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Section 1: Creation of the ensemble of nanoparticles. 

Single-crystal fcc nanoparticles are created cutting the bulk phase with 8 Miller-index planes: (100), (110), (111), (210), 

(211), (311), (321), (331). The construction is centered on each symmetry points of the irreducible Brillouin zone. 

Each of the 5 subsections of decahedral nanoparticles are cut with 5 different planes: (111) is the plane which cut the top 

and bottom surfaces of the particle creating (111)-like surfaces, (111)’, (100) and (311) cut the lateral surfaces and (111)’’ 

creates the hole at the top and bottom of the particle. 

Each of the 20 subsection of icosahedra nanoparticles are cut with 3 planes: (111), (211) and (311), which create islands 

(and low-symmetry peninsulas) of atoms on (111)-like surfaces with different dimensions. 

The number of nanoparticles created depends on the size of the initial ensemble of shapes, which is controlled by the 

number of planes chosen and the threshold value for the difference in distance between the planes. Moreover, it depends 

on the number of atoms removed in each iteration of the second step of the procedure. It is necessary to assess whether 

the number of nanoparticles of the ensemble is high enough to represent a large diversity of shapes. To this aim, we 

increase the maximum distance between different planes and the number of atoms removed in each iteration of step two 

of the procedure and we repeat the whole analysis, finding negligible variations in the final results. 

The library of scripts employed in this work is available at the Github page: 

github.com/raffaelecheula/nanoparticles_ensembles. 

 

 

Section 2: Model for Gibbs free energy of formation of Rh nanoparticles in the 

presence of CO. 

The cohesive energy of bulk Rh is calculated as difference between the DFT energy of one Rh atom in the fcc crystal cell 

and the DFT energy of a single Rh atom in vacuum: 

Ecoh
bulk = EDFT

bulk/NRh
bulk − EDFT

gas
 (S1) 

where NRh
bulk is the number of atoms in the crystal cell of the bulk structure. The calculated Rh bulk cohesive energy is -

6.150 eV/atom. The relaxation energy (Erelax) as function of the coordination number is calculated by fitting DFT relaxation 

energies with the formula proposed by Chang et al.1. The DFT relaxation energies are obtained by periodic slab 

calculations. For each slab, first all the atoms are held fixed at distances of the fcc bulk. Then, one atom with the desired 

coordination number is allowed to relax. The difference in energy between the first and the second structure gives the 

relaxation energy for the considered coordination number. The slabs employed for the study are: Rh(100) for CN8, Rh(110) 

for CN7 and CN11, Rh(111) for CN9, Rh(210) for CN6 and CN10, Rh(111) with one Rh atom in the fcc site for CN3, Rh(100) 

with one and two Rh atoms in the hollow site for CN4 and CN5, respectively. The formula proposed by Chang et al.1 has 

only one parameter, which for Rh slabs resulted equal to 2.68: 

Erelax,i(CNi) =
Ecoh

bulk

12
{

2

1 + exp [
(12 − CNi)

8 CNi
]
}

−2.68

 (S2) 

In Figure S1 are reported the DFT relaxation energies (cross-points) and the fitted equation (dotted line). 
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Figure S1: DFT relaxation energies (pluses) and fitted equation proposed by Chang et al.1 (dotted line). 

 

The strain energy density, Wstrain inside multiply-twinned particles (MTP) is calculated as function of the shear modulus, 

μ, and the Poisson’s ratio, ν, with the formulas reported by Howie and Marks2. Indeed, for the decahedra structures we 

have: 

Wstrain
dec = 1.05 10−4  μ (1 − ν)⁄  (S3) 

And for icosahedra structures: 

Wstrain
ico = 8.41 10−4 μ (1 + ν) (1 − ν)⁄  (S4) 

The calculated shear modulus for bulk Rh is 151 GPa, the Poisson’s ratio is 0.26. The strain energy per atom (Estrain) is 

obtained by multiplying the strain energy density and the volume of one atom in the fcc bulk, vatom:  

Estrain = Wstrainvatom (S5) 

The twin boundary energy of MTPs, Etwin, is calculated with a supercell characterized by an inversion of the bulk symmetry 

along the (111) direction, represented in Figure S2. The cell contains two symmetric planes, therefore the twin boundary 

energy per atom is calculated as: 

Etwin =
1

2
[EDFT

slab − 6 EDFT
bulk] (S6) 

For Rh we obtain a value of Etwin of 0.0081 eV/atom. 

