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WE: I A wlmE R ERNNT AR (HER) BB —HETHEHBELREFRFHAL, TiC
EHFTERLES MBS FREE FREESE LRI BENFABMAA, KT, 45 O B4 Ti,C£W, &
FARAZ AT R R B b TR G T o F M 5 547 B B 3aE AP R T Nb 3548, M2 W a2 Janus-TiNbCO,,
B VASP 20 HF % T Janus-TiNDCO, 9 2 8 24 HER M8 fr HER R M At A, 42 %W Janus-TiNb-
CO, H B4, HARN A A=k H* BEENT T, AR BRI TR MAFME, T EREFNRAM
AGy 184 0.02 eV, H* 7 Janus-TiNbCO, b ¥ 4% L Heyrovsky 72 3EAT R f, Z B AT H % £ H 023V,

Janus-TiNbCO, ;2 —# B HER 57 Jf T 5 & 4 LAtk

K #217]: MXene;Janus-TiNbCO,; £ # ; 4 Kk

15 &

AR M ARG G A AR AT AR T
TABI . BUA 1 Tk Ak i S AR 3224 HU i Kl
FURA AR BRI A5, F K ] A At
T B RRAE/ N 7 i 75 e/ NV EURL AT AR P A
FHEEDLH TR K il St R b 50K Pt @B Esn
B HL M | ok FEAR BT &0 v (hydrogen evolution re-
action, HER) i fig it #2211 {H Pt 4 J& 4% & 5t , 7F
e &, B R —EAESS SR
Pt & JE % HER AL, b bR R m
TR RGP 5 22 FIFRAS A F B B R i
R, BB AT R S S BN, 4
JE R/ RAC) (FRTFR MXene) 2 T SEAF- P M 1) —
PR AHE 9 HoE 5 B0 R A&k Sk
R 1R PR A 08

FRAEAY HER APRL R 2R b B WL R 1o,
L)W FFF H* S5, R4 0 W B A0 35T I R RE (AG) B
T 0 eV, JRIE H* ZEM BRI EA L R A W R
FUBE BT A 5 ) BHT A R A 0 S f e AR
FFE M (valence band, VBM)-5 577 (conduction
band, CBM)il# H i g it 35 22190 -5 — 1 J 3t
THE ARG FE R I 8 2 2% O ‘H R A1 7 52
MXene K fi i}, 0-2p #LiE 25 53V 4 8 1 3d Hl
TEZAL, BUEAOBHEAT ) HAPERE 10, Ti,C 44
v O H HEEM 5, HAR Fa 2 M 0 eV 3% 0.9
eVH_ Wang 25 A\ MG {EBh Vienna Ab initio program
package (VASP) 3 11, >k FH HE & J& 48 J% ok 1L 1k
Ti.CO, MBI HLF4548  BF9E 45 R KW, 24 P HT S
JLR B Ti,CO, 45 th I}, Ti,CO,-PIS F LAY 7HF i
A MK 0.9 eV FEIKE 0.3 eV, Rk Ti,CO,
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MR SR M AR SR T ND 848 TR  f i
BA 4 JmME R Janus-TiNbCO,, I E4INT ST T 1%
PR HER P68 & H* FEiZ M BLR TR Y HER
Jof BEARE,
2 BigitEAE

A TAERH VASP B 7R, SR X
HAEE LY Perdew-Burke-Ernzerhof 72 ek A By 7
(A EAE R, R R 2 i YA ) 1
(zero-damped DFT + D;) ™ i 1:f Monkhorst-Pack
I7E 30534 BLIH XA K sIAE , 3 x 3 x 1 I
KRB 3 x 3 x 1, KT BEBE hy 540 eV, Ji (1]
MEAEF %2 K 0.001 eV - AT —4ighty Has 2
Wik 20 A, SR A HSEO06 V2 s T REH 2451 75
5 Ry U iy 3 A1 B >R AT Nose-Hoover 75 2
149 M\ 3k 5843 F 3 712 (Ab-initial Dynamics simula-
tion, AIMD)#ff5% Janus-TiNbCO, 7E 500K T iJ# /)
ERRE TN,

RN F I BEHSE He AHER.

