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ABSTRACT: Two-dimensional (2D) transition-metal dichalcogenidgs,cisewiminawide S -
(TMDs) monolayers have found various applications spanning from............ 7. ~ . :

Direct Bandgap

electronics in physics to catalysis in chemistry due to their unique o i | Flat IEr
physical and chemical properties. Here, tleet eof structure| | oA g
engineering on the physical and chemical properties of transition- | ¢ ¢ "9:>f);:> (e K2 E.>E
metal disulde monolayers (MpBis systematically investigated based _ 3 4 " Top of Crest “ i t ¢
on density functional theory (DFT) calculations. The calculation regulis- < % N —®
show that waved MB8v-MS)) can be achieved under compression Qe = Crest IE,

to the zero in-plane stiess, leading to higlexibility within a wide *Curvature-dependentMagnelic Moment ~hy o~
range of compression. The bandgap and conductivity of semicond@ctifighition Metal © S H, H | Indirect Bandgap
w-MS are reduced because the d orbitals of transition-metal elements

become more localized as the curvature increases. A transition from a direct band to an indirect one is obseevedwr w-MoS
WS, after a critical strain. We further demonstrate the structure engineering can modulate the magnetiseadihgvtdS
nonuniform distribution of magnetic moments along the curvature. Furthermodethaewaved TMDs show reduced Gibbs

free energy for hydrogen adsorption, resulting in enhanced catalytic performance in hydrogen reaction evolution (HER). It i

expected that the waved 2D TMDs ma&y applications into various areas, such as nanodevices and catalysis.

KEYWORDS:waved 2D materials, transition-metalldisustrain engineering, electronic and magnetic properties,
hydrogen evolution reaction, DFT calculations

INTRODUCTION heterostructure with large lattice mismatch was fabticated.
pt-of-plane deformation I:éor bended structure) has also been
ported on other 2D TMDS>® However, to the best of our
owledge, few systematic studies have reported on their
physical and chemical propertiescged by the periodic
curvatures. In this work, we construct wavedMS Mo,
W, Sn, and V) to investigate the& of curvature on their
physical and chemical properties usisgprinciples calcu-
ﬂﬁéions. We nd that these waved nanosheets show high

increasing attention because of their versatile and tunal € ibilit on compression. and their band structures depend
properties® Di erent from graphene, the TMD monolayer is xioility up P lon, and thel structu P
n the compression, resulting in a transition from direct

a three-layer structure (X-M-X: M = transition metal atom, ang1

Since the discovery of graphene in 2004, tvvo-dimension%
(2D) materials have triggered extensive interests in malf)
research elds due to their excellent physical and chemic
properties. * Their intriguing properties have resulted in wide
applications in various areas, such as mecharies:

tronics,® photoelectronics.’ and catalysts? Among them,

transition-metal dichalcogges (TMDs) have attracted

X = chalcogen atom), which provides a lot of chances to tail ind?c?fntg ;gtlgglcr)?(\:/t/g\?eed -Il;?gt (;(::gﬁr?ssa':gsh?ﬁeagfal
their properties for multiple applications. Various method grot 2 gy :

such as electron and atom dopifig,vacancy contrdf, rhagnetic moments (LMM) of magnetic w;¥ding to the
deformatiort/ and thermal annealitithave been used for the nonuniform distribution of magnetic moments along the

; . ture. We further show that the curvature can improve the
urpose, and amazing properties have been reported, suctf'4¥2" o o
Sallgy electroni&%,maggngtisprﬁ? and superconducti?/?t%/. catalytic activity of M$or HER, which is greatly enhanced by

The out-of-plane deformation, such as bucKlingin- simply increasing the compression. Our well-rounded calcu-

kling?® scrolling* and folding?” is observed in many 2D
materials because of their ultrathin nature, which has trigger@gceived: January 14, 2020
greatly attention recentf?.” For instance, waved graphene Accepted: March 9, 2020
had been reported to show high performance on molecufgPlished:March 9, 2020
adsorption, chemical reaction, and hydrogen evolution reaction

