
C, and Cjj (see table 2), respectively for monolayer ReS,
which are slightly different indicating very small aniso-
tropy between these two directions. When compared
with that of graphene (330 N'm ™! [38]) and monolayer
h-BN (267N m™! [38]), monolayer ReS, has a smaller
C.However, due to its non-planar structure, it is mean-
ingful to compare C of monolayer ReS, with that of
other TMDs and other non-planar monolayers. ReS, is
astiff material when compared other monolayer TMDs
such as MoS, (124N m™") [39], MoSe, (101 N m™})
[40] WS, (135N m™~!) [41], and WSe; (112N m™!)
[41] are considered. In addition, it is much stiffer than
monolayers of GaS (91 N m™!) [42] and GaSe (77N
m™!) [42], non-planar monolayers of post-transition
metal chalcogenide family. The rigidity of the mono-
layer occurs due to the covalent bonding between Re

atoms in Rey clusters.

By the same methodology, Cis calculated for mono-
layer 1TR*-ReS,H, and we find that C; and C)decreases
to 128 and 97N m™L, respectively. As reported for
graphane (243 N'm™!) [43], hydrogenation reduces the
value of C. In our case, the reduction in Cis due to the
existing of Re, dimers instead of Re, clusters in mono-
layer 1TR2-ReS,H,. Thus, the monolayer ReS, becomes
more flexible material upon full hydrogenation.

The Young modulus, E, is an intrinsic property of a
material and generally, it is defined as the ratio of stress
to the applied strain in the harmonic regime. For 2D
monolayer materials an effective Young modulus can
be defined in terms of h, and C'to picture out the bulk
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behavior of that monolayer. We calculate E by the fol-
lowing formula; E = C/h,, where h, is calculated from
the optimized bulk structure of the monolayer.

The proper thickness of monolayer ReS; is calcu-
lated to be 5.95 A and the corresponding E values are
497 and 477 GPafor E| and Ej, respectively. These values
are about half of that of graphite (988 GPa). In addition,
these values are higher than twice of that of monolayer
MoS; (202 GPa) [39]. Since the values of Cis reduced
by full hydrogenation in monolayer ReS,, we expect the
same trend for E since they are related to each other by
afactor of h,. Our geometry optimizations for the bulk
form of 1TR2-ReS,H, demonstrate that the interlayer
distance decreases due to the H-H interactions at the
surface of 1TR-ReS,H, layers. Thus, h, decreases to
5.12 A and the corresponding E values become 329 and
250 GPa for E| and E, respectively.

The Poisson ratio is defined as the ratio of the
transverse contraction strain to the longitudinal
extension strain in the direction of the stretching
force, thatisv = —Eqang/Eaxial- By using the parameters
c;» the Poisson ratio values along two perpendicular
directions are calculated by the following formulas;
v = 32 [39] andy) = /2 [39].v, andyjare found
to be the same with a value of 0.19 for monolayer ReS,.
This value is smaller than the values reported for other
monolayer TMDs (0.25 for MoS;, 0.22 for WS,, and
0.23 for MoSe;) [41]. Generally, stiffer materials are
known to posses small Poisson ratio value. Thus,
reduction in C by full hydrogenation, results in the
increase of v (0.38) and v (0.29) for monolayer 1 TR
—ReS,H,. This increase in v values demonstrates that
under same longitudinal extension, the response of
monolayer 1TR-ReS,H, will be bigger than that of
monolayer ReS,.

In addition to in-plane mechanical constants, the
bending rigidity which demonstrates the behavior of
amonolayer material under bending deformation is of
fundamental significance for applications in flexible
device technology [44]. Here, the calculated bending
rigidities are 9.9 and 18.2 eV for monolayer ReS; and
1TRe_ReS,H,, respectively along L direction while
9.5and 13.8 eV are found for|| direction for monolayer
ReS; and 1TR—ReS,H,, respectively. The calculated
values for monolayer ReS, are slightly greater than
those of other monolayer TMDs such as M0S,(6.72¢eV)
[45], Mo0Se,(6.48eV) [45], WS,(7.60€V) [45], and
WSe,(7.21eV) [45]. In addition, our results indicate
that although the in-plane stiffness decreases upon full
hydrogenation, the bending rigidity increases due to
the increase in the thickness of monolayer ReS; with
hydrogenation.

5. Conclusion

In this study, we investigated the stability of the structure
( 1TRe-ReS,H,) formed upon full hydrogenation of
monolayer ReS,. Firstly, we found that single H atom
can be adsorbed to the surface of monolayer ReS, with

6
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a considerable binding energy (0.81eV). Following
the analysis of single H adsorption, we showed that
full hydrogenation of monolayer ReS, results in a
dynamically stable crystal structure, 1TR-ReS,H,,
formed by Re, dimers. Our ab initio MD simulations
demonstrated that the 1TR-ReS,H, remains stable
up to moderate temperatures, however, the hydrogen
atoms dissociate at around 1000 K. Electronic-band
structure calculations revealed that monolayer ReS,
turns into an indirect-gap semiconductor upon
full hydrogenation with a decreasing band gap. In
addition, the analysis of elastic parameters, C, E, and
v, demonstrated that; (i) monolayer ReS; is a stiff
material, (ii) it is not highly anisotropic in terms of
elastic constants along the considered directions, and
(iii) it becomes a more flexible material upon full
hydrogenation. Overall, we concluded that monolayer
ReS; can exhibita different, dynamically stable structure
upon full hydrogenation which is a flexible material
suitable for nanoscale mechanical applications.
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