M5z HE AO|IA s S{E J§Z(EDISON) BEICHZ]|

Enhancing hydrogen evolution activity of MoS2 basal plane by

substitutional doping and strain engineering
s, ojyx

o
[ERETRUE L

>

otob2 mpobL A2 151-742
petitcloud@snu.ac.kr
= A0 M= Density functional theory(DFT) A4S 0|30, MoS,;2| Mo&} SE LCtE {XE X|=t
HE2 [ 2H-MoS, monolayer?| basal planeOfA| HERZEMEES TAMA|ZICE £ Ge?t RhE X|z=tst AL,

>

7
AA
Gn7b 2tZ+ 0.03eV, 0,07eVE XX 0f 77+ HEREAO| LFEFLICE CHE IX}O| X|EH0| Fermi level 24
o DOS(density of states)E =01, AGyS 00 712 W& = S-S BOISQICE Eot x|gtz)= @AX}ol
s, J2|1 strain2 BSIAAH sE9} strain®] S710|| 2 AGy Z4AE SAJMCE O|2ZMN X alr|=
QUX}OICH X3t ST ot straing SHH| MBIAIH AGS W& 4 ULICH AGLTH 00| ZHIH(EE 02eV Of
L) BAER X sk, strain| 02 =gs UL

FS O K| (AG)7F Hotrle
£ Sofl XlstEle 2 RtObC,
2 HERZMEEZS HO|=(AGy ++
ol2{ X|gHsE, strain9 xS

INTRODUCTION ep 2AUARSAX
0

a7t OfYX| SutHE OIMEo wal k2 xmo| b
Moho]  spst oG2S x| o= g2ev oL
% R LSt ei=el  Hiorch

~
—_

2ol Fas g =S Wss MR CALCULATION METHODS

Of| A X[ 2O|CLI1SXY =28 dite &= A= 71 Density functional theory(DFT)E 0| &6t0{ ZFO0{Zl
FHS LY Z0E S FR20ICh XFNA  MWE LSEISS OHX|IS A LSty flol M #eE|
24 MA HES(HER; hydrogen evolution  Al&tE +&SHRUCE. EDISON  Nanophysics
reaction)0f 80| 7I& =S 72 ptolq, OFA (https://nano.edison.re.kr/simulation)0f A
E2K 23t 321 H2L0| HM JtHoZ QI3 Msste & 7I8F  SIESTA  AA =9l
2% 23t 221 AFL WM JHOZ oy ] o E
Ch2 A4to| ojefe Atstoch) P2 chFg  LCAODFILabs BRI
HER E Y X 20] transition-metal Perdew-Burke—-Ernzerhof (PBE) functionalnt &

=o generalized gradient approximation (GGA)S =
MoS7b 2= exchange-correlation interactionsg F 25} %ULCt.

N
lorr

Bt QICLH[3] MoS,= S-Mo- monolayer= 0|

ofst Van der waals interactiong Ed A0Q= [8]556_+ XK} 1xE 0| =5t Sk
TxE 40 QUL 047|A1 of §9L|§‘__Yer':n'i [[1|91 Prcg_ector—augmented wave (PAW) method [9] £
#d FL &2 72 oot FAtAstanz Q) o83 Vienna ab  initio  simulation
bulk MoS;Qt= CtE ®7[-FtH 543 HO|H  package(VASP)[10]2 E[PSEe] HArS
Zict.  [@jolzist EMe o3 O Like  $#s[QCt.  Conyergence testE2 Edf, total
H7|2or0| 38E = U=, 3 F StLtZF HER - energyZ 1meV/A L2 #&ol= Z J|E2E
Z0 £0F0|C}. MoS,2| monolayer= HERO| CH{st  5t0, plane-wave cutoff energyE= 510eVeZE