(HER)?® 23 Xie et al. reported that a spontaneous ripple

superlattice was formed when a van der Waals (vdW) TMD
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lation paves a way to tune the physical and chemical properti@snpression increasegy(ire SjL We investigated the w-MS

of MS for versatile applications by strain engineering. with various wavelengths gure out the eects of periodic
curvature on the intrinsic properties of 2D materials for
COMPUTATIONAL METHOD potential applications in mechanics, electronics, magnetics, and

All density functional theory (DFT) calculations are carriegatalysis.

out to investigate study the physical and chemical properties of-ormation of w-MS,. To indicate the possibility for the
waved 2D TMDs. The PerdeBurke Eznerhof generalized formation of the waved 2D TMDs under compression, the
gradient approximation (PBE-GGA) is used for the exchangenergy dierence between waved and planar 2D monolayers is
correlation energy.The projector augmented wave (PAW) calculatedrst as,

method in the Vienna ab initio simulation package (VASP) is _ =

employed in this work. The integration of tre Brillouin Bir = (Bw MS;) S Ep MS,))/ N @

zone is carried out with the Monkhorst and Pack (MP) schemgereEw-MS,) and E(p-MS)) refer to the total energies of

of k-point sampling. A% 1 x 1 MP grid is used for the k- {ha . and PS, under same compression, respectigly

point sampling during relaxation calculation, whil&821 represents the total number of unit cells in a supercell. The
1 MP grid was adopted to calculate the densities of stat@syed supercell includes 12 unit cells and is considered in our
(DOSs). A vacuum region of 15 A is applied alorggttie o sydy. We introduce the strain by shortening the wavelength

avoid the interaction between adjacent interlayers. All the) in the armchair direction. The strain is calculated te-be
calculations use 1.8 10° eV/atom as total energy (C, C)/ Cx 100%.

convergence condition and 0.04 eV/A as maximum force \jechanic Parameters. The mechanic parameters are
convergence criteria, which are carefully tested before t§gizined by following equatiéfs,

further calculation. Spinlgdzation is considered when .

calculating magnetic materials. The cetoergy for the E()=(BwvMS)S NEMS))/ N %)
planar-wave expansion is set to 500 eV.

Geometrical Structures. The MS monolayers arerst F =g E()
relaxed under zero straifable ) and then compressed to ten ~ C ®3)
Table 1. Optimized Geometrical Parameters and the - Fen
Relative Calculated Phase of M@onolayer8 ten ~ C ()
lattice bond angle of length of 2
2D constant4 lengthof S M S  supercell Calculated <« E()
MS, =k)(A) M S@A) (deg) G (A) Phase G=S g 2 5
MoS 3.185 2.412 82.617 33.094 2H ®)
ws 3.181 2416 82.345 33.064 2H whereE(MS,) is the energy of a unit céll( ), Fe, and e,
VS 3.167 2.353 84.590 32.914 2H are the strain energy, tension force, and force constant at a
Sng 3.699 2.598 90.828 38.450 T given strain. The in-plane séiss C) is calculated using the
3(H = Hexagonal, T = Trigonal). equilibrium area of the supercef) (because of the

ambiguous daition of Young modulus of honeycomb
form waved MS(w-MS,)) under various compressions (from structure3®

2% to 16%) Figure ). Table 1shows the considered lengths  Magnetic Coupling. The magnetic ground state of w-VS
(Cy) of planar Mg(p-MS,). Under applied strain, M§hows is determined by calculating the total energies of ferromagnetic
out-of-plane deformation and the wavelength sh@hks ( (FM) and antiferromagnetic (AFM) states. The energy

