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Section S1. Additional computational details

Enthalpies (H) and Gibb’s free energies (G) can be calculated from density functional theory
(DFT)-derived energies using statistical mechanics. Specifically, each is a sum of the electronic
energy (Eo), the zero-point vibrational energy (ZPVE), and the respective vibrational, translational,
and rotational components of the species:

H = E, + ZPVE + Hyy + Hyor + Herans (S1)
G = EO + ZPVE + Gvib + GTOt + Gtrans (82)

at 473 K. Adsorbed species are not considered to have translational or rotational contributions; all
such motions are modeled as frustrated vibrations on the surface. Metal atoms of the Rh(111)
surfaces and on the Rh2o1 nanoparticles are frozen in place during frequency calculations.
Vibrational, rotational, and translational enthalpies and free energies are estimated from other
statistical mechanics formalisms:

ZPVE = 3, (5 hv;) (S3)
hv; exp(—%)
Hyip = Zil — o (S4)
1—exp(—ﬁ)
Goip = Xi| —kTIn | ———= (S9)
1—exp(—k—T‘)
5
Hirans = EkT (S6)
Hrot,linear = kT (87)
3
Hrot,nonlinear = EkT (88)
3
Gerans = —kT In <(2”Z;"T)2 V) (S9)
Grot = —kTIn <n; (9x2;9z>2> (Slo)
hZ
i 2k (S11)

where I; is the moment of intertia about the i axis (either X, y, or z) and ¢ is the symmetry number
of the species.!
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Section S2. CO* binding to Rh(111)

AE it =157 -157 =155

AE 4 -111 -107 -84
AGdiff _34 _22 +3

0 0.78 ML 0.89 ML 1.00 ML

AE gt -49 +174 +44
AG % +42 +279 +145

Figure S1. The lowest energy CO* binding modes from 0.11-1.00 ML on Rh(111). Differential binding
electronic energies (AEqifr) and free energies (AGuirr) are shown beneath each corresponding structure in kJ
mol .
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AE it -157 -157 -155

e 0.44 ML 0.56 ML 0.67 ML

AEdiff _1 05 _44 _53
AG diff -25 +42 +35

(- 0.78 ML 0.89 ML 1.00 ML

AE g +27 +90 +68
AG +124 +192 +167

Figure S2. The lowest energy CO* binding modes with all CO* bound atop from 0.11-1.00 ML on
Rh(111). Differential binding electronic energies (AEqir) and free energies (AGuir) are shown beneath each
corresponding structure in kJ mol ™.
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AEdiff -1 57 -1 50 _145

AE i -118 -105 -96
AGdiff -38 -28 =7

e 0.78 ML 0.89 ML 1.00 ML

AEdiff +40 +85 +44
AGix +136 +184 +145

Figure S3. The lowest energy CO* binding modes with all CO* bound 3-fold from 0.11-1.00 ML on
Rh(111). Differential binding electronic energies (AEqir) and free energies (AGuir) are shown beneath each
corresponding structure in kJ mol ™.
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The two frequencies with the highest calculated intensities for different configurations of CO*
on Rh(111) analyzed in this work are shown below in Tables S1-S3. In each case, the highest
frequency was also the most intense, with the exception of the most stable adlayer configuration
at 0.78 ML (Table S1), where the asymmetric stretch at 1937 cm™ had a larger intensity (15.3)
than the maximum frequency at 2075 cm™ (8.7, also the second most intense frequency).

Table S1. DFT-calculated frequencies (vco, all scaled by x1.019) and their predicted intensities
for the most intense and second most intense frequencies of CO* on Rh(111) for the lowest energy
configuration (including atop, 3-fold, and mixed binding modes) from 0.11-1.00 ML.

bco /ML | Binding mode Most irl'iense frequen_cy Second [rlost intense freqL_Jency
veo/ Ccm Intensity veo/ €m Intensity

0.11 3-fold hcp 1749 11.9

0.22 atop 2018 35.3 1991 0.1
0.33 atop 2031 43.9 1993 0.0
0.44 mixed 2035 24.4 1783 8.3
0.56 mixed 2048 20.8 1839 10.6
0.67 3-fold mixed 1926 24.8 1847 0.0
0.78 mixed 1937 15.3 2075 8.7
0.89 3-fold fcc 1960 195 1854 0.1
1.00 3-fold fcc 1976 19.0 1883 0.0

Table S2. DFT-calculated frequencies (vco, all scaled by x1.019) and their predicted intensities
for the most intense and second most intense frequencies of CO* on Rh(111) for the lowest energy
configuration where all CO* are bound atop from 0.11-1.00 ML.