—
-
&0 =dol =1, X0 FH

st oacz  MEBIQICE £3F LCAODFTLabQF VASP AL A
AAME|0] QYom, 9tEAMO| oLt Pto] =53 &S 2SHA 3x3x32| Monkhorst-Pack (MP) k-point
CHA X7 2 7ts-d0] =Lt [4] grid[11]7} Ar&3StRALE.
HER 282 98l Mos.= oz =
ALE|Y=0H, E&E2 HERO| 240l UCH
LdHEl  edge sitesE  EH3ISH7|  f{Tt
AT ACH[S] HHEH HERO| 20| gictn %l
basal planeS 0[85}7| 98T AE& BEX| YHTE

o] = SMELE ®
= 0252 tﬂ%?ﬁlalglénﬁl_lxx:'gﬁ JE 8%“Xia§£ Fig. 1. MoS; monolayer super cell®| #t=. ARIXt
“et al.2 strain engineeringS B3 MoS,o|  (EZAM)OI HS ZBHA[7|1, B S @I XH(I}2kAl)
Chen ,St al.2 strain engineeringS =3 MoS;2| EHA_|'01| chalcogens, Cof Mo SIXHE 7k T Al of
HER =0f & g8 =QINCE[6] Hong Li et X*Sl Shro X|§+6E}@H:F =rRELE T =
al.2 MoS;0 sulfur vacancyE EQotH =2 =Ml EEE AETTARE
HER =Zd=7F LEHLE A 2A5IRAL,
straing 7ol H0 2d=E O AT H A0 AFREl MoS2 monolayer model2 Fig.
o~ 10t 4. EM =S W2F 2H-MoS,°| 3x3
xﬁﬁxl?—} HOE%I;)H;'LMQAO&OL'O'E?._% %XE% super Ecell% modelieéfsalif. 0| model2 97j9|
|'§°+04 OFOICt “L[T= olft= Hlstale A MoS, formula unit, = 18742] S2IXFe} 9712 Mo
JTOAIRl bk e MAE HSSE A oz maisic, mwE dwisfoz  periodic
Eigl',:, mono"y;%% Py h_:rt";cgo H‘T;’?Al = X boundary  conditionsO|  AFRE[QI1,  lattice
5*;——§ HERZ _Lnolt T2 Lo 2 =+ parameter= a=9.65 A, c=19.86 AS=Z 3}QLC}
ULt &= AHASO|M= _DFT(density functional TOHO|HX| AAtS Q3 z-HStoZ slabsS 22
theory)HAtS Edl|, CI2 QUXIE XSSt Z M H+a ATE FIoh -5 H = = =i
Ydds SOl =TS e staxt 12A O vacuum AFR3IUCLI6] QIF o
2H Mos, monolayer®| basal planedilM HER  ronolayers Afojo| #{2[7 12 Amct 37| GE
2dg SRy - ES  EAs LA 0, monolayer?tQ| interaction2 XNAHE == QUCt
AALS =7 S7r2of et £ ostrain0] F 740 ’ % 2 T = T M

BE FXs 29| relaxk| ULt

- 11 -
280



[
==

for
(12 dp)
H1
rir

peLll
oft
I
it
o)

O
ik 3
Jo->
Mo
|'u0
N
olr
O
~ ot
Hgﬂ:
i
Ral
o EJ?'L_IH

oot

o —
Mmoo

on-
o
rH— >+
A0
k>
rio
Rl
ot
lbas
=)
i
Rl
=
52
jan}
rir
in}
ojo
icT]

AEy = E(MoS, + H) — E(MoS,) — 1/, E(H,)

07| M (MoS;+H)= H JXt7} 52 &l MoS,
ME, (MoS)= RS MoS, EHE 9|0[BHCY
ot Hy= ZIM| HEfO] =2 EXHE 2l0|strf. =+
ENEHAFHHAX| =

