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Abstract 
This study investigates the adsorption of CO molecules on pure Ag8 and Rh8 nanoclusters, as well as Ag/Rh 

bimetallic systems, using density functional theory (DFT) within the generalized gradient approximation 

(GGA). The optimization of these clusters was carried out in their singlet states and lowest energy spin states. 

Our results reveal that doping an Ag nanocluster with Rh atoms causes considerable change in the binding 

energy and hence the catalytic activity of the cluster. The results indicated that Rh doping activated the 

otherwise inactive Ag nanoclusters by increasing the adsorption energy almost 8 times for Ag7Rh (-87.81213 

kcal/mol) and Ag6Rh2 (-84.50410 kcal/mol) in comparison to pure Ag8 (-10.61040 kcal/mol) towards CO 

oxidation. The improved catalytic activity of the Ag₇Rh system for CO oxidation is attributed to enhanced 

charge transfer between the metals, explained by the ensemble effect. As the number of dopant atoms 

increases, the adsorption energy values decrease, reaching a saturation level. This study suggests that further 

exploration is needed to understand the CO oxidation mechanism and determine the optimal doping 

percentage for maximum catalytic efficiency. 
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Introduction 

Research involving nanoparticles is expanding 

rapidly due to a growing understanding of their 

impact across various fields of science and 

technology. In recent years, transition metal clusters 

have garnered significant attention because of their 

remarkable properties. These clusters exhibit 

unique optical, magnetic, and electronic 

characteristics, making them promising candidates 

for novel catalysts with enhanced activity and 

selectivity
1-3

. As metal cluster catalysis plays a 

pivotal role in the modern chemical industry, 

considerable efforts are dedicated to their 

development. A review by Aiken and Finke 

provides valuable insights into the synthesis, 

characterization, and catalytic applications
4
 of 

transition metal nanoclusters. 

Studies
5-7

 have demonstrated that appropriate 

doping can induce substantial changes in the 

geometric structures, chemical reactivity, and 

magnetic properties of clusters. Transition metals 

are excellent dopants due to their ability to form 

diverse bonds. Bimetallic nanoclusters, which 

combine two different metals, often exhibit superior 

properties compared to their pure counterparts. 

These hybrid materials enable intermetallic 

interactions, enhancing catalytic performance. 

Additionally, optimizing their structural features, 

such as the choice of doping element and its 

concentration, further improves their catalytic 

activity. Therefore, understanding how the 

composition influences the reactivity of 

nanoclusters is crucial for designing advanced 

catalysts. 

Bimetallic clusters are highly efficient catalysts for 

a range of reactions, including hydrosilylation
8
, 

hydrogenation of aromatic nitro compounds
9
, 

oxidation of benzyl alcohol
10

, Suzuki
11

 and Heck-

type
12

 couplings, and various other organic 

reactions
13, 14

. Among these, the CO oxidation 

reaction stands out as a prototype for heterogeneous 

catalysis due to its significance in environmental 

protection. This reaction finds widespread 

applications in air purification systems, CO 

detectors, and fuel cells
15-17

, while also playing an 

important role in organometallic chemistry, 

bridging the gap with surface chemistry. 

The foundational study on the interaction between 

CO and metal surfaces was conducted by 

Blyholder, using a model based on Hückel 

molecular orbitals
18

. This model proposed that the 

interaction of CO with transition metal surfaces is 

driven by two primary factors: (1) a σ bond formed 

between the carbon atom of CO and the metal 

surface, facilitated by charge transfer from CO to 
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the metal, and (2) back-donation of electrons from 

the metal’s d-orbitals to the π* orbitals of CO. 

Extensive theoretical studies have since been 

performed on CO adsorption and oxidation using 

various clusters, including Au, Ag, Pt, Pdn, Rhn, Au-

Pd, Ag-Au, Pd-Rh, Zr-Sc, Au-Cu, and Pd-Ni, along 

with other supported catalysts
19-27

. Investigations 

into CO oxidation on Au-Cu clusters, for instance, 

reveal that the reaction predominantly follows the 

Langmuir-Hinshelwood mechanism, where CO and 

O2 are co-adsorbed on the cluster
28

. This 

mechanism appears to be a common pathway for 

CO oxidation on bimetallic clusters, further 

emphasizing their catalytic efficacy. 

