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Figure S1. (a) Schematic illustration for reaction pathway in hydrogen evolution reaction. (b) The
HER volcano plots of MXenes with 1/9 H coverage following the method by Nerskov et al.!

2. Scheme to calculate Gibbs free energy for adsorbed hydrogen

We calculate the AGy of oxygen-terminated MXenes (M,XO,) at the same hydrogen
coverage. The hydrogen stability is depended on the difference of binding energy.!-3

1
AEH = E(system +H) "~ E(system) - EE(HZ) Y]

E (system + H)is the energy of the M,XO, with one hydrogen atom adsorbed on it,

E
E (system)and (HZ)are the total energies of the M;X0O,, and the gaseous hydrogen

molecule, respectively. The Gibbs free energy for adsorbed hydrogen is according to

the following formula.'-3
AGy = AE, + AE,p,— TAS, ©)

AE

Here =~ ZPE is the differential zero-point energy between the adsorbed state and the

gas phase state. ASy is approximately equal to the entropy of gas phase H, at standard

conditions (300K, 1bar).34



3. HER activities for pristine MXenes

Table S1. The most stable adsorption site of O atom and the charge of it (ey), the calculation AGy
at different hydrogen coverage. The active site is indicated in red.
Adsorption Charge of 1/9 H coverage 1/4 H coverage

System site of O atom O ion (€) Structure AGy V) AGy (V)
Ti,CO, Fece -1.10 % 0.12 0.22
Nb,CO, Fece -1.10 m 0.13 0.16
71,CO, Fee 1125 E sy 0.81 0.86
Ta,CO, Fec 116 P 0.63 0.72
V,CO, Fec -0.97 ‘m‘ -0.43 122
HECO, Fec 124 PR 1.08 1.14
$¢,CO, Foc+Hep 129 TR 0.36 0.47
Y,CO0, Fec+Hep 131 TR 0.87 0.92
Ti,NO, Fec RO A4 0.14 0.20
Nb,NO, Hep 112 RREE 0.12 -0.15
Zi,NO, Fec 127 PR 0.65 0.80
Ta,NO, Hep 118 % 0.45 0.58
V,NO, Fec -1.00 m -0.26 -1.56
HENO, Fee 125 PR 0.99 119
Se:NO, Fec SHEEE. " 0.95 -1.49
Y2NO, Fec 130 PR -0.70 -1.23




4. The adsorption properties of transition metal atom

Table S2. The adsorption energy between MXenes and single transition metal atom (AE TM - ads)),

the more negative the value, the stronger the interaction. "-" means that it is difficult for cadmium
and mercury to be adsorbed on MXenes, the interatomic distances between them and the MXenes

layer are too far (>3 A).

System

AETM -ads

Pt Pd \W% Mo Os Ru Ir Rh Ag Au Re Cu Zn

Cd

Hg

Ti,CO,
Nb,CO,
7Zr,CO,
Ta,CO,
V,CO,
Hf,CO,
Sc,CO,
Y,CO,

Ti,NO,
Nb,NO,
Z1r,NO,
Ta,NO,
V,NO,
HENO,
ScHoNO,
Y,NO,

-1.74  -137 -7.16 -747 -476 -398 -329 -272 -0.88 -035 -624 -0.71 -0.03
-1.75  -134 -7.08 -720 -463 -408 -3.78 -273 -0.85 -035 -6.07 -0.76 -0.01
-1.32 -1.05 -539 -591 -3.64 -344 -268 -225 -0.62 -0.10 -4.63 -0.40 0.08
-1.48 -123 -567 -6.10 -3.71 -359 -370 -252 -0.63 -0.12 -481 -0.31 0.07
-1.84 -146 -8.67 -836 -5.67 -463 -343 -284 -1.03 -0.70 -7.27 -1.08 -0.09
-1.28 -096 -499 -564 -353 -344 -272 -236 -043 -0.02 -432 -0.57 0.12
-1.29 -120 -476 -5.19 -410 -258 -299 -096 -0.55 -0.04 -44 -0.89 0.04
-1.26  -1.19 -6.67 -356 -453 -258 -333 -1.15 -0.56 -0.03 -434 -0.89 0.05