B> R

zero potential, 12|

MoS, basal planeO|M, H= SXIto| ZHst
Moot 24 QUCH [1] et AGeE Al
Al Fig. 19| A0| siTs5t= SAX 2X0| HE ¢
X|A[Z]|2 E(MoS:+H)E HASIALCE X|eh2 ZA
ol FO{ZI 137§2] ™O| 2, 3749| chalcogen
= o= TAMSHRUCEL ™ol 35 X|gt Al X|&t
I|= Mo= Fig. 19] A X}t 7% 71772 BE
XIE EHSHC}. Chalcogen X% A|0f= Fig. 19| C
of sist= S@EAXIE Xt K== SIRICH EE

r>=mjo

i

X|2t2 monolayer?| Z ™ JAXIOHE CHASZE
O|F0 ML Xt 828 =¥ Mols, HIF =
Fig. 19| AOAM 717t =MLHE X|=tS TIHSIH
Cf. Fig. 1 A0 Cisff s KXQ] X7t O
Hel AL, X|etkl= X2 7HE YHESHA K
= H{X|E EHACEX|2t s Ol F59 3%
(XISl AR} 3)/(super cell Lf & Mo Xt ),
chalcogen2 (X|2tEl X}t =)/(super cell Lf & S

X )2 HOISIFLE Strain2 uniaxial2 x= &
202 JI5IRULE Optimized=l lattice parameter
o CHSHA unit cell 3 7|& HFRO straing 7}
C}.

RESULTS AND DISCUSSION

DFT A4t Zap, pristine 2H-MoS,2| AGh=
2.05eVEtS HIUCE O] A2 MAAFTSO| A4t 7t

b YX|BtCE [6][7] EEBE O] AGH gf2 O FHA,
MoS,9| basal planeO| ApAlA HIZHHAS <]
CH[15] AGhZ} 00| ZHH8%E HER EMEI} =
ooz, AGHE ZAAIZ EQJt ULt Super cell
0] Mo X} 17HE CHE O o= X|&5IR=
I (K|gHsE 11.11%) 1374 3 9 OME
AGRO| ZrA7L 4700 M= AGKe| B7+7F LIERRECE
(Table 1) £3| GeQt RhE X|&tE AL, AGy ZO|
t+ 02eV HL|O| S50 =2 HER EHEE
HALCL 0|9 AGH 2tZF 0.03eVel 0.07eVE,
0| A2 0.06eVe| AGHE EO|E= edge site?} H|u
S = H|=StAHL O =3 ZA1O[Ct [16]

S Xt 17§ CiAl chalcogen(ftaZ: 2AM)E K|
giE Mo =(X|gtsZ 5.56%) AGhe| F7tet &

WE y iz
+0 rr'lm@_}E

-4

s RS
O~
BHE

-

mjurir

Table. 1. 17§ X|3t A| A YUXISEXQOHX. HO|

= X|gF (X3 =& 5.56%)

PH=0Y [ Al29t ZFO| AHAt=ICE (7]

ﬂGH - ﬂEH + ﬂEZpE — TAS

>
47

o

N

B
Lo HU

N7
QN

= 0
Of
38
M

=
B
rEny
ol
molo
2o
Opyrt=
(@]
hLo—
_||:| g)o- ‘lm
=2
194 AHplo

7t 1M 232 HER =7} Litt

FO| a5 1374 B2 J, 174 X[ Al AGy o
Ol 00 G 7h2 6702 A2 strain® 7t8t1
AGHe| HZtE  =QISHRACL(Fig. 2-a) 1 Al
compressive strain®j|A] tensile strain7tX| strainO|
S7retol| 2t AGugfO| ZASh= d=0| LIEHL

Ct. olg{st AT pristine-MoS, monolayer?|
stain0f & AGuZEDt  ZX|otCle]  E
pristine-MoS2; monolayer= -10~10%2| strain

= IS If 25 20eVo| 2 AGh & 29
strain engineering®| {17t SIQUCH [6] HHH =
AIRO|A = straing 7}StO2ZM HER ZHHEZO| &
20| LIERCE PbE X|2S monolayero| Z{
5%9| tensile strain® 7}31E [, AGy =0.048eV9|
2243l HER M2 HALCH "X strain0| QIS [Of

