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1 Computational Parameters

All calculations performed in this work were carried out with the Vienna Ab initio
Simulation Package (VASP). Table S1 shows the details related to the Projector Augmented

Wave (PAW) projectors used as POTCAR files. 2

Table S1 Relevant parameters of the PAW projectors. For each element, we show the
chosen projector, the number of valence electrons (ZVAL), the electronic configuration and the
recommended plane-wave cutoff energy (ENMAX) given in the POTCAR file.

Element PAW-PBE Projectors ENMAX (eV) Eletronic Configuration ZVAL

Ag Ag GW 06Mar2008 249.844 [Kr] 4419551 11
C C_GWnew 19Mar2012  413.992 [He] 2s22p? 4
) O_GWnew 19Mar2012  434.431 [He] 2522p* 6
H H_GW 21Apr2008 300.000 1s! 1
Rh Rh_GW 06Mar2008 247.408 [Kr] 4485s! 9




2 Effective Coordination Concept

The coordination number (CN) is an useful concept to rationalize the properties of
different sites on a surface. This quantity is simply expressed as the number of nearest
neighbors of a given atom i and assumes an integer value. This concept can be improved
by giving different weights for each neighbor based on the distance between atoms (d;)).
In this work we use the Effective Coordination Number (ECN) concept,®* and within this

approach one first defines an average bond length for atom i as

djj

Zj di]'exp {1 — (@)6]
Z]- exp [1 — (:,—Z)j

which is obtained self-consistently. The effective coordination number of atom i (ECN;) is

dly = (1)

then obtained as
di]

.6
ECN; = Zexp [1 — (dT) ] . @)
] ao

3 Gas-phase Molecules

To obtain the energy of the isolated molecule (gas-phase) we have placed each of them
in the center of a large unit cell with 15 x 15.25 x 15.50 A. Only the gamma point was
used in the Brillouin zone integration, and the plane-wave cutoff energy has been fixed at
488.735 eV which is 12.25 % higher than the recommended value (ENMAX) for oxygen. The

binding energy of each molecule is calculated as

OH _ rOH H (@)
Eb - Etot - Etot - Etot

CO _ CO C (@)
Eb - Eifot‘ - Etot - Etot ’

(3)

and the results are shown in Table S2, which also presents bond lengths and comparison

with previous results also obtained with DFT calculations with the PBE functional.®
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Table S2 Binding energies (E;) of the gas-phase molecules, and their relative deviation (AE;)
with respect to references values (E;”).* Bond lengths d"'~C and d°~© are also shown

Molecule E, Ezef AE, dH-0 g4¢-0
(eV) V) (k) A A
OH —4.75 —4.77 042 098 -
CcO —11.63 —11.66 0.26 - 1.14

4 Bulk Ag Properties

Before tackling the Ag(211) surface, we first performed convergence tests on bulk face-
centered cubic (fcc) Ag and calculated its properties. The lattice parameter (ag9) was
computed using different numbers of k-points for the Brillouin zone integration. The
results are shown in Table S3, where it was found that a k-points mesh of 17 x 17 x 17 was
sufficient to achieve converged results for both ay and the total energy. The percentage

largest

difference in the lattice parameter is also given and is defined as Aag = (ao+?) x 100,
0

where 4}, is the calculated lattice parameter and aéargESt is the most converged value.

Similarly, AE;; is defined as the difference between the total energy for a given calculation
and the most converged one.

The convergence of the plane-wave cutoff energies (ENCUT) was also tested by
computing ap with 1.00x, 1.25%, 1.50x , 1.75%, 200 , 2.25x and 2.50x the recommended
value (ENMAX) for Ag, and the results are shown in Table S4. The obtained value of the

lattice parameter of 4.07 A agrees well with the experimental value of ag = 4.086 A.°



Table S3 Convergence of the lattice parameter (29) and total energy (E;,;) determined by stress-
tensor calculations of bulk primitive unit cell relaxation with variations of the k-points mesh
(n X n X n.

n k-points ap Aag Eiot AE;o;