Figure 1.Structures of (a) 2H p-M&nd (b) 1T p-M$without compression. The top and side views of (c) 2H wayeaht@l) 1T waved
MS, along the armchair direction.
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Figure 2(a) Energy dierence between planar and waved gaMame compression as calculated=fydir(b) Strain energy of waved MS
a function of compression as calculateddrpt

di erence between the two states (exchange energy) tells therease of energy as the external strain incriéigses &R
ground state and magnetic coupling, which is expressed asClearly, the waved 2D materials start to form afted%
_ & because the energy of w,MS less than that of p-MS
Eox= (HAFM) S EFM))/ N ®) Especially, w-Snisas the largest energyadence at = 4%,
whereE,,is the exchange enefgfAFM) andE(FM) are the  indicating it is easy to be bended at low compressign. WS
total energies of ferromagnetic and antiferromagnetic stateBpws the largest energyedence after > 10%, indicating
respectively. that w-W$g can be achieved at high compression, which is
Hydrogen Evolution Reaction. The adsorption of the H ~ consistent with the literatdfé! The calculated energies
atom is the rst step for water splitting. The hydrogen indicate that the monolayer has a large probability of being
adsorption energy is aed as, buckled rather than keeping planar under compression, which
3 1 is similar to graphen®.
E, = EwMS,+ H)S BwMS 5 = H) - The calculated strain energies of w{Mi§ure B) increase
2 ) with the reduction of the wavelength (or the increment of
where E(w-MS, + H) and E(w-MS) represent the total curvature)Figure S3hows the bond length ofi8 and angle
energies of w-MSwith and without one adsorbed H, of S M S at the crest and trough of w,Me angle of S
respectivelfe(H,) is the energy of Hinolecule in gas phase. M S goes up on the crest and goes down in the trough with
Generally, we can evaluate the HER catalytic ability bjpe compression increasing because the crest and trough
calculating Gibbs free energy, which indicates the adsorptioreaperience opposite strains, that is, tension and compression,
reactive intermediates on a catalyst based on the Sabatispectively. The change of th#1®ond shows a same trend
principlé® and is expressed‘as, with that of the SM S angleFigure SB It is noted that the
- & di erences of the 3 S angle and 3/ bond between at
G Bt B T R ®) the crest (or trough) of w-M&nd at the basal plan of p-MS
.1 are up to 18 degrees andb% at = 16%, respectively. By
S S §$2 ) further increasing compression, the chemical bond or bond
) ) angle cannot sustain within a reasonable range, leading to the
whereS), is the entropy of hydrogen molecules in the gagreakdown. Hence, the compression is limited to 16% in our
phase under standard conditions;p¢ is the dierence in considered systems.
zero-point energies between the adsorbed H and H in gasThe calculated tension forces are 1.09, 0.47, 0.46, and 1.26
phase. E;pe T S is calculated to be 0.24 eV. Herge eV/A for w-Mo$ w-VS, w-Sng and w-W$ respectively,
is simplied to, which are higher than that of waved graphed8 eV/A),
- indicating that they are relativelydlilt to be buckled under
Gy E+ 0.2 (10) low compression and easy to breakdown under high
compression. The result is in well agreement with the previous
RESULTS AND DISCUSSION report on grapheriéw-MS can be only formed after 4%,
Structural Stability and Mechanical Properties. The while waved graphene can be formed at1%. Waved
structural stability of w-M® investigatedrst to determine  graphene can stably exist under large compression up to over
their formation possibilityrigure 2 shows the energy 50%, while w-MSuill break at high compression. Accordingly,
di erence €q ) between w-MSand p-M$ at the same  the calculated stiess shows a trend of J¥SMoS > VS >
compression. As a whole, the four monolayers show the safif€® > graphene, which is in an agreement with previous
trend; that is, the energy eiience decreases negatively withexperimental resuffs** According toeq 5 the in-plane
the increment of compression, manifesting that the energy $if ness of w-MSs zero because the strain energy is linearly
the waved one is lower than that of its planar counterpaproportional to the compressiofriqure 9).%° Our
(Figure SR Although there is a slight increment wher2% calculations show that w-MiS quite exible and can be
(Figure 3, inset), the amount is negligible. As the compressidmck to the basal structure after external force is released.
exceed 2%, the total energies of w-pt8sent linear Among these four materials, especiallysBm8s the highest
increment, while p-MS$hows a parabolic behavior in the force tolerance due to lowest tension force, which can be
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Figure 3.Calculated band structure of w,MScompressions of 0%, 8%, and 16%, respectively. The Fermi level is aligned to 0 eV.

