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Supplementary Notes

Supplementary Note 1: Description of hydrogen adsorption sites

Screening of the catalyst was done only by considering the ground state configuration of
both the termination groups. After determining the ground state configuration for termination
groups for all MXenes, we can distribute the MXene in three categories based on the placement of
the termination groups as on-top type, fcc type, and hcp type MXene. In figure S2, we have shown
three representative cases from each category to understand their structure and available sites for

the hydrogen adsorption.

Figure S2 (a-b) is Mo3C2F», in which -F is terminated over the top of metal atoms from the
upper layer. In this type of MXene, hydrogen adsorption will occur over three sites, as marked in
the figure. Since this is on-top terminated MXene hydrogen adsorption over termination atom is
on-top adsorption as marked 1, while the 2 and 3 correspond to hydrogen adsorption over the fcc
site (over the middle layer metal atom) and hcp site (over the carbon atom). Figure S2 (c-d) shows
Mo03C202, in which -O is terminated over the top of the carbon atom (hcp site). In this case,
hydrogen adsorption over -O termination would be the same as adsorption over the hcp site. While
2 and 3 markings denote the hydrogen adsorption over the on-top and fcc sites. At last, Figure S2
(e-f) is TizC20z, in which -O is terminated over the middle layer transition metal atom, also known
as the fcc site. In this scenario, hydrogen adsorption over the -O termination would be similar to
adsorption over the fcc site as marked as 1, while 2 and 3 correspond to hydrogen adsorption over

the on-top site and hcp site, respectively.

Supplementary Note 2: Calculation of adsorbate-adsorbate interaction
parameter using DFT derived cluster energies

E. + (y(O) + E§3>) +8E = E, [S1]

E. +2(1(0) + EQ) + Jo1 + 6E = Eyy [S2]



E, + 2(#(0) +ED) +J,, + 6E = Ey, [S3]
E. + 2(#(0) + E;3>) + Jps + 6E = Eyq [S4]
E, +2(1(0) + ES3) + Joa + 8E = Ey, [S5]
E, +2(1(0) + ESQ) + Jos + 8E = Eys [S6]

E, +3(1(0) + ESQ) + 3J21 + Ja1 + 6F = Eyy [S7]
E. +3(1(0) + E3)) + 21 + J2z + J3z + OF = Egy [S8]
E. +3(1(0) + E3)) + 21 + Jos + J33 + OF = Egy [S9]
E. +3(1(0) + EQ) + 3J21 + Jas + OF = Eg, [S10]
E. +3(1(0) + ESD) + Jo1 + Joz + Jaa + Jas + OF = Esg [S11]
E. +4(1(0) + ESQ) + SJan + J2z +J31 + 252 + Jaa + Jua + O = Eny [512]

Supplementary Note 3: Monte Carlo simulation to Compute the heat of
formation

To determine the quantity, like heat of formation, we have used the Monte Carlo simulation
to explore the configuration space of oxygen distribution using series expansion of energy
functional. To determine the energy of each configuration of oxygen, various singlet, doublet
(pairwise J), triplet (three-body J;;y), and quadruplet (four-body (Jjj)) clusters are used as shown
in figure S2. The detailed algorithm of Monte Carlo simulation (Figure S7) contains the subroutine
to compute the energy of the system with a given distribution of oxygen adsorbates. Calculation
of energy of given configuration o(i, j) requires the adsorbate-adsorbate interaction parameter,

which can be derived from the set of equations S4 to S15 using DFT derived cluster energies.

The main program has two different loops to evaluate the quantities, like AHrand 0¢q. The

program systematically scans 6 to evaluate energy E(0). The initial loop mainly evaluates the



energy cost to fill each and every lattice site by oxygen adsorbate for given 0. In this loop, each
and every site is filled by oxygen adsorbate to compute the energy to fill a particular lattice site.

Later, this site is reset as an empty site.

In the final loop, a randomly lattice site is selected and filled by oxygen adsorbate. This
final loop goes over a statistically large run. In each run, a randomly different site filled with
oxygen adsorbate and energy and a lattice site is stored if subsequent runs lead to an energetically
more stable configuration. The final loop determines the energetically favourable configuration
for given 0. At last, the final loop finishes by updating the lattice configuration corresponding to
an energetically favourable lattice site. At the end, quantities like E(c) and AH¢ (o) are determined
corresponding to given 0. This program again restarts with new 0 after resetting quantities like E(i,

1), and Emin. This program ends after reaching the condition of full oxygen coverage.