(A) (%) (eV) (meV)
4 10 4.086 0.393 —3.03046791 186
9 20 4.070 0.000 —3.23492302 —18
13 30 4.068 —0.049 —3.21463794 2
17 40 4.070 0.000 —3.212069 65 4
21 50 4.071 0.024 —3.213006 20 3
26 60 4.071 0.024 —3.21772764 —1
30 70 4.070 0.000 —3.216443 95 0

Table S4 Convergence of the lattice parameter (a9) and total energy (E;;;) determined by the
stress-tensor calculation of bulk primitive unit cell relaxation with variations of the plane-
wave cutoff energy with the k-mesh set as 17 x 17 x 17.

ENCUT ap Aﬂo Etot AEtot
(eV) (A) (%) (eV) (meV)
249.884 4.030 —1.007 —3.205804 29 6.27
312.355 4064 —-0.171 —3.21876590 —6.70
374.826 4.062 —0.221 —3.21195414 0.12
437.297 4.070 —0.024 —3.21185301 0.22
499.768 4.070 —0.024 —3.212069 81 0.00
562.239 4.071 0.000 —3.21219757 —0.13
624.710 4.071 0.000 —3.21229045 —-0.22

The density of states of bulk Ag is shown in Figure S1. As expected, the major
contribution to the density of states come from the d band. The gravitational center (e;)

of d-band is —4.4744 ¢eV.
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Figure S1 Local density of states (LDOS) for faced centered cubic bulk Ag. The Fermi energy
is represented with a dashed vertical line at 0.00 eV and the d-band center is represented with
dashed line at —4.45eV.

5 Stepped Ag(211) Clean Surface

The properties of the clean Ag(211) surface are reported here as a function of the k-mesh
in order to determine a sufficiently converged set for posterior calculations. The slabs
were built with a vacuum size of 16 A, with 15 layers and (3 x 1) surface unit cell. The
plane-wave cutoff energy has been fixed at ENCUT = 281.074 eV which is 12.25% larger
than the recommended value (ENMAX) for silver. The percentage of interlayer relaxation

compared to the bulk structure was calculated for layers i and j as

(dl] — d()) x 100

Adjj = o ,

(4)
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where d;; is the spacing between layers i and j and d) is the separation between layers in
the bulk.
The surface energy (0) is calculated using the total energy of the slab (Ey,;;) with N

layers, and the bulk total energy (Ey,) as:

1 E
0 =5(=3" =N Epu), (5)
where Ej,j; has been obtained as the slope of the slab energy as function of the number
of layers. Note that the slab energy is divided by the number of atoms per layer (three).
The work function (¢) is calculated as the difference between the average electrostatic

potential in the vacuum (V.. (tvsc)) and the level Fermi energy, such as

Y = Velec(rvac) — €Fermi- (6)

The results are shown in Figure S2 and Table S5, where it is seen that a k-mesh of
5 x 4 x 1 provides sufficiently converged results for all three properties (one geometric,
one energetic and one electronic property) and thus this mesh was used for all further

calculations.
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Figure S2 Interlayer relaxation, surface energy and work function as function of the k-mesh
for Ag(211). The k-meshs 3 x2x1,4x3x1,5x4x1,6x5x1,7x6x1and8x7x1have4,
6,9, 12,16 and 20 k-points, respectively.
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Table S5 Convergence test for interlayer relaxation, surface energy and work function as a
function of the k-mesh for Ag(211).

k-mesh Adlz Ad23 Ad34 Ad45 Ad56 Ad67 Ad7g g @
()  (B) () () () (%) (%) (V) (eV)
3x2x1 —-1457 -347 1611 -215 057 178 —-0.79 1.89 4.35
4x3x1 -1140 -519 1209 -197 033 070 -0.72 1.77 431
S5x4x1 -11.77 -7.03 1331 -277 157 221 127 179 420
6x5x1 -1076 -521 1161 -171 -—-122 127 -0.08 177 4.16
7x6x1 —-11.64 -598 1277 —-241 -076 165 —081 178 4.26
8x7x1 —-1147 —-415 1180 -1.77 —-0.61 129 020 178 4.24

6 Substitution Doping Rh@Ag(211)

Before studying the interaction of the molecules with the doped surface, we have analysed
how the presence of the dopant Rh atom redistributes the charges over the surface, which
is given in Figure S3. It is seen that charge is transferred to the Rh atom from the Ag ones

located in the subsurface.