0o /ML | Binding mode Most ir]'iense frequen(_:y Second njlost intense freql_Jency
veo/ cm Intensity veo/ Ccm Intensity

0.11 atop 2003 21.3

0.22 atop 2018 35.3 1991 0.1
0.33 atop 2031 43.9 1993 0.0
0.44 atop 2043 42.2 1987 0.5
0.56 atop 2068 36.4 1988 3.4
0.67 atop 2074 36.4 2000 0.6
0.78 atop 2097 34.0 1991 0.4
0.89 atop 2116 314 2001 0.0
1.00 atop 2163 18.9 2093 10.4
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Table S3. DFT-calculated frequencies (vco, all scaled by x1.019) and their predicted intensities
for the most intense and second most intense frequencies of CO* on Rh(111) for the lowest energy
configuration where all CO* are bound 3-fold from 0.11-1.00 ML.
0o /ML | Binding mode Most wﬁense frequent_:y Second njlost intense freqL_Jency
veo/ Cm Intensity veo/ cm Intensity
0.11 3-fold hcp 1749 11.9
0.22 3-fold hcp 1771 19.3 1751 0.0
0.33 3-fold hcp 1788 24.2 1756 0.0
0.44 3-fold mixed 1891 215 1793 3.2
0.56 3-fold mixed 1899 24.8 1819 0.8
0.67 3-fold mixed 1926 24.8 1847 0.0
0.78 3-fold mixed 1940 21.7 1842 0.3
0.89 3-fold fcc 1960 19.5 1854 0.1
1.00 3-fold fcc 1976 19.0 1883 0.0
a) 2200 atop only b) 2200 3-fold only €) 2200 best configuration
] . e e
L 21004 . 2 21004 2 21001
> 1 0 > > .
L2000 = : A i : . L 2000 2000 : .
g o g "8
L All Calculated Frequencies [ i, L g °
8 1900+ 8 1900 ® . . 8 1900 : ..
3 3 Lt .. 3 I
g 5 : * 5 . "
3 1800 g 1800 . 3 18001 .
S S Tt 8 .
g ’ All Calculated Frequencies ) All Calculated Frequencies
1700 T T T 17000 T T s 1700O T T
Fractional Coveragé, 8/ML Fractional Coveragé, 8/ML Fractional Coveragé, 8/ML

Figure S4. All calculated frequencies for CO* on Rh(111) from 0.11-1.00 ML (e, blue) with (a) all CO*
bound atop, (b) all CO* bound 3-fold, and (c) in the most favorable configuration. The average frequency
based on weights derived from DFT-predicted intensities with the estimated dipole are shown at each
coverage (M, green).
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Section S3. Diameter estimation from HRSTEM of 10 wt% Rh/y-Al203 sample

The diameter d; of each particle used for the particle size distribution was calculated from the
particle area using a circular cross-section area formula; these diameters are reported in Figure
S5. We report the number average particle diameter

d.
dya = % (512)
L
while the volume-area particle diameter
% d
dyy = Z% dlZ (513)
i 4

was used to compute the Rh dispersion (D) and CO saturation coverage assuming equal exposure
of the (111), (110), and (100) facets:

6 12:3)

= (514)
dya Agn

where vgrn = 13.78 A3 is the volume per Rh atom in the bulk metal and arn = 7.58 A? is the

average exposed area per Rh atom among the three crystal facets listed above.? The number

average diameter of the distribution in Figure S5 is 2.6 + 1.1 nm (one standard deviation) and the

volume-area diameter is 3.5 nm.