AEH* = l7(Esheet+H* " Eeet~ %EHZ) (1)
n

JrEEH n UG H* FU2CH , Ege 24 Janus-TiNDCO,
B RE R, Esens - Janus-TiNDCO, W& [t H* Ji5 11 ik
1, * {3 Janus-TiNbCO, F i G PEN & . R
AGy 53R HER 754% | AGy 23T 0 eV, 183 HER
TEPERGS . AG WP,

AGy = AEy + AEzr - TAS,» (2)
TR AEzr FII ASy 23 B FZ S HEFN H* 14
{Eo AlZ'ZPT /—\Hély‘j[ﬂ]!

(-DH 1 H

nH
AEZPT = EZPT' EZPT - ?EZPT (3)

. nH — N
Tl E ey IR n A H* J5 MXene B KIRE,

LN = N N
Eszj‘j HZ ﬁ?ﬂgz;lﬁﬁgo ASH* jg[lli

1
?TSO (4)

TR, S H* 78 MXene AR SR , HEAE 300
K B, 15{EA 0.026 eV, S, K H, 4T HaHR a0 , TS,
(AR 0.41 eV, THEIRAGIIMEN 0.248 eVIP, S
F-Norskov MBI, THEE T MBS #e L 3 (i) o 24
AG,.<0eV i i, K.

TAS,,. = TS, -

— (5)
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l+exp(- T

\ b /

M AG,. > 06V i ,i, I

i, = -ek,

AR e AR AL TGP B Janus-TiNDCO, A1 80U B Ak b4k <571-
o 1
by = eko / 'AGH* \ (6)
l+exp( T

b

TR ko R oy 5300 SRy SR BRI B IR 25 2w
3 BRI
3.1 Janus-TiNbCO, BB FLE /R

Fy#E Ry Janus-TiNbCO, & 1 fii7n, Nb B¢
AT, RS Ti,.CO, I MG H 5N .a =b = 3.03 A,
a=B~ 90°, 7E Ti,CO, &5+, Ti-O &K N
1.98 A, Nb 32445, #15 Janus-TiNbCO, i fi# #
BN:a=b=305A,a=8 =~ 90°, 7 Janus-TiNbCO,
gh ¥y Ti-O A1 Nb-O A9 4 4 43 1) 4 1.99 A Al
208 A, Z5REW N BRSWMATIS 0T
6] R BE B . 5% AIMD fif5% Janus-TiNbCO, 7 500
K R Efa et e 1C) s, 1E 8 il
1000 fs J& , A R B 48 TR , SARETE -420.5 eV ~
-419.4 eV, AR F 18I HEZ 0.03 eV, 1%38)
e 5 V-3hBe B (E = 3kTI) M (™, 24
W], HE Janus-TiNbCO, B A &8 i e &
P,

K H HSE06 7Z bR, 1157 Ti,CO, Fl1 Janus-TiNb-
CO, BEFES AR , E 2(A)F7R, Ti,CO,
Sy la A Bk Sk H VBM i S 7E T A, CBM
HARSTE M £, 25 S 0.88 eV, %45 5 Du
Fl Zhang 46 AT 25 R —30(2 0.9 ev)™, 7E
MXene R ZH, REA S5 VBM I8 5 2 h i U
£ JE 1Y 3d LB A O* ‘B REMIY 2p FLIE 1) A2 1Al
A, Ht i 4 R 3d s i 4 32 S 29 Gnixl 3
(A7, Ti-3d HLEEARRE S E , HAE OKAEY
Ab R 2 AR BEAIR, Ti,CO, BRI p SR ML, 7E
Janus-TiNbCO, Z5 44 1 ,Nb 7T % H A #5 1 J it
ROy, AT LA Nb-3d 1 O-2p il Zfbfli VBM
BT R0 = ARG, Wl 3(B)Fr ,Nb 1 O JLE
FERESR 0 eV M4 S5 g il o5 3 BE#E O-2p
HIE G4 oK BESL , VBM ALY Ti-3d Bl d-p
Z=4ki) CBM %%, fif VBM Hil CBM &2, i
Janus-TiNbCO, FHLH SR,
3.2 Janus-TiNbCO, i HER 145