attributed to its large lattice constardi{le ). Additionally, VBT. When 12%, the VBT with aat top appears at
we carried out molecular dynamic simulations on,weMS point, resulting in a localized DOS near the Fermifeyetd
further conrm its stability at a compression of 16%. We found). The localized DOS has a largective mass of holes,
that the energy and structure kept unchanged over timghich would reduce the hole mobility and conductivity of w-
(Figures S11 and $lihdicating that they are stable under MoS. w-W$shows a same trend to w-Md&e to the similar
high compression. geometrical parameters between,Mo8 W$ (Table 1
Electronic Properties. Our calculations show that the Figure 2 and the same valence electron structures of Mo and
waved TMDs are highly possible to be obtained undew.Compared with the d bands of w-pa®l w-W§ there is
compression. Deitely, their electronic properties will be no signicant change in the § orbitals (Sp, i =X, Y, 2)
a ected by the periodic curvature. Therefore, the ban@Figure Sp Di erent from w-MoSand w-W§ the projected
structures and densities of states (DOSs) of ywdi bands of w-SpShow that the S, states dominate its VBT
calculated. As 2H-Y®as a quite narrow bandgap@ meV) and CBB Figure 3. Especially,pshrinks to high energy level
based on the GGA-PBE calculation, we focused oethefe  and g at one-third XS point occupies the top of VBT when
curvature on the band structure of other semiconducting w- 2% (igure SB which could be attributed to the elience
MS, that have large bandgaps. We see that all semiconductofgground-state electron distribution between full d-orbit Sn
w-MS (Figure 3 show similar behavior in the change of band(4d'® and half d-orbit W/Mo (49).
structures under compression; that is, the valence band top#oreover, we calculated the change of bandgap as the
(VBTs) of w-M$ are obviously a&cted under large compression increasésg(re 3 The bandgap of w-SnS
compression. The VBTs of w-Ma®d w-Wg gradually  decreases with the shortening of the wavelength except for
shift along Y direction, that is, from one-third of ¥ two- 10%, where it slightly increased, due to the slight decrease of
thirds of Y. Particularly, the VBTs are almadtened under VBT (Figure SE10%). w-SnSkeeps an indirect-bandgap
high compression. The VBT of w-Sst8fts from two-thirds  nature under compression. For w-Mof8l w-W§g the e ect
Y point to one-third of XS, while the conduction bandof compression on their bandgaps is relatively weak, except at
bottom (CBB) is transferred fromto Y point. We further  high compression, which leads to the reduction of the bandgap.
analyzed the projected band structures of the wawed MBiterestingly, a transfer from a direct to indirect band is
(Figures S4S§. For MoS, the three orbitals (Mafd,?, observed at a critical compression, which is 4% foryeiMoS
Mo-d,?, and Mo-g,) mainly attribute to the VBT near Fermi 2% for w-WS(Figure J, respectively. Most recently, the
level. At = 0%, the ¢ y2 occupies the VBT. As the strain direct-to-indirect band transitions on deformed 20, WS
increases, the(zd),2 shifts gradually to low energy level, whileMoS,, and WSgwere observed in experiméfishich is in
the d?2 electrons prefer the VBT, resulting in the change ofin agreement with our prediction. This transition can not only
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9.15 B as the compression increases fronatrsructure to

