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4.1 Introduction   

Palladium (Pd) nanoclusters with a precise number of atoms exhibit a range of 

fascinating structural, electronic, vibrational, and catalytic properties, which are 

unexpected from their bulk counterparts of Pd [1–5]. The diverse contradiction in 

properties of Pd nanoclusters from their bulk counterpart is attributed to the variety of 

factors such as high specific surface area, electronic shell closing (i.e., Jellium model) and 

geometric shell enclosing, super atomic character (the sharing of electrons between atoms 

is not same compared to their bulk systems) and quantum confinement. Due to their 

low cost and abundance with better thermal stability, Pd nanoclusters are unarguably 

the most active frontiers for their utilization in industrial chemistry and heterogeneous 

catalyst [6–10]. To date, many experimental and theoretical studies on Pd nanoclusters 

[11,12] have been carried out to develop an in-depth understanding of their minimum 

energy configurations for their utilization in hydrogen storage [13], oxidation, and 

reduction processes [14,15], and hydrogenation [16]. The adsorption energetics, 

dissociation, and electron transfer properties of CO, NO, H2, etc., gas molecules over Pd 

nanoclusters have been successfully examined using density functional theory (DFT) 

based calculations [17–20]. Correspondingly, Sousa et al. [21] revealed that the Pd is a 

very sensitive catalyst in creating intermetallic bonds. Notably, it is observed that the 

tailoring of catalytic, electronic, magnetic, and optical properties can be achieved 

through the minor changes in the size, varying the chemical composition and order of 

constituent atoms of Pd bimetallic nanoclusters [22]. For instance, the recent 

advancement in the DFT calculations and experimental fabrications demonstrated that 

the impurity/doping can strongly influence the stability and physicochemical properties 

of the host clusters i.e., Pd-Ag [22], Pd-Co [23], Cu-Ni [24], Cu-V, etc. [25]. Mu et al. 

[26] found that the doping of the Mn atom enhances the structural stability and magnetic 

moment of the Pd clusters. The Pd bimetallic nanoclusters with a transition metal such 

as copper (Cu) with various structural configurations and compositions are being 
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explored by many researchers for their applications in oxygen reduction, oxidation of 

alcohol, oxidation reactions of formic acid, etc. [27–29]. It has been reported by Wu et 

al. [27] that the Cu atom in the Pd–Cu clusters enhance the catalytic activity. Saputro 

et al. [30] found that the adsorption strength of CO2 with pure Pd clusters enhances 

after the doping of transition metals (M= Ni, Cu, Pt, Rh) and predicted that the Pd6M 

clusters facilitate CO2 hydrogenation for the production of HCOO/COOH. Though, 

there exist many studies on Pd-Cu bimetallic clusters [27–30]; very little is known about 

the atomic level morphology of Pd-Cu nanoalloy. To the best of our knowledge, 

icosahedral (I΢) PdζCuμ clusters (where m + n = 13) with different compositions of Cu 

atoms in the same structure and their sensitivity towards CO2 adsorption are not yet 

addressed in the literature. Therefore, it is interesting to explore the impact of Cu doping 

on structural stability, electronic and vibrational properties (Raman spectra) along with 

their reactivity with CO2 molecule over I΢ PdζCuμ clusters. Hunting stable structures 

for bimetallic clusters is a difficult job due to the structural complexity present in them. 

Therefore, in the search of the possible low-lying geometries of clusters/alloys, a study 

must rely on the effective DFT approach. In this work, we concentrate on the I΢ PdζCuμ 

clusters (where m + n = 13) with an interest to understand the role of Cu atom doping 

on the structural stability, electronic and vibrational properties. Hence, we first obtained 

the minimum energy configurations and then calculated the electronic and vibrational 

properties (Raman spectra) of I΢ PdζCuμ clusters using DFT-based first-principles 

calculations. Followed by the investigation and analysis of the energetics of CO2 molecule 

over I΢ PdζCuμ  clusters. 

4.2 Computational details 

All calculations for I΢ PdζCuμ clusters (where m + n = 13) were performed by 

adopting Kohn Sham (KS) DFT method using Quantum ESPRESSO code [31]. The 

projected augmented-wave (PAW) type pseudopotentials were used to model the 
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electron-ion interaction [32]. The exchange-correlation energies were calculated within 

the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof 

(PBE) functional [33]. The kinetic energy cut-off for the description of the wave function 

in the plane-wave basis was set to 45 Ry. The electronic levels were broadened with 

Marzari-Vanderbilt smearing [34] of 0.01 Ry to improve the convergence for metallic 

clusters. To avoid the interaction between periodic images, I΢ PdζCuμ clusters were 

placed in a large cubic supercell of 15 Å × 15 Å × 15 Å for the optimization. All Pd and 

Cu atoms residing in the I΢ PdζCuμ clusters were allowed to relax. The first Brillouin 

zone (BZ) sampling was restricted to the gamma (Γ) point. The position of atoms in the 

I΢ PdζCuμ clusters were fully optimized until the interatomic forces were smaller than 

0.001 eV/Å using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [35]. 