02|

of AGWZF HE HUHE, Pdeb PtE X[EHoh
monolayer®| AL compressive straing 7=
740
o T

M AGu/t 57150 HEREHO| =OIRLE &
BE 5%, 10%2| compressive straing 7t
t+ 0.1eV7t X§ E|X| gt= 00 742 AGh2 E
Lt Ge2t RhE X|2tet monolayer& straing 7t
e M, 23|24 HER ZAM0| LiFECt Straing
7VoHA| @it W o|0| 0off 7i7t2 AGHE E 7|
WZO0|Ct o &2 #Q| straing 7I5t1 AGy &
T EH HEREHYS HOF = = UAS At 4
Zt=ICE HfE X|2H5t monolayer= 718 strain
HRlolM £+ 0.2eVLHO| AGuitS EO|X| RAUACE
=2 HEREYES A7 M= O 2 tensile
strain2 7tgt =7t QICt

[ ]
—
S5

Ge Pb Pd Pt Rh Ir Ru

Os

Re

AGy(eV) | 0.03 | 0.56 | -047 | -0.55 | 0.07 | 0.64 | 241

261

271

oA o =
=52 MoE

(X|2ts £ 11.11%) chalcogen & S

281




N 53 MG AIO|AA W& S{E 7 2(EDISON) AZXICH3|

~n
@
i

16

.
yhadrom
o
a

N
1ad

104 .

o
®
L
v

06 - .

o
a
L

0zd

o
o
1>
dpa
I

024
044

Hydrogen adsorption free energy(eV)
Lusb
NGO ® e
NPT
ar
4a» L I v
»

a

T T T T
-10 5 o 5 10
Strain (%)

Fig. 2. strain 0| 2 AGy 2| B3}

X|2H X252 5.56%)2F 9| strain 2 tensile

(@ —=—Ge

Rh

i AGy=0
a

ee energy (V)

hydrogen adsorption fr

T T T 1
10 0 0 40
substitution concentration (%)

strain

(b)

(a) Mol 2% 17}

(b)

®
t
ep

Hydrogen adsorption free energy(eV)
.
.
>

T T T T T
10 5 0 5 10
Strain (%)

X=HX|2 5= 11.11%). (b) chalcogen 17

, 49| strain 2 compressive strain & 2|0|3tC},

|—=— 0 5.56%
2 * 011.11%
| 0 16.68%
02222%|
4 027.78%

.

Adpam

hydrogen adsorption free energy (V)
B>
O
i
]
o

strain (%)

Fig. 3. (a) X|Ss =0 2 AG.C| H3} (b) O X|&t S EQ strain0f| 2 AGLO| W3}

174o SX} T4l chalcogens X|ztsh =
AGpE2 strainO| Z7tgtof M2t A4St g
B Rt (Fig. 2-b) Seef TeE X|2Hoh monolayer=
strain 7fSlH2te AGu7t {2 HA| HEREAO|
AQACE OZ X|zst HL 10%2| tensile straing
J}HS M AGH=-0.0067eVO| DS A3t HERE

M=
d4& YRACE Figure 2-a, b o ZNE Bt H,

= = A = o H
straing ZpotA| QIUES I AGWZI HE Z(EF)
monolayer0| = tensile straing LHFE Z2(S%)
monolayer0f|= compressive straing 7t3j| HERZ
d2 =9 = UUCL O|2MN X|2tst= A BF
ot straing S A0 HHYZIHAM ZHo| ZHZ &

ofLtz == ULt

32

1) e

)
} OF

T o

=2

o

N

Ho

~

=

@D

@

T

h

P

Ey

)