Supplementary Note 4: Zero-point energy calculation using mass weighted
hessian matrix

To calculate the Gibbs free energy of hydrogen adsorption or any other adsorbate includes
the calculation of the change in zero-point energy for the adsorbate. Zero-point energy of adsorbate
in gas phase can be calculated by phonon calculation using vibrational modes associated with gas
molecules. But over the surface of the catalyst, the entire phonon calculation could become
computationally costly and more complex. Hence, we have manually computed the required block
of hessian matrix to calculate the associated vibrational modes of adsorbate over the surface of the
catalyst. In this method, we consider the catalyst surface as static and only compute the hessian
corresponding to adsorbate via the finite difference method. In relation to the total energy of the

system, the second derivative can be defined as,

ki = ( 0% ) [S13]

0q;0q;

Harmonic vibrational frequencies {v;} of an adsorbate or a molecule over the surface can be

evaluated using,

2o
v = <;) [S14]



Here, A; are eigenvalues corresponding to the mass-weighted Hessian matrix (K"),

1
K. = ——
) ;mimj

By diagonalization of a mass weighted Hessian matrix, one can compute the eigenvalues of the

kij [S15]

Hessian matrix to evaluate the vibrational modes of an adsorbate or a molecule over a catalyst
surface. In this method, we actually compute a sub-block of the Hessian matrix' and from that, one
can compute the zero-point energy of an adsorbate or a molecule over the surface of the catalyst.
Apart from zero-point energy calculation, partial Hessian vibrational analysis can be conducted to

determine the stable equilibrium of the adsorbate over a specific site of the catalyst.

Supplementary Note 5: Additional Computational details

In order to initially screen the M3C, MXene, hydrogen evolution reaction (HER) activity was
determined for pristine as well as -F and -O terminated MXenes. To consider the effect of hydrogen
coverage, two different hydrogen coverages were used during the calculation of hydrogen
adsorption energy. 2x2x1 supercell and unitcell were used for low hydrogen coverage (6=1/4) and
high hydrogen coverage (6=1), respectively. Wave function cutoff, charge density cutoff, k-mesh,

and vacuum are consistent, as mentioned in the main manuscript.
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Supplementary Figures

Figure S1 Schematic Diagram of (a) top view of M3C,; MXene, (b) Pop up shows the possible
sites for the placement of the termination groups (1) on-top site (2) fcc site (3) hep site; (c) side
view of M3C, MXene [here, green colour atom is early transition metal atom and purple colour
atom is carbon.]



A
Y.Y
A-_A—A_A
Y.Y v Y.Y
A_A—A_A_A-A_A
Y.Y v Y.Y v Y.Y
A A_A A _A_A A _A_A_A
.Y v Y.Y v Y.Y v V.

ad 4% e
A . % R > YAV
4 4% 4% a9
5}'}1‘?‘9@\“‘?}9&)"‘7‘\“‘“@\9@\”’
TR, AN

A ), =4
¥ G v
Na YA N, o
N (A, 4]

Figure S2 2D Schematic Diagram of Mo3;C,F, with (a) side view (b) top view; Mo3;C,0- with (c) side
view (d) top view; TizC,O» with (e) side view (f) top view [sky blue, light green, purple, red, yellow are
Mo, Ti, C, O, F, respectively].
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Figure S3 Comparative stacking energy of different stackings for early transition-metal based
M;C, MXenes.
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Figure S4: Phonon dispersion of three different stackings of pristine W3C> and Mo3;C, MXenes.
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Figure S5: Phonon dispersion of three different stackings of pristine W3C202 and M03C202

MXenes.
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Figure S6: Considered singlet, doublet (pairwise Jj), triplet (three-body Jj; ), and quadruplet
(four-body (Jj)) clusters for adsorbate-adsorbate interaction parameters for oxygen over

the surface of MXene.
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Figure S7: Algorithm to compute the Heat of formation (AHy) using interaction parameters derived
via density functional calculation. [Here, ® is adsorbate coverage, and o(i,j) defines the lattice
sites. P.B.C. refers to periodic boundary condition.]