the highly compressed onEigure S) Therefore, we

investigated the variation of the magnetic moments of S and

V atoms as the compression increased. The results show that

the S atoms have similar magnetic momer@9g B),

which are antiparallel to those of the V atoms and keep almost

unchanged with the compression. However, the moment of the

V atom is greatly acted by the compressidtigure ). To

gure out the correlation between the curvature and magnetic

moment, we calculate the magnetic moment of each V atom in

one period of periodically waved.\WW8e mark the V atoms

with the numbers from; Yo V;, (Figure B, inset). Vis on

the crest and \Ms at the trough of w-Y.SThe results show

that LMMs of V atoms decrease with the increase of
Figure 4.Calculated bandgap of w-Mhed by compression from  compression, where the trend strongly depends on their
0% to 16%. positions on w-\,SThe V| and \ contribute mostly to the
reduction of total magnetic moment as their magnetic
moments go down fast (from 0.9 to 0.4 with the
compression increasing due to the elongatédefgth and

Magnetic Property. As the electronic features of 2D €xtended SV 'S angleKigure SB The LMMs of V atoms at
materials can be tuned by controlling its structures, th@her positions are also more or lesstad by curvature, but
magnetic property is also investigated in the same way, whiff réduction is less than those paMd V. Consequently,
may lead to intriguing phenomena and practical applicatioi8€ change of LMM acts the exchange energy, leading to the
such as data storage. Our calculations show that only W_\y@akenlr)g_ of the FM state. The contribution to the total
shows magnetism and its ground state prefers to HBOMentisinasequence §EW,=Ve=Vi>Vs=V;;>V;
ferromagnetic, which is consistent with the previous“feport.= Vs > V6 = V12> Vi = V7, con rming that the waved ¥&n
The other w-M$ are nonmagnetic and keep steadfast witfprovide tqnable _Iocal magnetic moment by controlling the_
the change of curvatur€iqure Sy Therefore, we only —compression, which would be a favorable controllable layer in
considered the ect of curvature on the magnetism of w-vS 2D heterostructurés. _

We investigated'st the eect of curvature on the exchange T0 reveal the mechanism, the partial DOSs (PDOSs) were
energy E,). Figure @ represents the ferromagnetic andcalculated Rigure SB On the basis of the principle of
antiferromagnetic cagurations. At = 0%, the exchange Magnetism, only a halled orbit has a contribution to the
energy is about 41 meV/unit, in agreement with the previougagnetic moment. The PDOS reveals that the areas of S-up
study:° The positiveE,, indicates that p-yYPrefers to the and S-down have no obvious change with the compression
ferromagnetic ground state because the energy of AFM statéreasing, indicating that S has less contribution to the change
higher than that of FM state. As the compression increases, @gotal magnetic moment. But, the PDOS of V-d indicates a

nd that the calculatel,, evidently decreases, leading to transfer from the localized valence band at a high energy
reduced ferromagnetic coupling. Clearly, the ferromagneti§figure SB0%) to the distributed states at a low energy near
of VS is strongly aected by local curvaturéidure a, blue Fermi levelsHigure S816%), resulting in the reduction of

be used in optical switching and optical communiCatian
also would impact the eiency of photocatalysi§®

line). total magnetic moment because of the reduced aeande
Our calculation may explain the strain-induced reduction dfetween the spin-up and spin-down dtates.
the ferromagnetic order of Y$e the epitaxial growth on E ect to HER Catalytic Activity. The curvature not only

some substratés We further see that the total magnetic has a strong ect on the physical properties of waveghS
moment of w-V,Ssupercell decreases obviously from 11.86 talso on their chemistry as well. In part, we investigated the