Adsorption of CO2 was assessed with four different geometries oriented towards the 

I΢ PdζCuμ clusters. We used the same exchange-correlation functional and other 

computational parameters employed for optimizing the I΢ PdζCuμ clusters. However, 

GGA functional failed to account for long-range van der Waals (vdW) interaction and 

lead to severe self-interaction (SI) errors [36]. Thus, to calibrate the accurate description 

of the long-range interactions between CO2 molecule and I΢ PdζCuμ clusters, we 

introduced the vdW correction proposed by Grimme, namely the D2 framework [37]. All 

calculations were performed in non-spin polarized condition because all the adsorbed 

structures (CO2/PdζCuμ) clusters were found to be in a nonmagnetic state. To confirm 

the nonmagnetic state, we performed the spin-polarized calculations which indicate the 

non-significant impact of spin polarization on adsorption energies. Noteworthy, analysis 

of vibrational properties of I΢ PdζCuμ clusters have been carried out using the DFT 

method as encoded in the GAUSSIAN09 package [38]. For the calculation of vibrational 

frequencies using the GAUSSIAN09 code, we used the same optimized geometrical 

parameters which were obtained from Quantum ESPRESSO code. The hybrid exchange-

correlation functional B3LYP/LanL2MB (an effective core potential basis set) is used 
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[39, 40]. The spin state is singlet for I΢ Pdφϯ and PdζCuμ clusters (even electron clusters 

with an even number of Cu atoms). However, it is doublet for I΢ Cuφϯ and PdζCuμ 

clusters (odd electron clusters with an odd number of Cu atoms) without imposing any 

symmetry constraints. 

4.3 Results and Discussion 

4.3.1  Structural stability and electronic properties of I h PdmCun clusters  

In this section, we present and discuss the most stable structure and electronic 

properties of I΢ PdζCuμ clusters (where m + n = 13). We primarily optimized the 

pristine Cuφϯ and Pdφϯ clusters. It is found that the Pdφϯ and Cuφϯ clusters prefer the 

icosahedral configuration after optimization which is consistent with previous works [19, 

41]. The systematically determined optimized geometries of I΢ PdζCuμ clusters (where 

m + n = 13) are presented in Figure 4.1. From Figure 4.1, one can see that the ground 

state geometry of I΢ PdζCuμ clusters are analogous to I΢ Cuφϯ and Pdφϯ clusters. Our 

results are consistent with the previous literature on doped bimetallic clusters [24]. It 

can also be seen from Figure 4.1 that the Cu atom prefers to stay at the “core” of the 

clusters while the Pd atom desires more to get distributed over the surface of clusters 

[24]. The structural stability of I΢ PdζCuμ clusters is examined by calculating the 

average binding energy per atom and mixing energy. The average binding energy per 

atom for pure and bimetallic clusters has been calculated using the following expressions, 

𝐸ս(𝑃𝑑ֈ)  = [𝑚 × 𝐸(𝑃𝑑) − 𝐸(𝑃𝑑ֈ)]
𝑚

                                (4.1) 

𝐸ս(𝑃𝑑ֈ𝐶𝑢։)  = [(𝑚) × 𝐸(𝑃𝑑) + 𝐸(𝐶𝑢) − 𝐸(𝑃𝑑ֈ𝐶𝑢։)]
(𝑚 + 𝑛)

               (4.2) 

𝐸ս(𝐶𝑢։)  = [𝑛 × 𝐸(𝐶𝑢) − 𝐸(𝐶𝑢։)]
𝑛

                                  (4.3) 

where 𝐸(𝑃𝑑ֈ), 𝐸(𝑃𝑑ֈ𝐶𝑢։) and 𝐸(𝐶𝑢։) represent the total energy of the lowest-energy 

structures of I΢ Pdφϯ, PdζCuμ and Cuφϯ clusters, respectively. The 𝐸(𝑃𝑑) and 𝐸(𝐶𝑢) 

represents the atomic energy of isolated Pd and Cu atoms, respectively.  



CHAPTER 4 

 

94 
 

Mechanistic insights into PdmCun Clusters: 
Implication to the CO2 Hydrogenation 

 

The calculated average binding energy per atom of stable I΢ PdζCuμ clusters is 

plotted in Figure 4.2 and quantified in Table 4.1. The calculated average binding energy 

per atom for I΢ Pdφϯ and Cuφϯ clusters is 2.47 eV and 2.78 eV respectively which agrees 

well with the previously reported data [19,42]. Figure 4.2 depicts that the I΢ Cuφϯ cluster 

is more stable than I΢ Pdφϯ cluster. Analysis of these results indicate that the most 

stable I΢ bimetallic cluster is PdΘCu΅ with 2.88 eV average binding energy per atom 

while I΢ PdφϵCu cluster is the least stable bimetallic cluster with a 2.53 eV average 

binding energy per atom. Our results also suggest that the I΢ clusters containing Cu 

Figure 4.1: The optimized configuration of Ih PdmCun (m + n = 13) clusters with 
different Cu compositions. 
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atoms are more stable than the I΢ Pdφϯ cluster which indicates that the doping of Cu 

atoms improve the binding energy of clusters.  