I 3 x 3 x 1 1Y Janus-TiNbCO, # fifi , f&
UCFE Ti Nb O Ti-O #Fll Nb-O 4 & W B 54~
H*, JEit AR 5 1 AGw., 45 R RV,
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Figure 1 Top (A) and side (B) views of Janus-TiNbCO,. (C) The total energy fluctuation of TiNbCO, at 500 K in AIMD simula-

tion. (color on line)
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Figure 2 DFT-HSEO6 calculations obtain the band structures of (A) Ti,CO, and (B) Janus-TiNbCO,. The illustration in (B) is the
charge density of Janus-TiNbCO, around the Fermi level, where the iso-surface is plotted at 0.02 e -bohr? (color on line)

Janus-TiNbCO, "' Ti [ (@Ti) Fl Nb [fii (@Nb) /&
I O AR H*  3R15 AGw 2058 . AGw(@Ti) =
-0.55 eV, AG(@Nb) = 0.02 eV, [ 4(B)FI(C)Hy H*
FE Ti 1 Nb T W FERS 2 J5 19 25 40 ey 235 B BT, XoF
T Ti W RFF, H* BE Ti i AR S R 0.974 A Ti 1
/% O JEF3k4S 0.543 el HLfar; TIXT T Nb Tk
BFF H* 5 Nb [ AY#EES A 0.975 A Nb i A% O Ji
T34 0.537 e AYFLAAT . i 1A Nb T 1% 55 I Ff i
71, FATI2RH HSE-06 72 BRfiff 5% T Janus-TiNbCO,
TEDORBERAL I L far oA W& 2(B) s, Ti T L
() O JE 175 3% K RE G AL 28 B HS H far AN 400 A0 | i

Nb [l % O JFF41 4 308 1Y L m i F i . Nb i
B FEL TR LRI 252 M O X H* A IR e, ik it
Nb HRI AL R 1Y HER &1,

] 4(A) R AN [RIBA B B H* 5 9 52 36 FL I K
IR FR , B 4(A) AT, Ti,.CO, 1Y HER & PERATL
TNb,CO,; %I T Janus-TiNbCO, £k}, F Nb i
HER J& ML T Ti 3% n] g i T~ Janus-TiNbCO,
B XL, 2 45 52 2] Nb 18 - O JEFAig e, %
L 43 A A 6 4 BEEY i, |, Janus-TiNbCO, Lt Pt
h-B,O .Graphene Fil g-C.N, 1Y HER & M5 inff &,
ZE LA, Janus-TiNbCO, AT A B AT &0 L
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Figure 3 DFT-HSEO6 calculations obtain the local density of state of (A) Ti,CO, and (B) Janus-TiNbCQO, (color on line)
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Figure 4 (A) Volcano curve of exchange current (i) for different materials 2 % %1, (B-C) Charge density difference for H* ad-
sorbed on the (A) Ti and (B) Nb sides in Janus-TiNbCO,, where the iso-surface is plotted at 0.05 e-bohr?. (color on line)

AL,
3.3 H* BEERMEHMN 13 HER B0
BER Ok RATWIZE T H* 7 55 R (0) % Janus-
TiNbCO, Hra bGP sZ . 1£ Janus-TiNbCO,
Z5M  Ti FUND 45A 9 1> O i+, 6 7F Ti il
Nb Tf b @ B B ¥ 19 ~ 9/9, &l 5 2k
Janus-TiNbCO, W AR EH H* 1) AGw 221k, A
&l 5 A LA H , Janus-TiNbCO, [ A ] T 42 B0t A~
[F0 HER T&PE, 4N, Ti [ | H* {EPEA SR %,
Al LR B 9 S H* T Nb T 0 B KN
219, XtF Ti W, HoFY AGw BEE H* DSBS m
HKIEAN, AG 7F -0.55 eV ~ 0.11eV; 4 9 = 6/9

