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Supporting Information Section A: Preferred O-termination sites on M,XO, MXenes

Prior to conducting adsorption studies, the most favourable O-termination site was determined by
placing O atoms on both sides of bare M,X MXene sheet and fully relaxing the structure. Table S1 list

the preferred O-termination site on all MXenes examined in this study.

Table S1: Preferred O-termination site on M, X0, MXenes

Preferred O-termination site
FCC HCP

Sc,CO, v
Ti,CO,
Z1,CO,
Hf,CO,
V,CO,
Nb,CO,
Ta,CO,
Cr,CO, v
Mo,CO, v
W,CO, v
ScoNO,
Ti,NO,
Z1,NO,
HfHNO,
V,NO,
Nb,NO,
Ta,NO,
Crh,NO,
Mo,NO,
W,NO,
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Supporting Information Section B: Atomic model of bare Ti,C and O-terminated Ti,CO,
MXene

The atomic model of the most stable configuration of bare and O-terminated Ti,C is presented in
Figure S1. The alternative O termination position is also marked on Fig S1 (c). 19 A of vacuum was

added on the single layer O-terminated MXene to prevent the interaction of its periodic image (Fig S1

(d)
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Figure S1: Atomic model of Ti,CO, MXene: (a) (1x1) bare unit cell, (b) (1x1) O-terminated unit cell
and the corresponding (3%3) O-terminated supercell as seen from the (c) top and (d) side. The
alternative hcp hollow site favourable for O-termination on other M,X0O, MXenes is also marked in

(©).



Supporting Information Section C: Methods

All density functional theory (DFT) calculations were performed using the Vienna Ab-initio
Simulation Package (VASP),' and atomic potentials were treated using the projector augmented wave
(PAW) method.> The generalised gradient approximation (GGA) in the Perdew-Burke-Ernzerhof
form (PBE) was used for the exchange correlation functional and dispersion interactions were
modelled within the DFT-D3 formalism.># An energy cut-off of 450 eV defines the plane-wave basis
set and structural relaxation was performed with a force component tolerance of 0.01 eV/A. The
Brillouin zones for our calculations were sampled using a Monkhorst-Pack grid of 8 x 8 x 1 and 2 x 2
x 1 k-points for the (1x1) and (3x3) supercells, respectively. The free energies for intermediates on
the reaction pathway are calculated by adding the zero-point energy and entropy terms to the total
energy. These corrections are calculated within the harmonic oscillator approximation where the
degrees of freedom of adsorbates are treated as harmonic vibrations.> At least 18 A layer of vacuum
was added to prevent the interaction of its periodic image. Although we expect that practical CO,RR
will be performed on multi-layered MXenes, the single layer calculation performed here is justified as
previous experimental and theoretical studies have shown that water and ionic species intercalation
results in large (> 20 A) c-lattice interlayer distance®® — i.e. the layers are sufficiently separated to be

treated as individuals.

The binding strength between the various intermediate adsorbates and different MXenes (AE,4) were

estimated using:
AEads = EMXene +ads ~ EMXene - Eads

Where Eyrxenc+ags Tepresents the energy of adsorbate modified MXene, Eyxene is the energy of MXene

without adsorbate and E, g is the energy of the adsorbate.
The relative Gibbs free energy of adsorbates can then be computed by:

AGads = AEads + AEZPE - TASads

Where differential zero-point energy correction (AEzpg) and entropy correction (TAS,4) are taken into

account.



Supporting Information Section D: Minimum energy pathway diagram for M,X0O, MXenes

In Figure S2 we show the minimum energy pathway diagrams for all 19 MXenes. Sc,CO, was
excluded from calculation because of significant substrate distortion and large fluctuations in the
binding energy when intermediates are introduced. The reaction energy calculation for *CO is
included on all substrates as a comparison with the *HCOOH pathway. A summary of the shortest

adsorbate distance to the O-terminated surface is presented in Table S2.
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Figure S2: Minimum energy pathway diagrams for M,X0O, MXenes in this study.



Table S2: The adsorption configuration and list of the shortest distance (A) between adsorbed intermediate and the M,XO, MXene.

(¥
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MXenes ’ ‘- l-’.’ '.’.’. '}l- !” !}l !’! "}.’

*COOH *HCOOH *CO *CHO *H,CO *CH,OH *HOCH; *CH;
Ti,CO, 1.428 1.821 3.009 1.397 2.816 1.481 2.405 1.450
Z1,CO, 1.402 1.650 3.037 1.387 2.865 1.473 2.615 1.454
Hf,CO, 1.420 1.778 3.031 1.394 2.923 1.483 1.982 1.460
V,CO, 1.435 1.807 2.968 1.399 2.796 1.482 2.640 1.445
Nb,CO, 1.434 1.782 3.011 1.400 2.872 1.490 2.680 1.456
Ta,CO, 1.453 1.791 2.952 1.414 2.833 1.506 2.627 1.463
Cr,CO, 1.540 1.737 2.922 1.454 2.243 1.539 2.342 1.456
Mo,CO, 1.543 1.774 3.009 1.462 2.860 1.557 2.455 1.467
W,CO, 1.588 1.842 2.965 1.478 2.722 1.578 2.489 1.474




ScoNO, 1.410 1.599 2.965 1.382 2.752 1.467 1.680 1.456
Ti,NO, 1.448 1.783 2.978 1.412 2.784 1.489 3.089 1.452
Z1,NO, 1.427 1.706 2.953 1.397 2.893 1.479 2.445 1.454
HENO, 1.445 1.614 2.995 1.412 2.864 1.494 1.915 1.462
V,NO, 1.444 1.806 2.952 1.405 2.746 1.492 1.936 1.451
Nb,NO, 1.487 1.875 2.966 1.434 2.632 1.526 1.933 1.456
Ta;NO, 1.507 1.865 2.957 1.445 2.784 1.539 1.972 1.464
Cr,NO, 1.568 1.909 2.994 1.461 2.532 1.560 2.260 1.452
Mo,NO, 1.549 1.945 3.008 1.453 2.736 1.561 2.105 1.465
W2NO, 1.543 1.899 2.951 1.438 2.702 1.565 2.094 1.467




Supporting Information Section E. Activity and selectivity of M,X0O, MXenes towards CO,RR
In Table S3 we list the theoretical limiting potential for CO,RR (U (CO,)) representing the CO,RR
activity,” 1 and U (CO,) — UL (H,) representing selectivity of CO,RR with respect to HER.!' the
U (H,) values were obtained from previous computational work using a similar approach.'?

Table S3: The activity and selectivity for all M,X0O, MXenes in this study, arranged in order of
decreasing U (CO,) values.

Mxene | UREE) | (e REE |y
W,C0, | -0.349 0572 0.223
ThCO, | -0.516 0358 0.158
Nb,NO, | -0.699 0,087 0612
CtNO, | -0.748 0379 10369
TiNO, | 0771 0,284 0487
V.NO, | -0.803 0,067 0736
Nb,CO, | -0.865 10336 10529
TaNO, | -1.192 0512 10680
Z6NO, | -1248 0318 10930
WNO, | -1.596 1034 0,562
CrCO, | -1.602 0.604 0998
HENO, |  -1.683 0,045 11638
Z6C0, | 1735 1005 10730
SeNO, | -1.899 1356 0543
TaCO, | -1982 0.747 11235
Mo,NO, |  -2.156 1093 -1.063
HECO, | 2310 1266 1044
V.o, | 2341 0211 2130
Mo,CO, |  -4227 0.048 4179
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