~
=
G
~ /./\
% 0.00 e [0 )00 B PN
£
N
I‘A—t
< -0.051 -0.05+
=
S
=
<
g -0.10{ -0.10+
—
S}
o
G
©  -0.151 . 0.15+ I
= Pairwise Pairwise
15} three-body i three-body
s four-body Ti,C, four-body v.C,
0.0 0.2 04 0.6 0.8 1.0 0.0 02 04 0.6 0.8 1.0
Fraction oxygen coverage (0) Fraction oxygen coverage (0)
~ 0.2 0.02
=
G
>
>  0.00+ 0.00 dmmmm e
£
N
-
T -0.021 -0.02
<
=
S
S -0.04 -0.041
:
£ -0.061 o -0.06
— Pairwise Pairwise
o three-body ) three-body .
S 008 fourbody WG, (ostacking)| 4 g fourbody Mo,C, (a-stacking)
s 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Fraction oxygen coverage (0) Fraction oxygen coverage (0)
0.02 0.02
~
=
G
>
- 0.00- 0.00+
£
N
I&q
< -0.02 -0.02
=
o
=
<
g -0.041 -0.04
—
S}
L': Pairwise Pairwise
o 20,064 three-body 0.064 ) three-body
= four-body i i W.C, (y-§tacking) ’ Mo,C, (V‘VStaCk'ng)' ‘ fovur-body
T 0.0 0.2 04 0.6 08 1.0 0.0 02 04 0.6 038 1.0

Fraction oxygen coverage (0)

Fraction oxygen coverage (0)

Figure S8: Distribution of Heat of formation in its pairwise, three-body, and four-body components
with fractional oxygen coverage over surface of pristine MXene [calculated using interactive
lattice simulation with 80x80 lattice of MXene.]
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Figure S9: Calculated surface configuration oxygen over MXene at equilibrium coverage. [Here, the
black colour surface is a suitable lattice site for oxygen termination, and the red dot indicates the presence
of oxygen at the lattice site. For Ti3C2020 and V3C20z, a suitable lattice site refers to the fcc site, while
for W3C202¢ and M03C2029, it indicates the hep site. ]
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Figure S10 Phonon dispersion of y-stackings of W3C200.5s MXenes.
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Figure S11: Final optimized structure of MXene with equilibrium oxygen coverage derived from lattice
model along with different HER sites. [Actual calculation is performed over the 3%3 supercell of MXene.

To properly understand the symmetry of oxygen configuration 6x6 supercell is shown above. Here, Light

respectively.]
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Supplementary Tables

Table S1: Total energy and lattice parameter of y-stacking type MXenes with different placement
of -F and -O termination groups. [Here, blue, green, and orange represent fcc, hcp, and the on-
top site as energetically favourable sites for termination groups, as also verified via minimum
energy depicted in bold letters.]

Lattice

Tx = -O termination

Tx = -F termination

Early Parameter Placement
transitio < s of Lattice Total Lattice Total
n metal MXene “ (.)f termination | parameter Energy E | paramet Energy E
group pristine group a(A) (eV) era(A) (eV)
MXene (&)
top site (Ty) 3.342 -5173.114 3.379 -5637.548
3 Sc3CaTx 3.359 hep (Th) 3.405 -5180.093 3.194 -5639.130
fce (Ty) 3.268 -5180.418 3.239 -5640.359
top site (Ty) 3.198 -6069.671 3.157 -6531.086
Ti;C,Tx 3.081 hep (Th) 3.004 -6073.256 3.005 -6531.957
fee (T 3.028 -6074.767 3.061 -6532.687
top site (Ty) 3.464 -5239.092 3.400 -5700.991
4 Z13Cy Tx 3.326 hep (Th) 3.256 -5243.892 3.255 -5702.403
fce (Ty) 3.297 -5245.572 3.320 -5702.942
top site (Ty) 3.411 -6279.120 3.346 -6741.231
HE:C Ty 3.257 hep (Th) 3.196 -6284.475 3.200 -6742.253
fee (T 3.240 -6286.412 3.265 -6742.836
top site (Ty) 3.086 -7122.245 3.025 -7581.496
V;3CoTx 2.937 hep (Th) 2.853 -7123.629 2.846 -7582.136
fce (Ty) 2.905 -7124.252 2.956 -7581.991
top site (Ty) 3.299 -5999.529 3.203 -6458.914
5 Nbs;CoTx 3.131 hep (Th) 3.073 -6002.157 3.062 -6459.973
fce (T 3.141 -6002.668 3.098 -6459.387
top site (Ty) 3.270 -6908.073 3.154 -7367.705
Ta;CoTx 3.094 hep (Th) 3.055 -6911.345 3.041 -7368.260
fce (Ty) 3.123 -6911.867 3.073 -7367.539
top site (Ty) 3.016 -8321.096 2.953 -8780.214
Cr;CoTx 2.820 hep (Th) 2.728 -8322.390 2.811 -8780.018
fee (T 2.867 -8322.471 2.879 -8779.982
top site (Ty) 3.167 -6872.953 3.094 -7332.050
6 Mo;CoTx 3.007 hep (Th) 2911 -6875.253 2.998 -7331.812
fce (Ty) 3.053 -6874.135 3.044 -7331.757
top site (Ty) 3.092 -7677.793 3.035 -8136.950
WiCoTx 2.989 hep (Th) 2.904 -7680.440 2.994 -8135.946
fce (Ty) 3.069 -7679.176 3.037 -8135.817