B R 25 209 AGw 53 3K - AGw(6/9) = -0.12
eV, AG(7/9) = -0.06 eV, AG(8/9) = 0.03 eV, AGy
(9/9)=0.11eV, Z5HEM, 7F Ti M b Es Hr
i, Janus-TiNbCO, I i # = 1) HER I M- %05
P55 Pt 42J8 (AG,- = -0.09 eV)AH4 . %I T Nb [,
AR 550 AGw 77310 . AGw-(1/9) = 0.02 eV,
AGw(2/9) = 017 eV, Z5HREH fE 0 <29 T,
Janus-TiNbCO, [1) Nb [ A = 1) HER &1

1 4 Janus-TiNbCO, ZE it I Wi 1 2 1F T 1)
AGye, IR L ATHTL FETE R T (-4% ~ -2%) I [ 7]
(+2% ~ +4% ) YEF T, Janus-TiNbCO, 1) 6(H*)
KRZFEM A Ay ZAMES AR, #8578 Janus-
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Figure 5 (A) The effect of H* coverage (6) on the adsorption Gibbs free energy of Janus-TiNbCO,. (B) the obtaining number of O
elements in Ti site and Nb-site of Janus-TiNbCO, under different H* coverages. (color on line)

=1 FEI I (-4% < F < +4%)%f Janus-TiNbCO, 44 5 7517 [ i AE(AG /e V) 2
Table 1 The effect of strains (-4% ~ +4%) on the AG. (eV) of Janus-TiNbCO,

Site 0 -4% -2% +2% +4%
1/9 -0.508 -0.507 -0.509 -0.510
2/9 -0.432 -0.431 -0.431 -0.430
3/9 -0.340 -0.339 -0.338 -0.337
4/9 -0.281 -0.280 -0.278 -0.270

@Ti 5/9 -0.196 -0.195 -0.193 -0.192
6/9 -0.131 -0.130 -0.127 -0.126
719 -0.060 -0.059 -0.056 -0.055
8/9 0.028 0.032 0.035 0.034
9/9 0.097 0.099 0.102 0.104
1/9 0.075 0.069 0.068 0.063

@Nb
219 0.191 0.190 0.186 0.174

TiNbCO, 1E M JI/EH T A #bf /) HER &7, XF
T Nb 1, B S VE SRR HER 364 5 R0
N SIFHLE , AGw 38 A T 245 0.02 eV ~ 0.05 eV; XLt
PR JI R A3, FE R 7745 58 K L FEAIG Nb T i)
HER &% . X1 Ti 1, B I/ EH 23 HER 3%
P, AGy 7F -0.508 eV ~ 0.104 eV ; 5 A jiti Jin v F14H
F,AGw 3 T #0.04eV ~0.21eV; 756 < 7/9
BF, 3845 Ti 00 AGy RHUE, T 6 = 8/9 B ,AGy
JIEME, R 0 < 719 FHFT HER (W11 R, 0
= 8/9 A BT HER MR AT R, XT LRy )
N7 33 Ti T A2, & BN D RE R AR = T
T HER &1,

3.4 |Z7 X HER BI0m

Janus-TiNbCO, ) O 7 5 H* KM EAEH,
JgWEE H* YER T Janus-TiNbCO, Afa & M, 118
T Janus-TiNbCO, 4R 25 ML BRI TE BiRE , I 498 T
AN HER T PRS2, %S 7 BRI i aE
STRUR I bt g = A

A, = -(Egeet - Evu 'Mo) (7
Jiferh By A0S —4 4843 XY Janus-TiNbCO,
MENRE, o R O TCRAEAS T 2E 3 TR
Nb [ Ti THHY AE, 5354 -4.48 eV f1 -3.71 eV,
4E RN | 423 7XFE Janus-TiNDCO, #1811 2 —
FhRa e 0 S BE . AT RLHEDN , 7F HO R T,
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+575-

Janus-TiNbCO, [ nl B KK O i+, B A S
TR ERBAZERE , A @Ti A @Nb [ 1Y 4R
23 TSR A R MUK A SR BB AL | B 5 e A 208
(R AR L IR A W TR RS S S5 Y A
T AGyo