 

 

Figure S2: Supercell for calculating the twin boundary energy along the (111) direction. In black is enlightened the cell. 

 

The binding energy of CO at zero coverage (Ebind,i
0,CO∗

) is investigated with calculations on the following slab supercells: 

Rh(100), Rh(110), Rh(111), Rh(210), Rh(211), Rh(311), Rh(321), Rh(331). Moreover, to study adsorption on low 

coordinated Rh atoms we employ: a Rh(100) slab with one Rh atom in the hollow site (CN4), a Rh(111) slab with one Rh 

atom (with CN3) and three Rh atoms (with CN5) in the fcc sites. Interestingly, for coordination numbers lower than 5, CO* 

molecules do not adsorb perpendicular to the slabs but tilted. The binding energy at zero coverage is then corrected with 

the correlation proposed by Mason et al.3, with the following formula: 

ΔE(νCO) = 0.45 −
0.4

2100 − 1600
(νCO − 1600) (S7) 
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where ΔE is the correction applied to correct the CO binding energy and νCO is the frequency of the CO stretching. As 

represented in Figure S3, the correction energy differs relevantly for different adsorption sites. 

 

 

Figure S3: Plot of correction applied to the CO binding energy, function of the CO stretching frequency, according to 

Mason et al.3. With pluses are indicated CO frequencies and corresponding energy corrections for the adsorption sites 

considered in the work.  

 

A linear correlation between the binding energy at zero coverage (on the top sites) Ebind,i
0,CO∗

 and the coordination number 

(represented in Figure S4) is found: 

Ebind,i
0,CO∗

(CNi) = −1.836 + 3.494 ∙ 10−2 CNi (S8) 

Then, the correlation is tested in representing the binding energy on surface atoms of nanoclusters. For clusters with 

number of atoms higher than 80, the correlation works well. In particular, we test the adsorption of CO* on 3 sites (with 

CN3, CN6 and CN7) of Rh87 and 4 sites (with CN5, CN7, CN8 and CN9) of Rh147. As represented in Figure S4, we found 

errors lower than 0.07 eV/CO*. 

 

 

Figure S4: Binding energy of CO as function of the coordination number of the Rh atom at which it is bonded (on the top 

site). With red pluses are reported the data obtained on periodic surfaces; with crosses are indicated the data obtained on 

nanoparticles (Rh87 in green, Rh147 in blue). 

 

The adsorbate-adsorbate interaction, ∆Ebind
CO∗

, is investigated calculating the binding energy at different coverages on 8 Rh 

crystal facets: Rh(100), Rh(110), Rh(111), Rh(210), Rh(211), Rh(311), Rh(321), Rh(331). We observed that when CO* 

interacts with neighbor molecules, they relax their positions and tilt the adsorption angle to maximize their distances 

(maintaining almost the same bond length with the Rh atoms). On all the investigated crystal facets, the relaxed structures 

at high CO* coverage present similar distorted centered-hexagonal patterns, represented in Figure S5. 
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Figure S5: high CO* coverage structures on 6 different crystal facets of Rh. In red are enlightened the distorted centered-

hexagonal patterns. 

 

As the adsorbed CO* tend to occupy all the available surface area of the crystal facets, we investigate how their binding 

energy changes with respect to the ratio between the number of adsorbed CO* molecules (NCO∗) and the total surface area 

available for adsorption (Stot). We find a good correlation between ∆Ebind
CO∗

 and NCO∗ Stot⁄  and we use a power law to describe 

it: 

∆Ebind
CO∗

(NCO∗ Stot⁄ ) = 3.034 ∙ 10+2 (NCO∗ Stot⁄ )3.31 (S9) 

The two parameters of the power law are fitted on periodic slab calculations (pluses in Figure S6). Then, the correlation is 

tested on nanocluster at high coverage (crosses in Figure S6). For nanocluster and nanoparticles, Stot is calculated with 

the following procedure. First, we create a convex hull connecting all the surface atoms (with coordination number lower 

than 12) and we draw a 3D surface which contains all of them. Then, we enlarge such surface by increasing the distance 

of each of its point by the average bond length of CO* on Rh facets and we calculate the area of the resulting surface. 

 

Figure S6: Binding energy difference induced by lateral interaction as function of the average area available to CO* 

molecules on Rh slabs (pluses) and nanocluster (crosses). With stars are reported the values of CO molecules in vacuum, 

obtained with hexagonal unit cells with a height of 12 Å. 