-3.05 -157 -799 -834 -5.65 -437 -431 -296 -095 -052 -696 -0.89 -0.38
-326 -147 -726 -741 -520 -448 -437 -3.08 -091 -045 -634 -091 -033
-285 -125 -583 -624 -438 -423 -408 -290 -0.75 -020 -5.11 -0.62 -0.10
277 -1.18 -594 -631 -446 -419 -418 -287 -0.72 -023 -526 -0.53 -0.17
-333 -194 -819 -842 -634 -478 -447 -320 -1.16 -0.76 -745 -126 -0.67
-2.10 -121 -518 -572 -399 -394 -398 -283 -0.57 -0.14 -456 -0.66 -0.05
-229 -172 -810 -638 -583 -484 -447 -349 -1.19 -0.65 -721 -1.22 -0.69
-225 -1.69 -543 -826 -6.68 -558 -456 -352 -1.00 -0.77 -729 -156 -0.53




5. HER activities for TM-modified MXenes

Table S3. The ACH of materials after surface modified by single transition metal atom. The Sy, S,
S, represents the different H adsorption sites, as shown in Figure 2.

AGH/eV

System Site
Pt Pd W Mo Os Ru Ir Rh Ag Au Re Cu Zn

Ti,CO, So -0.13 021 023 109 036 -034 -0.09 043 031 -064 0.10 046 -0.22
S -0.19 0.14 020 021 0.14 036 -033 003 024 011 025 024 -0.18
S5 -0.21 017 030 030 021 027 -024 011 025 007 029 022 -0.18
Nb,CO, So -024 019 -037 078 0.12 044 026 033 033 -021 -024 035 0.11
S -030 024 022 027 015 017 0.04 016 026 013 020 030 0.20
S5 -0.19 026 027 037 025 025 012 019 028 0.12 028 024 0.14
Z1,CO, So 054 100 155 155 -005 053 015 068 085 -0.66 0.18 1.06 0.86
Sy 049 079 079 083 068 065 018 049 084 065 081 0.82 095
S5 046 081 0.8 088 034 071 011 055 082 046 083 082 0.87
Ta,CO, So 032 073 -048 098 0.05 070 069 067 078 036 078 0.80 048
Sy 058 08 072 077 -038 068 061 063 073 0.60 0.65 0.69 0.57
S5 027 081 082 087 -0.03 070 060 054 074 066 0.75 072 0.56
V,CO, So -0.89 -0.54 -022 -031 045 034 -029 -0.51 -0.17 -031 -0.69 -0.70 -0.27
Sy -0.88 -0.56 -0.10 -0.09 -033 -026 -0.53 -0.28 -020 -029 -140 -036 -0.34
S5 -0.85 -036 -0.52 -0.01 -0.09 -0.16 -046 -030 -0.17 -029 -132 -044 -0.31
Hf,CO, So -0.60 123 -022 101 035 044 022 083 084 031 098 133 0.99
Sy 073 106 107 1.11 091 088 031 067 107 086 1.07 110 1.04
S5 069 109 114 116 042 093 021 072 105 044 1.14 111 1.04
Sc,CO, So 097 032 071 1.17  0.12 -036 -027 -0.97 -038 -034 044 0.78 0.26
Sy 131 025 026 099 040 -0.14 0.07 -0.75 -0.58 -0.07 0.21 1.02  0.34
S5 056 010 032 -033 034 021 -0.02 -073 -076 -0.07 -0.63 090 0.39
Y,CO; So 0.17 022 053 060 039 -0.19 003 -08 022 -035 -0.58 0.88 0.28
Sy 051 030 053 -053 061 039 025 -066 -004 -0.14 -0.79 1.01 0.39
S5 0.61 018 067 -039 0.67 037 044 -022 -029 -0.09 -097 075 0.30
Ti,NO, So 035 012 010 121 046 072 009 063 042 -1.19 032 048 -0.13
S 020 028 046 048 032 033 -0.08 031 038 022 037 035 -0.11
S5 026 030 049 050 037 035 -027 031 040 021 045 038 -0.16
Nb,NO, So 070 -022 -0.16 0.74 050 041 082 -032 0.07 033 010 -0.17 0.21
Sy 046 -0.05 -0.06 -0.02 032 025 049 -068 -0.03 028 -0.05 -028 0.25
S5 063 -023 002 002 043 031 08 -024 004 038 007 -023 025
Z1r,NO;, So 101 078 146 140 035 087 100 080 058 -033 0.74 09 0.59
S 064 067 087 087 025 082 08 066 08 057 082 087 0.64
S5 1.08§ 078 094 091 030 079 082 077 074 069 086 092 0.63
Ta,NO, So -0.28 038 -095 -0.12 -121 -035 -030 -0.16 060 -071 -0.04 1.06 0.29
S 059 038 039 052 -152 -084 029 -059 054 079 -082 085 038
S5 062 031 053 062 -1.11 -038 063 -025 057 082 -0.73 0.84 0.37