W% 2 fras , Ti AT Nb i 1 58055 75 i 3k
H* JE?, ﬁ?ﬁ‘%f—é/ﬁtﬂg AE}. ﬁ%ljj‘j :AEH“(@Ti) =
-0.59 eV, AE(@Nb) = -0.99 eV, A LAHEN , Bl
MW RfERER, AER AT HER AR K0, H*
FEBRFEA LS A ) HER [, i@t O Ji i
17 o SRR H* J5 3R 0 AGw . AGw(@Ti)
-0.27 eV, AG(@Nb) = 0.17 eV, &5 7k Nb 1]
1) HER 3G MEAIL T Ti I, S5AVEL & BEEAY Janus-
TiNbCO, ALY, &2 7 Ti Ml HER 14 |
F¥AIC Nb T HER 754,
3.5 HER R M &2t ER

Z R AR B A A S R U B
T HER AL N 2 G T2, Ptk FRAOTE et 7
Janus-TiNbCO, 7E z 7 M~ F- 24 L34 Ani&] 6(A)

fit7n , 1F Janus-TiNbCO, 7, Ti 1 Nb [fI f) EL2S Hy, 3
5, B2k 3.71 eV, X Janus-TiNbCO, #f
BERTRY Oy O, J5i—r, HAE 2 Hli s n A ARl iy =S
B AR , (-2 38351 2400 -9.85 eV, 25 SR,
Janus-TiNbCO, 45 Hpr kL, H Ti F1 Nb T 9 4
SR A AR R A

KHH CINEB Fi:41H8 T H* £ Janus-TiNbCO,
LMW HER W pgf2id A . HER RN fAe 32 8L
A Heyrovsky #1 Tafel, Heyrovsky &y H* + H* + e —
H, +* Tafel y 2H* — H, + 2%, 7EX PR EgEH,
H* (RS RE 3 22 IR T H, Brih . %1835
W75 1 Janus-TiINDCO, B A B L 10 AGy.,
HC LA Janus-TiNbCO, A, #RiT T HER fb2# e by
R AR H* 7E Nb [fi ) Heyrovsky Fil Tafel
R #8343 511 0.23 eV Fil 1.43 eV, H* 7E Ti T Y
Heyrovsky Fl1 Tafel Jz i #2243 5 & 0.37 eV Fl
1.73 eV, 455 Heyrovsky [z v BB hIA F| , i%.45
K5 Wang S5 N IFFE 45 5 —203, e Ti A1 Nb
I, H* 76 Nb M aes 2 0%, Uil HER J

R 2 HHESNHEE Janus-TINDCO, Ay H* W E(AE.) A5 AT A R E(AG)
Table 2 The AE,. and AG. of Janus-TiNbCO, with an O vacancy defect

Janus-TiNbCO, Adsorption site AE.leV AG.leV
@Ti Vacancy -0.52 -0.27
@Ti O atom -0.59 -0.34
@Nb Vacancy -0.08 0.17
@Nb O atom -0.99 -0.75
A 5 - B [
% ] N % P 0.4 TS IS
= \ o) U’Koz / IS : ¢ > 9
g= \ o / 0.0F — : xR
§ 5 / - 0234 m
8—1 N /;7,,/\\ / i;\ 0.4 . TS
> 210 : 041 ‘
1) 0.}~ \ /O o0 b G
g0 1 \ /12 7} (=
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g -20¢ \‘\ ff/ FS ToFs
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< g
S as|, A D0, 0.1
8 10 12 14 16 138 Reaction coordinate

Distance in z axis (&)

6 (A) Janus-TiNDCO, 7£ z il 7 1] (¥ L 3% (B) H* 7 Nb I 11 Heyrovsky I #4 4fil& i 1S w0, TS il FS
RS 22 BT BE ] 0.05 e-bohr? R, (IMZSREIE)
Figure 6 (A) The average-potential in z axis of Janus-TiNbCO,. (B) The energy barrier of Heyrovsky reaction for H* migration on
@Nb. The insets are initial state (IS), transition state (TS), and final state (FS). The iso-surface in Figure 6(B) is plotted at 0.05

e-bohr?. (color on line)
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VA ] FAE Nb TH#E T, A&l 6(B) AT 1, #E Nb ]
() Heyrovsky J i iz F2 Y, H* A5 75 2 70 ik 43
F R ESAE s OV (1S) , H* BE/K 73F e
B 1.0 A M WEEK A F AR RA S AR (TS)
b, H* HiK PRI RS 298 15 A,
4 & it