S10


https://sciwheel.com/work/citation?ids=4590365&pre=&suf=&sa=0

Section S4. CO binding to Rhzo1 nanoparticles

b)

Q
-
n |

t,14 near-edge t,11 center tioo
AE -173 -159 -146 -162
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g)

€11 be,
AE -162 -161
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3fh
-148 -155
Veo 1804 1826 1743 1730

4-fold
AE -145
Veco 1654

Figure S5. The binding energies (AE, kJ mol™) and frequencies (vco, cm™) for CO* when bound (a) to a
corner site, (b) atop the (111) terrace near the edge, (c) atop the middle of the (111) terrace, (d) atop the
(100) terrace, (e) atop the edge between two (111) terraces, (f) atop the edge between (111) and (100)
terraces, (g) bridge between two (111) terraces, (h) bridge between (111) and (100) terraces, (i) bridge on

the (111) terrace, (j) bridge on the (100) terrace, (k) 3-fold fcc, (I) 3-fold hcp, and (m) 4-fold.
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CO Binding Energy, AE / kJ mol™
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Figure S6. Binding energies of a single CO* on Rhyo: as a function of the average coordination number
(CN) of the metal atoms to which CO* is bound for CO* bound atop (e, blue), bridge (M, green), three-

fold (@, purple), and four-fold (4, orange).
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Figure S7. Stretching frequencies of a single CO* on Rhzy as functions of (a) the average coordination
number (CN) of the metal atoms to which CO* is bound and (b) the binding energy for CO* bound atop
(e, blue), bridge (M, green), three-fold (4, purple), and four-fold (A, orange).
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c,e c,e,0.6t,, c,e,0.6t444,t100 c,et

AE -159 -149 -148 -138
AE,, -153 -130 -130 -99

Figure S8. Configurations of CO* with their overall average (AE) and average differential (AE; #7r) binding
energies in kJ mol™ for filling the Rho; particle with all CO* bound atop, beginning from (a) CO* bound

to ¢ and e sites and followed by (b) partial filling of the (111) terrace (c,e,0.6t111), (c) filling the (100) terrace
(c,e,0.6t111,t100), and (d) filling all remaining terrace sites (c,e,t).

beyy,bey, beqy,be;,0.6t14  beqg,beqq,0.6t444,t190 be,y,bey,,t

AE -157 -147 -146 -132
AE,, -138 -124 -118 ~70

Figure S9. Configurations of CO* with their overall average (AE) and average differential (AE,; ¢ ¢) binding
energies in kJ mol for filling the Rhyo; particle with CO* filling bridge-edge and terrace sites, beginning
from (a) CO* bound to beip and bei: sites and followed by (b) partial filling of the (111) terrace

(beio,bes1,0.6t111), (c) filling the (100) terrace (beio,beis,0.6t111,t100), and (d) filling all remaining terrace sites
(beio,bess,t).
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Bco 0.20 0.30 0.39
AE -164 -168 -143

d)

fcc
0co 0.51 0.70 0.79
AE -136 -142 -117

g)

c,e,t

c,beq,t
0co 0.90 1.20
AE -134 -113

Figure S10. Other configurations of CO* on Rhyyn where the CO* adlayer did not restructure during
optimization, with CO* bound to (a) beis, (b) e, (c) ¢ twice, (d) t, (€) c,t, (f) fcc, (9) e,t, (h) ¢,be1s,t, and (i)
2c,e,tsites. The CO* coverage (6co in ML) and the average CO* binding energy (AE in kJ mol ™) are shown
beneath each corresponding structure.
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Section S5. NO binding on Rh(111)