Step- Terrace- Corner-
Rh@Ag(211) Rh@Ag(211) Rh@Ag(211)

Figure S3 Bader charges for the Ag atoms in the doped surfaces. Q. gradient bar refers to
Ag atoms only, while the Rh charges are given in the numbers in blue.

Also, it may be useful to analyze the effect of the dopant on the distance between the
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nearest neighbors for each surface site, which is given in Table Sé6.

Table S6 Distance between the reference atom and its i nearest neighbor (4’). The ECN values
are also given for completeness.

Ref. Atom e S R R L A L (N - €\

(A A @A A @A) A @A) A (@A) (NNN)
AgonStep  2.81 284 284 286 286 287 287 4.02 402 713
Agon Terrace 2.84 284 286 286 287 287 290 290 292 897
Agon Corner 2.81 284 284 2838 288 290 291 291 294 990
RhonStep 272 272 274 275 275 283 283 3.83 400 7.77
Rhon Terrace 2.75 275 279 280 280 281 281 285 285 9.59
Rhon Corner 279 280 280 280 282 282 2.84 284 287 1052
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7 Adsorption Properties

7.1 Adsorption Sites

Chain ECN
|

7.13 | 8.97 9.90

Sites ECN
T1 |7.13
T2 |8.97
T3 19.90
Bl 7.13
B2 8.05
B3 18.97
B4 |9.44
B5 19.90
H1 |[7.74
H2 19.28
F1 8.36
F2 19.59

Figure S4 Ag(211)Top view with indication of Adsorptions sites top (T), Bridge (B) and Hollow
(H). A color scale is assigned to surface atoms according to the ECN. The exact values for each
Site are indicated in the table on the left.

We have performed calculations for the two molecules (OH and CO) adsorbed on the
Ag(211) slab described above. For all adsorption calculations we have used the 5x4x1
k-mesh and an energy cutoff of 488.735eV, which is 12.25% higher than the largest
recommended value (the ENMAX of oxygen given in Table S1).

A schematic representation of the adsorption sites considered here is shown in Figure
S4. In total, there are three top sites (T1, T2 and T3), five bridge sites (B1, B2, B3, B4 and
B5), two hcp hollow sites (H1 and H2) and two fcc hollow sites (F1 and F2). Note that, as

there are no atoms on bridge and hollow sites, they do not have an actual coordination
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number. In this figure we provide estimated ECN values for such sites as an average
of the ECN of the atoms that define them. For example, the ECN of the B2 site is the
average ECN of the atoms at T1 and T2.

The adsoption energy (E,;) is calculated from the total energy of the clean surface

(Ef:trf ), that of the gas-phase molecule (E/"?') and the total energy of the adsorbed

configuration (E;Z(;l/ surf ) as

Enq = EJo//surf _ psurf _ pmol 7)

For this reason the energy of the gas-phase molecule is presented in the next section.

7.2 Adsorption of OH on Ag(211)

In Table S7 we provide the numerical values for the adsorption energy, the distance
between the molecule and the closest atom on the surface (41°©~48), as well as the OH

bond distance (d°~H) and angle of the molecule (apjorM) for all adsorption sites.

Table S7 Adsorption energy (E,;), work function (¢) and geometric parameters (d°~H, d0-48
and aorm) for each adsorption site for OH on Ag(211).