V,NO, So -0.49 -0.68 -098 084 -098 021 -0.19 -0.02 057 -068 -0.77 -043 -0.22
S -0.83 -0.58 -1.13 005 -054 -0.12 -145 -028 -043 -0.73 -023 -043 -0.29
S5 -0.75 -0.58 -0.08 021 -0.70 -0.03 -141 -0.28 -0.33 -0.66 -0.68 -035 -0.21

Hf,NO, So -0.63 1.07 104 121 044 109 120 1.05 1.02 -031 0.81 1.27  0.90
S 095 102 122 121 039 109 116 091 .13 090 0.77 125 097
S5 1.00 1.15 130 127 040 103 116 085 1.10 1.04 038 127 0.97

Sco,NO, So -1.30 -1.02 119 025 -039 -0.73 -0.55 -047 -139 -1.15 0.74 -090 -0.59
S -1.15 -120 -0.58 021 -044 -0.88 -0.63 -093 -1.20 -127 -0.07 -1.21 -1.15
S5 -1.14  -1.18 -0.66 0.18 -043 -0.88 -0.63 -0.92 -121 -124 -0.08 -120 -1.14

Y,NO, So -0.82 -095 -0.65 -132 -057 -0.57 -045 -040 -069 -088 -132 -0.87 -0.70
S -1.40 -1.06 077 -124 -042 -0.73 -0.52 -0.86 -1.02 -1.12 -0.60 -1.04 -0.97
S5 -1.40 -1.03 033 -132 -037 -0.67 -048 -0.80 -1.04 -1.12 -1.11 -1.02 -0.93
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Figure S2. The AGy of various metal modified MXenes. The left and right panels exhibit carbides

and nitrides respectively. The green shaded area marks the HER active energy range with the

in the region between -0.2 and 0.2 eV. Furthermore, the AG

sites (Sy, S}, S7) of each material are plotted in the order of Sy-S;-S>.

H values for the three H adsorption

AGy,



6. Activation energy barrier for HER on MXenes

Here, we show the activation barriers for the TM-M,XO, combination beyond the
ones shown in the main text.

It has been demonstrated that the simulation on H-reaction can be influenced by
the water environment.>% Therefore, for rationally simulating the activation energy
barrier of H-reaction, we add the H,O molecules on the surface of MXenes one side
with one H30" ion, according to the ordinary distance between water and the length of
hydrogen bond in water. A number of initial water molecule conformations are used

while the most stable one 1/8 (H,0/A?) is used for the barrier simulation.
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Figure S3. The transition energy barriers of materials with catalytic activity in modified MXenes
(a) Ti,CO,, (b)V,CO,, Ag- and Mo-modified V,CO,, (c)Ti;NO,, (d)V,NO, and Ru-modified
V,NO,, (e) Sc,CO,, Au- and Ir-modified Sc,CO,, (f) Ta,CO, and Os-modified Ta,CO,, (g)
Sc,NO, and Re-modified Sc,NO,, (h) Y,CO, and Au-modified Y,CO,.The “-T” represents the
Tafel reaction while the “-H” typifies the Heyrovsky reaction in the figure.



7. The Bader charge and its effect on energy barrier and

Table S4. Bader charge of O ion in different MXenes were calculated by Bader charge scheme. ey

represents the charge of O ion on stable site, ey represents the charge of O ion on transition site.

The value with “-” means the ion gain electron comparing with isolated atom state while the value

with “+” means the ion loss electron. Ae represents the charge difference between eg and ey
(Ae'=es-er) in the table. O-H is the distance between the H atom and the O atom.