Table S2: Hydrogen adsorption energy for M3CoTx MXenes with/without termination groups for
low hydrogen coverage (0 = '4) and high hydrogen coverage (0 =1). [Here, blue, green, and orange
represent fcc, hep, and the on-top site as energetically favourable sites for termination groups.]

Early Adsorption energy E for Adsorption energy E for hydrogen
transition MXene Termination | hydrogen coverage 0 =Y (eV) coverage 0 =1 (eV)
metal group St S S3 S1 S2 S3
___group
pristine -0.049 -0.655 -0.977 0.653 -0.361 -0.825
3 SC3C2TX -0
-F
pristine
Ti;C,Tx -0
-F
pristine
4 ZI‘3C2TX -0
-F
pristine
Hf3C, Ty -0
-F
pristine
V3G, Ty -0
-F
pristine -0.02 -1.056 -1.219
5 NbsC,Tx -0
-F
pristine
TaaCsz -O
-F
pristine
CI‘3C2TX -0
-F
pristine
6 M03C2Tx -0
-F
pristine -0.426 -0.485 -0.648
W3C,Tx -0
-F

Si-over metal site; S»- over hep site; Ss-over fcc site. Missing data represents either H is not adsorbed
over that site or it shifted to other site.



Table S3 Relative total energy for placement of -O termination group, lattice parameter, and
thickness of studied MXenes.

Placement of

Relative Total

Lattice

MXene Stacking termination Energy Parameter a Thickness d
Configuration group A)
(eV/f.u.) A)
(lower-upper)
hep-hep 0.000 2.89 8.11
hcp-fee 0.796 2.90 8.12
" fce-fee 1.491 291 8.12
top-hcp 2.220 2.92 8.66
top-fec 2.943 2.93 8.65
top-top 4.374 2.96 9.21
hep-hep 0.000 2.89 8.14
hep-fee 0.509 2.90 8.15
fee-fee 1.150 2.90 8.17
W0, B top-hep 2.101 2.92 8.70
top-fcc 2.627 2.93 8.68
top-top 4.120 2.96 9.23
hep-hep 0.000 2.90 7.98
hep-fee 0.791 2.94 7.84
fee-fee 1.263 3.07 7.14
v top-hep 1.434 2.99 8.17
top-fce 1.998 3.08 7.80
top-top 2.646 3.09 8.48
hep-hep 0.000 2.88 8.04
hep-fee 0.615 2.89 8.03
fee-fee 1.132 2.90 8.02
¢ top-hep 2.137 2.91 8.59
top-fce 2.686 2.93 8.55
top-top 4.232 2.95 9.12
hep-hep 0.000 2.88 8.08
hcp-fcc 0.384 2.89 8.07
fce-fee 0.867 2.89 8.07
Mo (20, B top-hep 2.053 291 8.63
top-fec 2.426 2.92 8.59
top-top 4.020 2.95 9.16
hcep-hep 0.000 291 7.81
hcp-fee 0.652 2.94 7.70
fce-fee 1.118 3.05 7.13
¥ top-hep 1277 3.00 8.03
top-fec 1.757 3.07 7.74
top-top 2.300 3.17 8.13




Table S4 Calculated change in zero-point energy and entropic correction between adsorbed and
gas state over considered MXenes [‘Im’ signifies Imaginary vibration modes associated to
hydrogen atom over catalytic site.]