 

The contribution of vibrational and translational free energy of adsorbed CO* molecules to the binding, (∆Gi
CO∗

) is calculated 

with slab models at low coverage and the hindered translator model4. An average diffusion barrier of CO* molecules (0.12 

eV) is employed in the analysis. For each surface slab, ∆Gi
CO∗

 is evaluated with the following procedure. First, we calculate 
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the vibrational modes and the corresponding vibrational free energy of the first layer of the clean slab. Then, we calculate 

the vibrational and translational free energy of the slab with adsorbed CO*, evaluating the vibrational modes of the 

adsorbate along with the first layer of Rh atoms.  ∆Gi
CO∗

 is obtained as difference between the vibrational and translational 

free energy of the slab with the adsorbed CO* and the vibrational free energy of the clean slab. As for the binding energy 

at zero coverage, we find a good correlation between ∆Gi
CO∗

 and the coordination number of the Rh atom at which CO* is 

bonded. For the system at 823 K, the correlation obtained (represented in Figure S7.a) is the following: 

∆Gi
CO∗

(CNi) = −0.869 + 2.770 ∙ 10−2 CNi (S10) 

The Gibbs binding energy as a function of the coordination number is then calculated with Equation (7). As an example, 

for the system at 823 K and PCO = 1 atm (∆μgas
CO  = -1.8 eV), we obtain the following correlation (represented in Figure S7.b): 

Gbind,i
CO∗

(CNi) = −1.124 + 6.276 ∙ 10−2 CNi (S11) 

The chemical potential of CO in the gas phase, ∆μgas
CO , is calculated in the ideal gas approximation: 

∆μgas
CO (T, PCO) = ∆μgas

0,CO(T) + kBT ln(PCO/P0) (S12) 

where ∆μgas
0,CO is obtained from NASA coefficients5, and P0 is the reference pressure, equal to 1 atm. 

 

Figure S7: (a) Contribution of vibrational and translational free energy of adsorbed CO* molecules to the binding (∆Gi
CO∗

) 

at 823 K, as a function of the coordination number of the Rh atom where CO is bonded (on the top site). (b) Gibbs free 

energy of CO binding (at 823 K and PCO = 1 atm) as a function of the coordination number. The data are obtained on 

periodic surfaces. 

 

The diffusion barriers required by the hindered translator model4 are obtained through Climbing-Image Nudged Elastic 

Band (CI-NEB) calculations, in which the CO* adsorbates move from a preferred adsorption site to a neighbor one (top 

sites). We calculate the diffusion barriers on Rh(100), Rh(110), Rh(111), Rh(311), Rh(331) and Rh(210) facets and we find 

that the barriers are similar on all these different facets. Their values range from 0.10 eV to 0.15 eV. The data are shown 

in Figure S8. Since we did not find any trend between the diffusion barriers and the coordination numbers of the facets, 

we used an averaged value in our analysis (0.12 eV). 
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Figure S8: Activation energies of CO* surface diffusion as a function of the coordination number of the Rh atom where 

CO is bonded (on the top site). The data are obtained on periodic surfaces. 

 

To assess the hindered translator model4 is really necessary in our work, we calculate ∆Gi
CO∗

(CNi) (the free energy of 

adsorbed CO using different vibrational entropy contributions) using the simpler harmonic oscillator model (at 823 K) and 

we compare it with ∆Gi
CO∗

(CNi) obtained using the hindered translator model at the same temperature. The comparison is 

showed in Figure S9. The difference between the values calculated with the two models is about 0.05 eV per CO molecule 

(it is almost constant with the coordination number). At higher temperature, we expect this difference to increase, as the 

behavior of CO* adsorbates approaches that of 2D ideal gases.  

Regarding energy deviations, when we tested our model to reproduce the DFT formation energies (Figure 2), we calculated 

the error to be lower than 0.04 eV per Rh atom. When we compared the binding energies of the model (Equation S8) to 

our DFT calculations, the error of the model was lower than 0.07 eV per CO molecule, as reported in Figure S4. The 

difference in the free energies calculated with the harmonic approximation vs the hindered translator (0.05 eV per CO 

molecule) is of the same order as the errors of the model. As a result, both the accuracies of electronic energy and entropy 

are relevant for the evaluation of the Gibbs free energies of the nanoparticles in the presence of adsorbed CO. 