i

0

K|gtsts 5271 37t
Ct. (Fig. 3)H0] F%29
| 2" AGHZtATL HER

]
O\I
4o

oX motnjmo.
=2
a
oy
B>
Ot

T

—~

Ir
o\
o=z

for
0x-o
mjo

2= 29|8 A3tA|
= 3333%7} X|etsh
0072eVe| @43k HER

_.,
i

|
o

AGy=

ot 3 X

e ox8 o
mjo
HT
2
o
n
©Q
w
O
rir
O
s
>t
riot
ol
|.|'|
N
o
M

tE et Z0to|ct 09| ZALk K& sk
| 2t AGn 240| HASHRLCEH Eot BE &
A strain 70| 2 AGy ZHA HA| LIEFLE
Ct. E%| X|2tsE7F 5.56%, 11.11%,16.67%Q21 4
L strain 10%< [, 22.22%. 27.78% & &AL
strain 5% [ ++ 0.2eVL{o| AGHZtO0| L}IEFLICE.
Xet s=7t Sotgs+5 %A AGws e ER
ot strain?| 37| ZORZICE [Mi2tAM O A=
K|gt S strain® TH ZHESIHA, HER &4

H10l¥
=23
=

il

A
T

(o]
ermi levelOjA12| density of
H QICt Fermi level 2X9| DOS
& =2 AGye= RORXICE [1 7] Fig. 4-a
, pristine 2H-MoS,= 1.9eVe| band gap
St Ao|Ch [1 8] Fig. 4-a0|A Zfolst
AXEH, MoS,9| basal plane2 Fermi
XHojM R2 DOSE Z=LCt O|AH2 MoS;
basal plane0| &2 HER ZHE 4= 0|§
{8 L} [6]

= 7oA Ef XSS K ghot

=)
{1t

1%]
—+
Q
—
@
1%]
Py

ol

rurrrr

level 2M9| DOSE Z7IAZCEM AGHE 00
VEA == =+ AU (Fig. 4) Fig. 4-b, <5 =

C
M K|tz impurity 2IX}O| states=(XREAH M)
Fermi level 2X2| DOSO| & 7|0E oKX L=
Ct. Fig. 4-b, cO|M Fermi level 22X 9| statese
MoQ| 4d TA=1} SO| 3pT™ALE0| 2lgt Z0|C}.
CHAl Ef RIXIE X|zHHES O, band shifto] 2|s|
Fermi levelQ| ACHA Q|X|7} HZ}SIYCE Mo &
A ol X[ghel ©O| 25 & Zr, Hf Ta, Nbo| &
S MokrCt ARt JXZL FXIF Mooz, 0|
p-type dopingO|2t & = UL} Fig. 4-bo| Hf7t
CHEXO|Ct. O]2{st p-type doping@ &2 QlIst FX}
MAHE, Fermi level £ VBM(valence band
maximum)Ol2 £ O|ZA|7|= FIHE 7P &Ct
=% & Re, Ru, Os, Rh, Ir, Pd, Pt, PbQ]
MoHLC} Afot A7 ®XA2F BeB g, O]
n-type dopingO|2td & £~ QUCt Fig. 4-ce

[M{O|Ct. Rh7t MoE X|2tdt

= RhE xzde
™, 37§o| Z=ItE QI MX}J} super cellof Cfs{ZICH

S [N —]

282



O|4¢+ =7} HNAX= CBM(conduction band
minimum)2 Ol2i2 O|SA|7|= IS 7t Lt
[1 8]i2tA Fig. 4-cet Z0| Fermi level7} CBM
B Qo] A EICH ZEIAE p-type doping,
22 n-type doping2 2 @It band shift= Fermi
level X2 DOSE Z7IA|IZ| O A1t AGHO|
sk A0|Ck