Site Egg g do7f8  dOH apom
@) &) A (A) ©)
Bl  -270 427 216 097 5855
B3  —251 425 226 097 5866
B5 -276 412 231 098 5855
TI  —190 454 203 097 5873
T3  —245 419 218 097 5871
F1 ~ —268 409 230 097 5822
H1  -275 413 225 097 5828

H2 —-250 410 2.28 0.97 58.15

7.3 Adsorption of CO on Ag(211)

In Table S8 we provide the numerical values for the adsorption energy, work function,

the distance between the molecule and the closest atom on the surface (4~ 8), as well as
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the CO bond distance (@~ ©) and angle of the molecule (xocTM) for all adsorption sites.

Table S8 Adsorption energy (E,;), work function (¢) and geometric parameters (d“~©, -~ 48
and apoctvm) for CO on Ag(211) on each adsorption site.

Site E, @ dO:Ag dO:H XOCTM
(eV) (eV) (A) (A) (°)
B1 —0.48 4.37 2.24 1.16 58.32
B3 —0.38 4.32 2.29 1.16 58.20
T1 —0.51 4.19 2.13 1.15 58.09
T2 —0.42 4.18 2.13 1.15 58.15
T3 —0.33 4.30 2.24 1.16 58.97

7.4 Adsorption of OH on Rh@Ag(211)

The values for the adsorption energy, the work function, the distance between the molecule
and the dopant (d°~RM), the distance between the molecule and the closest Ag atom at
surface (d°~8), the bond length of the molecule (d°~H) and the angle of the molecule

with the surface (xornm) are given for all adsorption sites in Figure S9.

Table S9 Adsorption energy (E,;), work function (¢) and geometrical parameters for OH on
Rh doped Ag(211) on each adsorption site.

Site Rh Site E.q [ de:_O dAgo—O dOO_H XHOTM
(eV)  (eV) (A) (A) (A) ®)
Bl Step —3.26 4.50 2.00 2.32 0.98 48.13

B1 Terrace —2.75 4.22 4.97 2.26 0.98 58.05
B3 Terrace —2.78 4.24 2.04 244 0.98 58.38
T1 Step —-3.10 4.56 1.92 3.37 0.98 48.36
T3 Corner —2.71 4.23 2.07 2.21 0.98 58.40
F1 Terrace —2.74 413 2.07 2.40 0.97 58.16
F1 Corner —2.69 4.15 4.06 2.26 0.97 58.68
H1 Terrace —-2.75 4.14 2.08 2.39 0.97 58.03
Hi1 Corner —2.74 4.17 4.84 2.27 097 58.90
H2 Corner —-257 412 2.11 2.34 0.97 58.12

7.5 Adsorption of CO on Rh@Ag(211)

The values for the adsorption energy, work function, distance between the molecule and

the dopant (d€~Rh)  distance between the molecule and the closest Ag atom at surface
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(dC~A8), the bond length of the molecule (d€=0), and the angle of the molecule with the

surface (xoctMm) are given for all adsorption sites.

Table S10 Adsorption energy (E,;), work function (¢) and geometric parameters for CO on Rh
doped Ag(211).

Site Rh Site E.q [ de:fC dAgcfc dC:O XOCTM
V) (V) (A (A) (A) ©)
Bl Terrace —0.37 4.36 3.64 2.26 1.15 58.24

Bl Corner —0.46  4.38 6.01 221 1.16 58.71
T1 Step —243 475 1.83 3.27 1.17 58.02
T1 Terrace —049 424 4.28 2.12 1.15 58.06
T1 Corner —049 417 6.02 2.09 1.15 58.59
12 Step —-034 475 3.59 2.16 1.14 58.06
12 Terrace  —2.38  4.49 1.84 3.23 1.17 58.00
T2 Corner —0.32 4.21 4.03 2.15 1.15 58.50
T3 Corner —2.03 4.39 1.84 2.89 1.17 57.87
F1 Corner —0.37 4.37 4.14 2.24 1.17 58.52

7.6 Gibbs Free Energies of Adsorption

The Gibbs free energies of adsorption (G,;) were calculated for the lowest energy

structures at room temperature as:

Gg = G/l _ Gswrf _ gmol | (8)

Each term in this equations was calculated with the DFT total energy E;, and including

zero point energy (ZPE), enthalpic and entropic contributions as:
G = Esot + ZPE + / CpdT — TS, )