Numerous experimental and theoretical studies 

have explored the use of Rh and Ag-based clusters 

for CO oxidation. Fielicke et al. investigated the 

CO adsorption activity of rhodium clusters using 

infrared multiple photon dissociation spectroscopy 

and density functional theory (DFT) calculations
29

. 

Their work, along with other studies, has revealed 

the presence of a non-zero magnetic moment in 

small rhodium clusters. Additionally, Beltran et al.'s 

ab initio and anion photoelectron studies
19

 of Rhn 

clusters highlighted their unique structural, 

electronic, and magnetic properties. Experimental 

research on silver nanoclusters has demonstrated 

their high activity and selectivity for CO oxidation, 

particularly at low temperatures
21

. However, recent 

studies have shown that Ag/Rh bimetallic 

nanoclusters exhibit enhanced catalytic activity. 

Hirakawa et al. have experimentally demonstrated 

the formation of Ag/Rh bimetallic nanoclusters 

with an Ag-core and Rh-shell structure, derived 

from Ag and Rh monometallic nanoparticles in 

solution
30

. The AgxRh1−x (x = 0.4 and 0.5) system, 

studied in detail by Yang et al., revealed that the 

electronic structure of the Ag-Rh 1:1 cluster is 

similar to that of Pd, a known efficient catalyst
31

. 

DFT calculations by Roy et al. also indicated 

significant charge transfer between Ag and Rh 

atoms in the bimetallic system, suggesting that 

doping an Ag nanocluster with Rh atoms 

significantly alters its binding energy and catalytic 

properties
32

. Recent reports on supported Au-Rh 

based
33-35

 and Cu-based
36

 bimetallic nanoclusters 

(such as Cu3Au7, Cu3Pt7, and Cu3Rh7) for CO 

oxidation have further inspired the present study. 

When designing a bimetallic nanocatalyst, several 

factors must be considered, such as the structural 

stability, the optimal ratio of the two atoms, and the 

binding energies of the adsorbate at various 

positions on the cluster. Theoretical methods are 

particularly well-suited for such studies, as they 

provide detailed insights into optimized 

configurations and reaction mechanisms, which are 

not easily accessible through experimental 

approaches. In this study, we theoretically explore 

the activation of an Ag8 nanocluster through Rh 

doping and examine its impact on CO oxidation. 

We conducted a detailed analysis of pure Ag8 and 

Rh8 clusters, as well as AgxRh8-x bimetallic systems 

with x ranging from 1 to 7. Computational 

simulations are employed to assess the strength of 

CO adsorption on these different clusters. The 

observed differences in cluster behavior are 

analyzed based on dopant concentration, electronic 

properties, and the binding energy of the 

adsorbents. 

Computational Details 

Symmetry-unrestricted full geometry optimizations 

were carried out for the AgxRh8-x (x = 0 to 8) 

clusters, as well as for all possible structural 

isomers of CO adsorbed on these clusters. Multiple 

spin multiplicity states were considered for each 

structure, with the lowest-energy configuration 

identified for each cluster type. Additionally, 

harmonic vibrational frequency calculations were 

performed for all CO-cluster complexes. 

All DFT calculations were performed using the 

ORCA
37

 package. Geometry optimizations and 

single-point energy calculations were conducted at 

the BP86 level
38,39

, which combines the Becke 88 

exchange functional and the Perdew 86 correlation 

functional, as well as using the B3LYP hybrid 

functional, a mix of Becke’s three-parameter hybrid 

exchange functional
40

 and the Lee–Yang–Parr 

nonlocal correlation functional
41

. The def2-SVP 

basis set was used for all electrons. Initial 

geometries were generated with Gabedit
42

 software. 