AWFFEE T Nb #5872, 9% Janus-TiNbCO,, >k
PSS — 1 JFEHEAFSE T Janus-TiNbCO, 1L, T-45 14
FEERTE TN Ty | SRS L BB AT H* B 5 B0
HER W& M52 M, DFIE 45 5 W Nb #5844 k4%
Ti,CO, )5 HL 1 it , Janus-TiNbCO, & 41 K}
F 7 Janus-TiNbCO, (19 Ti 1 Al Nb [ 3 H A [A]
(AL TGP s 76 H* K7 26 3R 1, Nb T 1 At AG
2954 0.02 eV, Ti [MI7E H* =7 5 R i & R A 4r
MRS M EAh Bt sy A7 Bl T4 Ti e
T g 823 7XFE Janus-TiNDCO, ARl e i 2 —Fh
FRUE ISR b , s O Ti T i AT o | R
i Nb T8 BEALIE M, MBI HER SO 4% AT
I, H* ¥ Janus-TiNbCO, 3% 1 ) Heyrovsky JZ i
FIAE A, Z AR A N BE 22 R 0.23 eV,
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Abstract: Exploring the potential hydrogen evolution reaction (HER) catalysts with the high activity and high conductivity has al-
ways been a hot spot in the research of renewable energy development. Ti,C, as one of the 2D-MXene, has excellent properties re-
lating to many active sites, mechanical stability, conductivity, etc., and has become a potential HER catalyst. However, the modifi-
cation of the surface of Ti,C by terminal O will reduce the conductivity, thereby limiting the transport of electrons between the va-
lence band and the conduction band. In this study, an electric double layer Janus-TiNbCO, was constructed by Nb doping. The band
property, HER activity and HER reaction path of Janus-TiNbCO, are studied by the first-principles calculations. The results show
that Nb doping increases the distance between Ti and O atoms, which increases the lattice parameters of Janus-TiNbCO, comparing
with that of Ti,CO, structure. The Janus-TiNbCO, structure is stable by calculating the thermodynamic stability at 500 K using
AIMD method. The band gap of Ti,CO, is approximate 0.9 eV. After Nb doping, the orbital hybridization between Nd-3d and O-2p
affects the electronic rearrangement of Ti-3d, leading that Janus-TiNbCQO, has the metal band structure. In Janus-TiNbCO,, both Ti
and Nb surfaces adsorb H* by O site, where the AG.(@Ti) = -0.55 eV, AG(@Nb) = 0.02 eV, showing Ti and Nb surfaces have
different catalytic activities. Comparing with graphenes, e.g., h-B,O, Pt, and g-C;N,, Janus-TiNbCO, has better catalytic activity.
The charge distribution of Janus-TiNbCO, near the Fermi level was analyzed by HSE-06 function. The result reveals that O atoms
on the Ti surface exhibit charge unsaturation at the Fermi level, while those on Nb surface strong saturation. Moreover, the effects
of H* coverage and strains (+2% ~ +4%) on the catalyst activity of Janus-TiNbCO, are studied. When the H* coverage is low, the
optimal AG,. of Nb surface is approximate 0.02 eV, while Ti surface has an excellent catalytic activity at high H* coverages (6 =
7/9, AG-=-0.06 eV). Under the strain action, the H* coverage on surface is not affected. However, strains will reduce the HER activi-
ty of Nb surface, and increase the HER activity of Ti surface. Furthermore, oxygen defect is a stable point defect in Janus-TiNbCO,.
Oxygen defect will increase the HER activity of Ti surface and decrease the HER activity of Nb surface. Comparing to the Tafel
pathway, the Heyrovsky is a more suitable pathway for the HER, in which the migration barrier of Heyrovsky is 0.23 eV for H* on
Nb surface. Janus-TiNbCO, can be used as a potential HER catalyst.

Key words: MXene; Janus-TiNbCO;; band; hydrogen evolution reaction
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