AR X2 sE0| ME AGLel dE I
Fermi level 2XQ] DOS Zgknt = EHSHSHY
Fig. 58 EH, Hfe| X|gt =7t J7IgdsSE
Fermi level 2% DOS7} Z7tstct. O ZDt Fig.
3-a0f| Mt Z0|, Hf X|2t sk S7t0f| Mef AGuZt
UASACE Strain S7H0| M2 AGZ A A
monolayer®| ™MAtHZx HZIE MHEHEIC} Fig. 62
HH, O Xt 17HE X|2tst monolayerd Al strain
O S7t&tof et band gapl| E0{E= Z =0l
gh 4= Qlct 0]Z2 VBMO| 9| Zo=2, CBMO| Of
2 OS2 0|5t Ao 7|QIstCE ES| VBMO|

=
—
AZ2 = 0|sst= 4,

=
BE

SREIEE

DOS(states/eV) =

BESibSesibapappBns
SS2SESSEsEEEEEEsEEEEE
P e s
3

I 50 &0 WO 1I0 WU 15D

o
s

Wod
5p
Hi-d

DOS(states/eV) &

Vo | ]
B A e e T T 7 s X R T X 7 T Y X L R [T T )
Enevgy (o)
Ty

o

kS

ﬂ

"}
in-d

DOS(states/eV)

AL AP i s "
R A R B B T o T 1 T 1 B £ T T
Enevay (eV]

Fig. 4. Monolayer®| Density of states(DOS)
(a)pristine-MoS2 (b) Hf 17§X|=t (c) Rh 17§ X|9F
Fermi level2 3t=M MMo=z HA|SIQCE Kot
Zb Jz2loM Hde ),\jS Total DOS, HHF7+ Mo
Mo-4d orbitale| DOSZ|0{, ufet A,j% S-3p
orbitale| DOS 7|0, =EM M2 X|=t= LIXt9
d orbitale| DOS7|{E L}ELHLCE.

Mo-4d orbitaldt S-3p orbital0o| &2 0|4 X|
TR 283t EQCHE o=, “EH"*OE L0
UAE HA7L 23t EASS 2|0|BtCt [6]0|HE
electron affinityQI =71t =AE=IC}H [6] Volmer
mechanism[1 9] € 2= HERE 5 CHAZ 0]
So[X|Lh, 1 & M MW SAE= MXE S0f

A
g xte|of %E IYO|Ct.  [MEtA  electron
affinitye] S7b= HER X CHA|S| O|HX|E =H A
Gy o ZAE 7IM2Ct &, Strain F7H0| M2
band Shlft7|‘ AGHE ZEA A 71 ZAHo|LCh

(a)

(b)

(c)

Fig.

DOS(states/ev)

5. Hf X|

Energy(eV)

3151 monolayer?| DOS (a) X|&Hs

T 556% (b) 11.11% (c) 16.67%. Fermi levelS
StsA MMoz HA|SHYLCE

(a)

(b)

Fig .

s o wB BB PEFEEE

DOS(states/eV)

-10%

-5%

0%

5%

10%

Energy(eV)

6. 0 17 & X232 [ Monolayer 2| DOS.

(a) strain -10% (b) -5% (c) 0% (a) -5% (e) -10%

—

—

CONCLUSION

2H-Mo S, monolayerQ| ba

neOf Bt XIS XIS I =2 HER

USE DF TS Soff =BIRE R



N 53 MG AIO|AA W& S{E 7 2(EDISON) AZXICH3|

u, Os, Re, NbE Mot CIE RIXjo| X2 AGE
ZANEITE O CF2 SIXjo| AR0| monolayer
O| A} 7IXE BloAP|D, Fermi level 29
DOSZ 5P| H22S 2RISR, 59| Geol Rhe
Kfekt 22 HER 20| OiR 0k WGy =0) =

OFAH straind eVH CIE XIS K5t
HERZ} ofd CiE ZOjME S8E 4= Tt
27t Ofl T2 2D TMD MzS0jME, K[t}
"F%%H active sitesE Hog %=
Ck

C

dBrr
oz

§ rEs2

wllo—

o
—

;Om
fifo —
\l’_‘
S

ACKNOWLEDGEMENT

2015 FR (0|2 Fzx=atste)ol
ATIEr HEE ALO] o

A s @op  s"E AT
(2012M3C1A6035302)

HU
rrotrn
loHirjo

REFERENCES

[11 Hinnemann, Berit, et al. "Biomimetic
hydrogen evolution: MoS2 nanoparticles as
catalyst for hydrogen evolution." Journal of the
American  Chemical Society 127.15 (2005):
5308-5309.