Isotropic polarizability values were calculated for 

all the clusters. Bond lengths, dipole moments, and 

vibrational frequencies for both CO and the 

corresponding complexes were computed. The 

adsorption energies (Eads) were determined using 

the following equations: 

Eads =   Ecluster–CO – ( Ecluster + ECO ) 

 

Eads =   Ecluster–O2 – ( Ecluster + EO2 ) 

 

where Ecluster–CO, Ecluster, ECO, Ecluster–O2 and EO2 are 

the total energies of the cluster–carbonyl complex, 

the cluster, molecular CO, cluster—O2 complex and 

molecular O2 respectively. A more negative Eads 

indicates stronger adsorption of CO/O₂ to the 

cluster, reflecting the stabilization of the cluster–

CO and cluster–O₂ bonds. 

Results and Discussions 
Geometry optimization and single-point energy 

calculations were performed for the CO molecule 

and all nine clusters (AgxRh8-x where x = 0 to 8) 

across various spin states to determine the lowest 

energy configurations. The CO molecule is most 
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stable in the singlet state, while the ground state 

spin multiplicities of the clusters vary depending on 

their electronic configurations. The optimized 

structures of the clusters at their lowest energy spin 

states, obtained using the DFT-based BP86 

functional, are shown in Fig. 1. The optimized 

geometry of Ag8 exhibits D2d symmetry, while Rh8 

has Cs symmetry. Doping a Rhodium atom into the 

silver cluster results in symmetry lowering. For 

instance, Ag7Rh follows Cs symmetry, whereas the 

equally distributed Ag4Rh4 system retains D2d 

symmetry. These findings are consistent with 

previous reports
32

. Table 1 presents the single-point 

energies of the clusters at different spin states and 

the relative energy differences for each state 

compared to the ground state in each cluster type. 

Table 1 clearly shows that the lowest energy spin 

multiplicities for the clusters are 1, 3, 3, 5, 7, 9, 11, 

7, and 11 for Ag₈, Ag7Rh, Ag6Rh2, Ag5Rh3, Ag4Rh4, 

Ag3Rh5, Ag2Rh6, AgRh7, and Rh8, respectively. The 

ground state spin multiplicities, along with the 

single-point energies of the optimized clusters and 

the energies for the formation of clusters from their 

constituent atoms, are provided in Table 2. 

Table 2 clearly shows that Rh₈ has the highest 

energy for cluster formation, while the formation of 

the Ag8 cluster is the least favored. However, the 

introduction of a Rh atom into the silver cluster 

increases the formation energy, indicating that the 

presence of Rhodium stabilizes the cluster. 

An important observation when doping pure metal 

clusters is the charge transfer between atoms. The 

charge density for each system was assessed using 

Natural Bond Orbital (NBO) charge analysis. It was 

found that as the number of Rh atoms increases in 

the bimetallic system, the effective charge density 

on Rh gradually decreases. In the case of Ag7Rh, 

the single rhodium atom carries a substantial 

negative charge of -0.609 a.u., with the 

corresponding positive charge distributed across the 

silver atoms. However, in the highest-doped Rh7Ag 

cluster, the largest charge on Rh is only -0.177 a.u. 

This difference in charge distribution can 

significantly influence the binding properties of the 

cluster systems. 

The enhanced catalytic activity of diluted bimetallic 

nanoclusters can be attributed to the "ensemble 

effect
43

." When a metal species is diluted with 

another metal, isolated catalytic sites of smaller size 

are created, which reduces the number of possible 

adsorption configurations for reactant molecules. 

This phenomenon, known as the ensemble effect, 

leads to fewer reactive pathways originating from 

these active centers, thereby increasing the 

selectivity of the catalyst compared to clusters 

composed of a single metal. 

The catalytic activity of Ag is enhanced by the 

incorporation of Rh into the bimetallic system. This 

addition prevents the aggregation of Rh atoms, 

thereby generating more active catalytic sites 

within the bimetallic cluster. 

The dipole moments of the pure Ag8 and Rh8 

clusters, as well as the bimetallic systems, were 

calculated to investigate their relationship with the 

cluster-CO adsorption energy values. 

For CO–cluster complexes, initial structures for all 

possible structural isomers were generated and 

optimized, considering various spin states. 

Adsorption energies were calculated for each 

complex at both the singlet and lowest energy spin 

states. The isomer with the lowest adsorption 

energy (Eads) was identified for each cluster type. 

Table 4 presents the lowest energy spin 

multiplicities of the optimized complexes along 

with the calculated adsorption energies for both 

singlet and lowest energy spin states. 