AE -211 -203 -197
AG -131 -122 -116

AE 4 -160 -170 -126
AGyi =77 -83 -33

0 0.78 ML 0.89 ML 1.00 ML

AE 4 +4 +63 +17
AGyi +99 +165 +117

Figure S11. The lowest energy configurations of NO* on Rh(111). Differential binding electronic energies
(AEgi) and free energies (AGgir) are shown beneath each corresponding structure in kJ mol™.
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Table S4. DFT-calculated frequencies (vno, all scaled by x1.019) and their predicted intensities
for the most intense and second most intense frequencies of NO* on Rh(111) for the lowest energy
configuration from 0.11-1.00 ML.
Ono/ ML | Binding mode Most |rj'§ense frequen_cy Second Tost intense freql_Jency
veo/ Cm Intensity veo/ cm Intensity
0.11 3-fold hcp 1529 12.9
0.22 3-fold hcp 1560 21.3 1534 0.1
0.33 3-fold hcp 1582 27.0 1544 0.0
0.44 3-fold mixed 1633 27.4 1554 0.8
0.56 3-fold mixed 1673 28.4 1580 0.7
0.67 3-fold mixed 1735 19.4 1653 8.1
0.78 3-fold mixed 1712 23.1 1583 0.3
0.89 3-fold fcc 1730 19.3 1615 0.1
1.00 3-fold fcc 1744 18.2 1617 0.0
1900
] 3-fold only
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= .
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Figure S12. All calculated frequencies for NO* on Rh(111) from 0.11-1.00 ML (e, blue) with in the most
favorable configuration, where all NO* remain preferably 3-fold bound. The average frequency based on
weights derived from DFT-predicted intensities with the estimated dipole are shown at each coverage (M,
green).
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Section S6. NO* binding to Rh2o1 nanoparticles

b) c)
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Figure S13. The binding eneriges (AE, kJ mol™) and frequencies (vno, cm™1) for NO* when bound (a) to a
corner site, (b) atop the (111) terrace near the edge, (c) atop the middle of the (111) terrace, (d) atop the
(100) terrace, (e) atop the edge between two (111) terraces, (f) atop the edge between (111) and (100)
terraces, (g) bridge between two (111) terraces, (h) bridge between (111) and (100) terraces, (i) bridge on
the (111) terrace, (j) bridge on the (100) terrace, (k) 3-fold fcc, (I) 3-fold hcp, and (m) 4-fold.
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0.20 0.30 0.39
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=217 =222

AE =230

fcc
8co 0.49 0.79
AE -218 -161

c,fcc c.et be,,beq,t
8co 0.98 1.00 1.10
AE -164 -179 -176

2c,e,t

Bco 1.20
AE -152

Figure S14. Other configurations of NO* on Rhynn where the NO* adlayer did not restructure during
optimization, with NO* bound to (a) beis, (b) e, (c) c twice, (d) t, (e) c.t, (f) fcc, (g) e.t, (h) ¢,bess,t, and (i)
2¢,e,t sites. The CO* coverage (Ono in ML) and the average NO* binding energy (AE in kJ mol™) are shown

beneath each corresponding structure.
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Figure S15. Binding energies of a single NO* on Rho; as a function of the average coordination number
(CN) of the metal atoms to which NO* is bound for NO* bound atop (e, blue), bridge (M, green), three-

fold (@, purple), and four-fold (4, orange).
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Figure S16. Stretching frequencies of a single NO* on Rhyo: as functions of (a) the average coordination
number (CN) of the metal atoms to which NO* is bound and (b) the binding energy for NO* bound atop
(e, blue), bridge (M, green), three-fold (4, purple), and four-fold (4, orange).
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Section S7. NO-CO exchange and mixtures

c be, bt hcp
AEpoco *21 +41 +42 +55

Figure S17. Rhyo; particles at 1.38 ML of NO* where one NO* is replaced by CO* in each unique binding
mode: (a) on a corner site, (b) on a beis site, (C) on a bty site, and (d) in a three-fold hcp site. The energy to
exchange NO for CO (AEno-co) is shown beneath each structure in kJ mol ™.

b)

a) d)

c e €10 ti14
AECO-NO _78 _62 _53 _24
Figure S18. Rhyo particles at 1.00 ML of CO* where one CO* is replaced by NO* in each unique binding

mode: (a) on a corner site, (b) on an e site, (C) on an ey site, and (d) on a t11: site. The energy to exchange
CO for NO (AEco-no) is shown beneath each structure in kJ mol™.
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