To calculate such contributions, we have first computed DFT vibrational frequencies for
the gas-phase molecule and for the adsorbed configuration with the atomic positions
of the substrate fixed. Such values were then used in standard statistical mechanics
expressions to calculate the properties at the harmonic limit, using the atomic simulation

environment package’. The fugacity in CO calculation is 5562 Pa.
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It is known that the PBE functional provides inconsistent thermochemical values
for gas-phase CO, and for this reason we have added a gas-phase correction (GPC)
of —0.51eV to its energy as calculated in the literature®. The lowest energy structure
for the CO adsorption on both doped and non-doped substrates (T1-CO/Ag(211) and
T1-Step-CO/Rh@Ag(211)) were selected, and Table S11 gather the results.

Table S11 Calculated energy contributions for the Gibbs free energy for the gas-phase
molecule and adsorbed configurations on the lowest energy site of the substrates.

System Eiot ZPE [ CpdT —TS GPC G
(eV) (eV) (A) (eV) (eV) (eV)
CcO —14.91 0.132 0.065 —0.681 —0.51 —15.90
CO/Ag(zll) —148.88 0.164 0.071 —0.152 - —148.80
CO/Rh@Ag(211) —154.05 0.201 0.021 —0.162 - —153.93

As the atomic position of the atoms in the slab were considered fixed in the
vibrational calculations, G?:[f = Efgtrf . Therefore, taking into account the values on
Table S11, we obtain G,; = 0.56€V for T1- CO/Ag(211) and G,; = —1.33€V for T1-step

CO/Rh@Ag(211).

7.7 Adsorption Barrier

To check for the possibility of an adsorption barrier, we have performed calculations
starting at the optimized adsorbed configuration and increasing the height of the C atom
while relaxing the height of the oxygen one. The substrate atoms were kept frozen during
the whole process. As can be seen in Figure S5, our calculations predict that there is no

energy barrier for the adsorption of CO on doped or non-doped substrates
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Figure S5 Relative energy as a function of the C-TM distance for structures a) CO/T1 for
non-doped substrate and b) CO/T1-Rh@Ag(211)-Step.
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7.8 Adsorption on nanoclusters and benchmarking

In this section, we assess if the conclusions of our work would be maintained if a higher
level DFT functional was used. We also take the opportunity to check the effect of using
a nanocluster instead of a stepped surface.

As a prototypical silver cluster, we have chosen the Agg structure reported in the
literature.” Calculations on the CO adsorption on both Agg and AgzRh were performed
using the GAMESS package,10 with the wB97XD!! and PBE® functionals. The SBK]JC
basis set'?!? including an effective core potential was employed.

The results are gathered in Fig. S6. First of all, it is clear that both wB97XD and
PBE+D3 approaches correctly predicts that the presence of the single Rh dopant largely
enhances the adsorption energy on the nanoclusters, just as was concluded for the (211)
surfaces with the PBE results in the manuscript. The PBE+D3 approach predicts an
adsorption energy 0.3eV higher than the wB97XD results, which is within the expected
accuracy of DFT calculations.

It was shown in the manuscript that the adsorption energies are predicted to be higher
when the molecule binds to surface atoms with low coordination numbers. Therefore,
one could expect that adsorption on the small cluster would yield a higher magnitude of
E,4, which is what can be observed by comparing the surfaces with the clusters in Fig. S6.
Still, the trend of chemisorption when the dopant is added continues to be observed in
clusters as a substrate. While for non-doped structure, the probe continues to be adsorbed

as physisorption.
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wB97X-D PBE+D3 PBE+D3

AQs Ags Ag(211)
-0.30 -0.63 -0.51

®

Ag-Rh Ag-Rh Rh@Ag(211)
-3.05 -3.32 -2.43

P B ey

Figure S6 Adsorption of CO on doped and non doped surfaces substrates, with adsorption
energies given in eV. Clusters were calculated in GAMESS while the surfaces were calculated
with VASP.
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