 

 

Figure S9: Contribution of vibrational and translational free energy of adsorbed CO* molecules to the binding (∆Gi
CO∗

) at 

823 K, as a function of the coordination number of the Rh atom where CO is bonded (on the top site), calculated with the 

hindered translator model (in red) and the harmonic oscillator model (in blue). 
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Table S1: Table of the data set of clean slabs, wires and nanoparticles used and analyzed in the work. In the table are 

reported: the numbers of Rh atoms (N Rh); the distributions of coordination numbers (CN); the formation energies per Rh 

atom calculated with DFT (E f DFT) and with the model described in the work (E f MOD), Eq. (2); the percentage errors 

(Error MOD). 

 

 

Table S2: Table of the data set of CO adsorption at low coverage on slabs and nanoparticles. In the table are reported: 

the coordination numbers of the Rh atom at which CO is adsorbed (CN Rh*); the binding energies calculated with DFT (E 

b DFT) and with the model illustrated in the work (E b MOD); the percentage errors (Error MOD); the formation energies 

of the systems with adsorbed CO* at low coverage calculated with DFT (E f DFT) and with the model (E f MOD). 
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Table S3: Table of the data set of CO adsorption at high coverage on slabs and nanoparticles. For adsorption at a single 

site, in the table are reported: the frequencies of the CO stretching; the numbers of adsorbed CO*; the binding energies 

calculated with DFT (E b DFT) and corrected with the formula proposed by Manson et al.3 (E b CORR). Then, for the 

systems at high coverage are reported: the total surface of the system (S tot); the number of CO; the average binding 

energies calculated with DFT and corrected; the ratio between the surface area and the number of CO molecules (Stot / 

N CO*); the binding energies calculated with the model proposed in the work (E b MOD); the percentage error; the formation 

energies of the system calculated with DFT (E f DFT) and with the model (E f MOD). 

 

 

Section 3: Identification of active sites and calculation of reaction rates of CO* 

dissociation. 

An example of catalytic sites grid is reported in Figure S10. The binding sites recognized are: top, bridge, (100)-hollow, 

(110)-long bridge, (110)-long hollow, (111)-fcc, (111)-hcp, (311)-step and (210)-step. 

 

 

 

Figure S10: Binding sites grid of one sample nanoparticle. The binding sites recognized are: top (red), bridge (blue), (100)-

hollow (violet), (110)-long bridge (green), (110)-long hollow (purple), (111)-fcc (orange), (111)-hcp (yellow), (311)-step 

(brown) and (210)-step (dark green). Top sites are also differentiated by their coordination number: they are darker with 

the decrease of their coordination number. 

 

We simulate the reaction path of CO* dissociation on 6 crystal facets of Rh. The geometry of initial, final and transition 

states are reported in Figure S11. Within harmonic transition state theory, we calculate the Gibbs activation energies of 

the elementary step on the six facets. The resulting values are reported in Table S1. For the different facets, the transition 

state is found in correspondence of different active sites. The activation Gibbs free energy for CO* dissociation is affected 

mostly by the geometry (type) of active site. For the case of B5 sites, we analyzed the CO* dissociation on three Rh crystal 

facets with different coordination environments. On Rh(211), the B5 site is provided by two atoms with CN10, two with CN7 
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and one with CN9. On Rh(311), the B5 site is provided by two CN10 and three CN7. On Rh(210), the B5 site is provided by 

two CN6, two CN9 and one CN11. As reported in Table S4, the Gibbs activation energies on the three facets which show 

B5 sites are similar, and they are significantly lower than the Gibbs activation energies on the other Rh crystal facets. 

 

Table S4. Gibbs activation energies of the CO* dissociation elementary step on six facets of Rh. 

facet Rh(100) Rh(110) Rh(111) Rh(211) Rh(311) Rh(210) 

site hol lho fcc B5 B5 B5 

Gact 2.204 2.642 3.117 1.685 1.812 1.775 

 

 

 

Figure S11: Geometry of initial states, final states and transition states of CO dissociation elementary step on the six 

surfaces of Rh: (100), (110), (111), (210), (211) and (311). 
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Figure S12: Gibbs formation energies relative to the Rh chemical potential in the system (μRh) of the 40 most stable 

nanoparticles in the ensemble for PCO = 10-3 (a) and 10-1 atm (b). Nanoparticles’ corresponding probability evaluated with 

a Boltzmann distribution for PCO = 10-3 (c) and 10-1 atm (d). Examples of nanoparticles with relevant probabilities are 

represented as insets in the figures. 
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