Figure 5.(a) Energy dierence between AFM and FM of w-M&ler di erent compressions. The insets are top views of geometric structures for
FM and AFM states. (b) Calculated magnetic moment of each V atom. The inset is the side view of monolayep 2tiucaredWts marks
from \; to V;,. Dash lines indicate one supercell.
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e ect of curvature on catalytic ability of w-MSHER for improve the HER activity by reducing the Gibbs free energy
their applications in the electrolysis of watef.For the of hydrogen adsorption, which provides a fundamental
calculation of the Gibbs free energys() of hydrogen understanding to observed experimental results and may
adsorption, a large supercell with XL24 unit cells is  guide the design of novel electrocatalysts for HER. For w-
constructed. Two possible cguarations for hydrogen VS, the Gibbs free energy for H atom at TS slightly increases
adsorption at the crest of w-M8e considered={gure ¥, from 0.23 to +0.19 eV as the compression increases. The
Gibbs free energy for H at the M decreasstsas the
compression increases ( 4%) and then converges to the
value at zero compression with further increasing strain.
Compared with other absorption sites, the TM position.on VS
shows weak binding energy after 4% due to the competitive
e ect from metal and surrounding S atoms as the compression
varies Figure S13 The calculated Gibbs energy indicates that
VS gives the best HER G| < 0.2 eV) regardless of
compression. Although the improvement is not cigrj we

show that an optimal activity can be realized by controlling the
curvature. Clearly, the HER activity of wfdli®ws the trend

as V&> Sn$ > MoS > WS.

It is noted that the strain can facilitate HER performance of
w-MS because the curvature produces strong local potential.
Since freestanding monolayer, MSbelieved to bend in a
solvent, the local curvature must be a vital factor for the
observed catalytic actwvitn experiment. The reduced

Figure 6 Representative two kinds of @urations (TS and TM) of adsorption energy and_the change of ads_orptio.n. position
possible H adsoption locations. (a) and (b) represent the top and sidéith the compression dtely aect the catalytic activity of
view of congurations. w-MS in HER.
To further understand the curvature-induced optimal HER
that is, the top of S atom (TS) and top of transition-metalperformance of w-MSve calculated the Bader charges on H
atom (TM). The relaxed structures for H-adsorbed waMS  at di erent compressionsgble S The larger compression,
discussed in the Supporting Informatiogures S9 and 910  the more the net Bader charge localized on H. The
Figure 7shows that the calculated Gibbs free energies of wdccumulated charge on H would lead to the strong H
MS, can be tuned by controlling the compression. We see thatisorption. For example, for w-MdS: Bader charge shows
an increasing trend, which is identical to the calculated Gibbs
free energyHigure J. Besides, wend that the optimal HER
of VS could be attributed to the negative Bader charge on H
because it will promote the next step of the HER via the
Heyrovsky mechanism;+ H* + e H,.>® These results
clearly indicate that curvature can facilitate HER performance
due to the fast process of hydrogen adsorption and desorption.

CONCLUSIONS

In summary, we investigate systematically the physical and
catalytic properties of waved,M#nolayer under compres-
sions based orrst-principle calculations. The result shows
that the M$ monolayers prefer to a waved structure rather
than a planar one because of low formation energy. We show
Figure 7. Calculated Gibbs free energy of waved &8Sthe  that the band structure of w-M3n be eectively modulated
compression changes from 0% to 16%. by shrinking the wavelength, such as reduced bandgap and
direct-to-indirect band transfer. We further show that magnetic

the TS positions are the active sites for wWSns,and w- ~ moment of ferromagnetic w,¥Sreduced as the compression
VS toward e cient HER in the whole range of consideredincreases. Interestingly, the magnetic moment of V atom
compression due to the low Gibbs free energy. But, for irongly depends on its position on w-W&ich may lead to
MoS, the S top is active at low compression 8%), while  intriguing applications with position-dependent moment
the M top becomes active at high compression §%). required. Furthermore, it is believed that the catalytic activity
Generally, the Gibbs free energies for yawbw-MoSare of w-MS can be easily tuned by controlling local curvature,
reduced at high compression, leading to the enhanced HERd we predict that high catalytic performance for HER can be
activities. Especially, the HER performance is enhanced ashieved by structure engineering. Our calculations suggest
50% at = 16% for w-WSand w-Mo$ For w-SnS the that the structure-engineering, such as out-of-plane deforma-
compression has negligiblee@ on the H-adsorption. tion, is a simple andective approach to control the physical
Although these values are still away from thermal-neutrahd chemical properties of 2D TMDs, which may
condition, our calculations show that the curvature caapplications in nanodevices and catalysis.
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