Barrier . L

System Reaction V) O ion charge (e) OAH H* ion charge (e)
Ey eg er Ae’ &) eg er Ae’
Ti,CO, Tafel 144  -130 -1.16 0.14 2.06 +0.65 +0.30  0.35
Heyrovsky 0.84 -1.26  -1.16  0.10 3.64 +0.64 +0.34  0.30
Nb,CO, Tafel 1.82 -129 -1.11 0.18 2.21 +0.63  +0.24  0.39
Heyrovsky 1.37 -1.27  -1.14  0.13 3.01 +0.63  +0.29  0.34
Zr,CO, Tafel 1.62 -1.38 -123 0.15 2.62 +0.67  +0.29  0.38
Heyrovsky 1.00 -1.37  -1.25  0.12 3.19 +0.65 +0.33  0.32
Ir-Zr,CO, Tafel 055 -135 -1.26 0.09 3.70 +0.64  +0.34  0.30
Heyrovsky 1.03 -1.39  -1.26 0.13 3.06 +0.66  +0.31 0.35
Ta,CO, Tafel 217  -132 -1.16 0.16 2.43 +0.66  +0.30  0.36
Heyrovsky 1.98 -1.35  -1.20 0.15 3.13 +0.63  +0.29  0.34
0s-Ta,CO, Tafel 1.87 -124 -1.15 0.09 3.78 +0.63  +0.30  0.33
Heyrovsky 2.88 -1.33  -1.16 017 2.35 +0.66  +0.26  0.40
V,CO, Tafel 288 -123 -098 0.25 1.91 +0.65  +0.20  0.45
Heyrovsky 2.58 -1.24  -1.01 0.23 2.29 +0.64 +0.20  0.44
Mo-V,CO, Tafel 237  -123 -1.04 0.19 3.02 +0.63  +0.24  0.39
Heyrovsky 246  -1.28 -1.07 0.21 2.64 +0.65  +0.23  0.42
Ag-V,CO, Tafel 152  -126 -1.10 0.16 3.73 +0.65 +0.31  0.34
Heyrovsky 2.11 -1.32 -1.14 0.18 3.40 +0.62  +0.24  0.38
Sc,CO, Tafel 216  -135 -1.23  0.12 2.91 +0.59  +0.19  0.40
Heyrovsky 1.75 -1.38  -1.29  0.09 3.53 +0.64 +0.29  0.35
Ir-Sc,CO, Tafel 341 -1.33  -1.16  0.17 2.44 +0.61  +0.18  0.43
Heyrovsky 3.78 -1.34  -1.13  0.21 2.18 +0.61 +0.14  0.47
Au-Sc,CO, Tafel 1.15  -1.34 -1.28 0.06 3.70 +0.56  +0.24  0.32
Heyrovsky 2.05 -1.33  -1.23  0.10 3.12 +0.61 +0.22  0.39
Y,CO, Tafel 287 -138 -1.27 011 2.79 +0.60  +0.15  0.45
Heyrovsky 1.90 -1.37  -131  0.06 3.76 +0.59  +0.22  0.37
Au-Y,CO, Tafel 278  -137 -1.28 0.09 3.28 +0.60  +0.16  0.44
Heyrovsky 3.13 -1.35  -1.19 0.16 2.37 +0.58  +0.11 0.47
Ti,NO, Tafel 210  -134 -1.16 0.18 2.21 +0.69  +0.26  0.43
Heyrovsky 1.59 -1.27  -1.15  0.12 341 +0.62  +0.30  0.32
Nb,NO, Tafel 292 -126 -1.07 0.19 2.14 +0.63 1022 041
Heyrovsky 2.22 -1.24  -1.07 017 2.32 +0.61 +0.24  0.37
W-Nb,NO, Tafel 206 -126 -1.11 0.15 2.52 +0.62  +0.27  0.35




Ag-Nb2N02

RC-Nb2N02

V,NO,

RU-V2N02

SCzNOz

RC-SCzNOz

Heyrovsky
Tafel
Heyrovsky
Tafel
Heyrovsky
Tafel
Heyrovsky
Tafel
Heyrovsky
Tafel
Heyrovsky
Tafel
Heyrovsky

3.18
0.47
0.91
2.03
2.88
3.38
2.63
2.24
3.71
2.46
0.72
3.27
3.64

-1.31
-1.31
-1.36
-1.25
-1.30
-1.24
-1.22
-1.18
-1.25
-1.36
-1.36
-1.36
-1.34

-1.10  0.21
-1.23  0.08
-1.25  0.11
-1.13  0.12
-1.11  0.19
-1.00 0.24
-1.02  0.20
-1.00 0.18
-0.99  0.26
-1.25  0.11
-1.30  0.06
-1.17  0.19
-1.13 0.21