MXene Stacking Termination AZPE (eV) AZPE — TAS (eV)
Configuration group top site | hcp site | fccsite | top site | hcp site | fcc site
" Pristine Im 0.043 0.063 - 0.248 0.268
-0 - 0.168 Im - 0.373 -
Pristine Im 0.040 0.065 - 0.245 0.270
Wi P -0 - 0.167 - - 0.372 -
Pristine 0.024 0.000 0.022 0.229 0.205 0.227
i -0 0.042 0.173 - 0.247 0.378 -
" Pristine Im 0.036 0.060 - 0.241 0.265
-0 Im 0.168 - - 0.373 -
Pristine Im 0.034 0.063 - 0.239 0.268
MosC2 P -0 - 0.167 - - 0.372 -
Pristine -0.002 0.002 0.025 0.203 0.207 0.230
v -0 Im 0.174 Im - 0.379 -
TisCy . Pristine Im 0.003 0.031 - 0.208 0.236
-0 -0.005 - 0.166 0.200 - 0.371
ViCs . Pristine Im 0.019 0.044 - 0.224 0.249
-0 0.043 - 0.173 0.248 - 0.378




Table S5 Calculated change in Gibbs free energy of hydrogen and description of HER active site

over studied MXene at equilibrium oxygen coverage, as shown in figure S11.

(M“;Ié‘g‘ie)) Site f\‘;’) Initial Site Final Site Remarks
S1 0.566 over oxygen (fcc) over oxygen (fcc) -
THC0 S, -0.155 over Ti (top) over fcc hollow (fcc) migration of H
- HsR2R2066) S3 -0.154 over fcc hollow (fcc) over fcc hollow (fcc) -
S4 -0.154 over C (hep) over fcc hollow (fcc) migration of H
S1 0.305 over oxygen (fcc) over oxygen (fcc) -
VG0 Ss 0.518 over oxygen (fcc) over oxygen (fcc) -
oV aba204 S3 -0.450 over V (top) over fcc hollow (fcc) migration of H
S4 -0.619 over V (top) over fcc hollow (fcc) migration of H
Si 1.216 over oxygen (hcp) over oxygen (hcp) -
0-W3Ca0s0.40 S, 0.668 over oxygen (hcp) over oxygen (hcp) -
: S3 -0.006 over fcc hollow (fcc) over fcc hollow (fcc) -
Sq -0.615 over fcc hollow (fcc) over C (hep) migration of H
S1 0.638 over oxygen (hcp) over oxygen (hcp) -
Ss -0.375 over fcc hollow (fcc) over fcc hollow (fcc) -
WACHO S3 -0.242 over C (hep) over C (hep) -
Y- Wakath0ss) S4 -0.269 over C (hep) over C (hep) -
Ss -0.268 over fcc hollow (fcc) over C (hep) migration of H
Se 1.604 over fcc hollow (fcc) over fcc hollow (fcc) Absorption in first layer
Si 0.496 over oxygen (hcp) over oxygen (hcp) -
0-M03sC20n 044, N} 0.725 over oxygen (hcp) over oxygen (hcp) -
: S3 -0.567 over Mo (top) over C (hep) migration of H
S4 0.023 over Mo (top) over fcc hollow (fcc) migration of H
Si 0.646 over oxygen (hcp) over oxygen (hcp) -
Mo:CyO S, 0.064 over Mo (top) over fcc hollow (fcc) migration of H
VMOS0 g | 0,231 over C (hep) over C (hep) ;
S4 0.065 over fcc hollow (fcc) over fcc hollow (fcc) -




Supplementary Multimedia
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Multimedia 1.mp4

Multimedia S1: Changes in surface configuration of MXene with change in oxygen coverage from
©=0 to ®=1 [Here, the black colour surface is a suitable lattice site for oxygen termination, and
the red dot indicates the presence of oxygen at the lattice site. For TizCz and V3Cz, a suitable lattice
site refers to the fcc site, while for W3Cz and Mo3Co, it indicates the hcp site. ]