The significant difference in adsorption energy 

(Eads) values between the two spin states highlights 

the importance of considering various spin 

multiplicities when performing DFT calculations to 

determine the lowest energy configurations. The 

Eads value was lowest for the Ag8-CO complex (-

10.6104 kcal/mol), and when a Rh atom was 

introduced into the cluster, the adsorption energy 

increased more than eightfold for Ag7Rh (-87.8121 

kcal/mol). As the number of Rh dopant atoms 

increased, the adsorption energy gradually 

decreased, reaching a saturation level of -49.981 

kcal/mol with further doping. 

Mulliken atomic charges on the metal atoms to 

which CO was adsorbed were analyzed. The 

highest charge observed was 0.0746, which was on 

the Rh atom of Ag7Rh-CO, followed by a charge of 

0.0629 on one of the Rh atoms in the Ag6Rh2-CO 

complex. The charge transfer from the metal atom 

to the unoccupied antibonding 2π level of CO 

destabilizes the CO bond, resulting in an increase in 

the CO bond length. The CO bond lengths for the 

Ag7Rh-CO and Ag6Rh2-CO complexes were nearly 

identical, both measuring 1.17 Å. However, a larger 

bond length of 1.201 Å was observed for the 

Ag4Rh4-CO complex. 

Single-point energy calculations for the clusters and 

complexes at their singlet states were performed at 

both the BP86 and B3LYP levels to examine the 

variation in adsorption energy (Eads) calculated by 

both methods. Although there was a variation in 

Eads in the range of 5 – 10 kcal/mol, the overall 

trend observed was consistent in both cases. The 

binding energies were plotted for the clusters at 

their singlet states and lowest energy spin states, as 

shown in Graph 1 and Graph 2. 
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The adsorption energies did not exhibit a strong 

linear relationship with either the polarizability or 

the HOMO-LUMO gap of the metal clusters. 

Additionally, the dipole moment of the clusters did 

not appear to significantly influence the strength of 

the CO–cluster bond. 

Based on the results above, we can conclude that 

Ag7Rh and Ag6Rh2 are promising candidates for 

CO adsorption, with the highest adsorption energies 

(Eads) of -87.81 kcal/mol and -84.50 kcal/mol, 

respectively, in their ground states. Further 

investigations can focus on calculating the 

adsorption energies of O2 using similar 

methodologies. Additionally, CO oxidation studies 

could be conducted using the intrinsic reaction 

coordinate (IRC) approach. 

Conclusion 

In this study, we optimized both pure Ag8 and Rh8 

nanoclusters, as well as Ag/Rh bimetallic systems, 

in their singlet states and lowest energy spin states. 

The adsorption of CO molecules on these clusters 

was investigated using density functional theory 

(DFT) calculations within the generalized gradient 

approximation (GGA). Adsorption energies were 

calculated and analyzed for all clusters. The results 

showed that Rh doping significantly enhanced the 

activity of otherwise inactive Ag nanoclusters, 

increasing the adsorption energy by nearly eight 

times. The improved catalytic activity of the Ag7Rh 

system for CO oxidation is attributed to the 

enhanced charge transfer within the bimetallic 

system. This enhanced activity can be explained by 

the ensemble effect. The Ag/Rh bimetallic system 

shows a synergistic effect where the interaction 

between the two metals leads to improved catalytic 

activity. This suggests that bimetallic clusters may 

offer advantages over pure metal systems in certain 

catalytic processes. As the number of dopant atoms 

increased, the adsorption energy values gradually 

decreased, eventually reaching a saturation point. 

This implies that there is an optimal range of 

doping concentration beyond which additional 

dopant atoms may not significantly enhance or may 

even reduce the catalytic efficiency. Future studies 

could focus on understanding the CO oxidation 

mechanism on these clusters and determining the 

optimal doping percentage for achieving maximum 

catalytic efficiency. The enhanced catalytic activity 

due to Rh doping warrants a deeper investigation 

into the reaction mechanisms, specifically the role 

of charge transfer and atomic interaction in the 

bimetallic system. This could lead to a more 

detailed understanding of how to further optimize 

these systems for practical applications. 
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