2.01
3.82
3.58
3.04
221
2.36
2.88
3.07
1.94
2.81
3.63
2.69
2.04

+0.65
+0.66
+0.62
+0.61
+0.66
+0.66
+0.63
+0.63
+0.65
+0.63
+0.59
+0.63
+0.62

+0.20
+0.38
+0.31
+0.28
+0.26
+0.21
+0.21
+0.24
+0.15
+0.26
+0.28
+0.21
+0.17

0.45
0.28
0.31
0.33
0.40
0.45
0.42
0.39
0.50
0.37
0.31
0.42
0.46

Table S5. e is the charge on O ion, the 4e is the charge difference of O- ion before and after the

addition of single transition metal atom (Ae = €0~ €rmM-0), meanwhile, the difference of
AGY gefined as A0H-Tm -0~ Ao,
eo (¢) AGy difference
System Site ) Ae (e) AGh ey between TM-modified
Without H absorbed and pristine system
Zr,CO, -1.25 0.81
Ir-Zr,CO, So -1.16 -0.09 0.15 -0.66
S -1.18 -0.07 0.18 -0.63
S5 -1.18 -0.07 0.11 -0.70
Re-Zr,CO, So -1.18 -0.07 0.18 -0.63
Ta,CO, -1.16 0.63
Os-Ta,CO, So -1.08 -0.08 0.05 -0.58
S -1.11 -0.05 -0.38 -1.01
S5 -1.10 -0.06 -0.03 -0.66
V,CO, -0.97 -0.43
W-V,CO, S -1.04 0.07 -0.10 0.33
Mo-V,CO, So -1.03 0.06 -0.31 0.12
S -1.02 0.05 -0.09 0.34
S5 -1.01 0.04 -0.01 0.42
0s-V,CO, S5 -1.01 0.04 -0.09 0.34
Ru-V,NO, S5 -1.00 0.03 -0.16 0.27
Ag-V,CO, So -1.07 0.10 -0.17 0.26
S -1.05 0.08 -0.20 0.23
S5 -1.06 0.09 -0.17 0.26
Sc,CO, -1.29 0.36
0s-Sc,CO, So -1.15 -0.14 0.12 -0.24




Ru-802N02
Pt-SCzCOz
II‘-SCzCOz

Au-SC2C02

Y,CO,
Pt-Y,CO,
Pd-Y,CO,
Ru-Y,CO,
Ir-Y,CO,
Ag-Y,CO,
Au-Y,CO,

Ta,NO,
Mo-Ta,NO,
Rh-Ta,NO,
Re-Ta,NO,

V,NO,

W-V;,NO,
Mo-V,;NO,
Ir-V,NO,
Rh-V,NO,
Ru-V,NO,

SCQNOz
MO-SCQNOZ
RC-SCzNOQ

So
S
So
S
S
So
S
S

So
S
So
So
S
So
S
S

So
So

S
S
So
So
So
S
S

S,
So
S
S,

-1.20
-1.26
-1.12
-1.20
-1.16
-1.25
-1.24
-1.28
-1.31
-1.25
-1.28
-1.25
-1.18
-1.28
-1.27
-1.28
-1.29
-1.18
-1.16
-1.15
-1.10
-1.00
-1.06
-1.09
-1.01
-1.00
-1.07
-1.03
-1.05
-1.11
-1.19
-1.18
-1.15
-1.16

-0.09
-0.03
-0.17
-0.09
-0.13
-0.04
-0.05
-0.01

-0.06
-0.03
-0.06
-0.13
-0.03
-0.04
-0.03
-0.02

-0.02
-0.03
-0.08

0.06
0.09
0.01
0.00
0.07
0.03
0.05

0.08
0.07
0.04
0.05

-0.14
-0.10
-0.27
0.07
-0.02
-0.34
-0.07
-0.07
0.87
0.17
0.18

-0.19
0.03

0.04
-0.35
-0.14
-0.09
0.45

-0.12
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-0.26
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0.18
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-0.08

-0.50
-0.46
-0.63
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-0.70
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-0.70
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-1.06
-0.84
-0.83
-1.22
-1.01
-0.96

-0.57
-0.61
-0.49

0.18
0.31
0.07
0.24
0.47
0.14
0.23

1.13
1.69
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