[2] Mak, Kin Fai, et al. "Atomically thin MoS 2:

a new direct-gap semiconductor."  Physical
Review Letters 105.13 (2010): 136805.
[3] Splendiani, Andrea, et al. "Emerging

photoluminescence in monolayer MoS2." MNano
letters 10.4 (2010): 1271-1275.

[4] Krivosheeva, Anna V. et al. "Theoretical
study of defect impact on two-dimensional
MoS2." Journal of Semiconductors 36.12 (2015):
122002.

[5] Hinnemann, Berit, et al. "Biomimetic
hydrogen evolution: MoS2 nanoparticles as
catalyst for hydrogen evolution." Journal of the
American  Chemical Society 127.15 (2005):
5308-5309.

[6] Chen, Xiaobo, and Guangjin Wang. "Tuning

the hydrogen evolution activity of MS 2 (M=
Mo or Nb) monolayers by strain engineering."
Physical Chemistry Chemical Physics (2016).

[7]1 Li, Hong, et al. "Activating and optimizing
MoS2 basal planes for hydrogen evolution
through the formation of strained sulphur
vacancies." Nature materials 15.1 (2016): 48-53.

[8] Perdew, John P., Kieron Burke, and Matthias
Ernzerhof. "Generalized gradient approximation
made simple." Physical review letters 77.18
(1996): 3865.

[9] Bldchl, Peter E. "Projector augmented-wave
method." Physical Review B 50.24 (1994): 17953.

[10] Kresse, Georg, and Jurgen Furthmiller.

oF QIX} KBt 5EE EOPLE straing B/MP A
GE DA 5= USS =RRICE 1 Zup  Of2] 7K
Kjgh Xt 58 Kt s strainC ZOIM AG
7F 00f| 7pik2 ZntE

"Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave
basis set." Physical Review B 5416 (1996):
11169.

[11] Monkhorst, Hendrik J.,, and James D. Pack.
"Special points for Brillouin-zone integrations."
Physical Review B 13.12 (1976): 5188.

[12] Greeley, Jeff, et al. "Computational
high-throughput screening of electrocatalytic
materials for hydrogen evolution."  Nature
materials 5.11 (2006): 909-913.

[13] Ngrskov, Jens Kehlet, et al. "Trends in the
exchange current for hydrogen evolution."
Journal of The Electrochemical Society 152.3
(2005): J23-J26.

[14] Parsons, Roger. "The rate of electrolytic
hydrogen evolution and the heat of adsorption
of hydrogen." Transactions of the Faraday
Society 54 (1958): 1053-1063.

[15] Tsai, Charlie, et al. "Theoretical insights into

the hydrogen evolution activity of layered
transition  metal  dichalcogenides."  Surface
Science 640 (2015): 133-140.

[16] Tsai, Charlie, Frank Abild-Pedersen, and

Jens K. Ngrskov. "Tuning the MoS2 edge-site

activity for hydrogen evolution via support
interactions." Nano  letters 14.3 (2014):
1381-1387.

[17] Voiry, Damien, et al. "Enhanced catalytic
activity in strained chemically exfoliated WS2
nanosheets for hydrogen evolution." Nature
materials 12.9 (2013): 850-855.

[18] Dolui, Kapildeb, et al. "Possible doping
strategies for MoS 2 monolayers: An ab initio
study." Physical Review B 88.7 (2013): 075420.

[19] Conway, B. E, and B. V. Tilak. "Interfacial
processes involving electrocatalytic evolution
and oxidation of H 2, and the role of
chemisorbed H." Electrochimica Acta 47.22
(2002): 3571-3594.

284