 

To estimate the relative stability of the I΢ PdζCuμ clusters, the mixing energy 

EζЏЂ [43–45] adapted by bimetallic clusters is expressed by the following expression, 

𝐸ֈք֓  = 1
13

 ং𝐸(𝑃𝑑ֈ𝐶𝑢։) − 𝑚
13

 𝐸(𝑃𝑑φϯ) − 𝑛
13

 𝐸(𝐶𝑢φϯ)ঃ          (4.4) 

where 𝐸(𝑃𝑑ֈ𝐶𝑢։), 𝐸(𝑃𝑑φϯ) and 𝐸(𝐶𝑢φϯ) are the total energy of I΢ PdζCuμ, 

pristine Pdφϯ and pristine Cuφϯ clusters, respectively. The mixing energy is the measure 

of the energy gain for the bimetallic clusters with respect to the segregated phase 

consisting of two independent clusters of ֈ
φϯ 𝐸(𝑃𝑑φϯ) 𝑎𝑛𝑑 ։

φϯ 𝐸(𝐶𝑢φϯ). It is clear from 

Eqn. (4.4) that the mixing energy of pure extremes is always zero. However, its negative 

value points out the thermodynamical stability of the formation/composition of alloys. 

The calculated mixing energy of I΢ PdζCuμ clusters is shown in Table 4.1.   

Figure 4.2: Average binding energy per atom (Eb eV) of Ih PdmCun (m + n = 13) clusters 
with a different numbers of Cu atoms. 
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Table 4.1: The average binding energy per atom (Eb eV), mixing energy (Emix eV), 
second-order energy difference (2E eV), and average bond length (R̄(Å)) of Ih PdmCun 
(m + n = 13) clusters. 
 

Cluster 𝑬۟ 𝑬۪و∆ ۵ۦ𝑬 𝐑̅ 

Pd13 2.47 0.0 N.A. 2.76 

Pd12Cu 2.53 -0.03 0.05 2.74 

Pd11Cu2 2.58 -0.06 -0.005 2.73 

Pd10Cu3 2.64 -0.09 0.45 2.70 

Pd9Cu4 2.66 -0.09 -0.85 2.66 

Pd8Cu5 2.74 -0.15 0.67 2.66 

Pd7Cu6 2.77 -0.16 -0.45 2.65 

Pd6Cu7 2.84 -0.20 0.36 2.64 

Pd5Cu8 2.88 -0.22 0.68 2.64 

Pd4Cu9 2.86 -0.18 0.16 2.62 

Pd3Cu10 2.84 -0.13 0.26 2.60 

Pd2Cu11 2.79 -0.06 -0.19 2.60 

PdCu12 2.76 -0.01 -0.58 2.60 

Cu13 2.78 0.0 N.A. 2.52 

 

The maximum negative value of the mixing energy corresponds to the most stable 

alloyed cluster for the given size. On the other hand, a positive value of the mixing 

energy will characterize a tendency of segregation among the two species of constituent 

atoms. It is found that the mixing energy is negative for all I΢ PdζCuμ clusters and 

revealing that the alloy formation favors to form the whole range of compositions of the 

I΢ PdζCuμ clusters. The higher magnitude of negative 𝐸ֈք֓ value indicates more 

favorable mixing. Therefore, it is concluded that the introduction of Cu atoms into Pd 

clusters makes the formation of binary clusters more favorable. It is in agreement with 
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the reported results of mixing energy investigated for Ni-doped I΢ Cuφϯ clusters [24]. 

Our results point out that the mixing energy reaches the minimum value (−0.22 eV) for 

the I΢ PdΘCu΅ cluster indicating that this composition corresponds to the magic 

composition with the highest stability. This corroborates with the results of the average 

binding energy per atom. It is noteworthy that the I΢ PdCuφϵ cluster has a minimum 

negative value (−0.01 eV) in the group of bimetallic clusters indicating that the mixing 

of I΢ PdCuφϵ bimetallic cluster is least favorable. 

 

 

Now we turn our attention to the second-order energy difference, which is a 

sensitive factor frequently used as a measure of the relative stability of a particular 

cluster with respect to adjacent sizes or compositions. It is often associated directly with 

Figure 4.3: Second order energy difference (2E eV) of Ih PdmCun (m + n = 13) clusters 
with a different numbers of Cu atoms.  
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the relative abundances examined by mass spectroscopy experiments. The second-order 

energy difference of I΢ PdζCuμ clusters is calculated as [43, 44] follows,  

∆ϵ𝐸(ձտՒդ֐Փ)  = 𝐸(𝑃𝑑ֈ+φ𝐶𝑢։−φ) + 𝐸(𝑃𝑑ֈ−φ𝐶𝑢։+φ) − (𝑃𝑑ֈ𝐶𝑢։)            (4.5) 

where 𝐸(𝑃𝑑ֈ+φ𝐶𝑢։−φ), 𝐸(𝑃𝑑ֈ−φ𝐶𝑢։+φ) and 𝐸(𝑃𝑑ֈ𝐶𝑢։) represent the total energy of 

the optimized Pdζ+φCuμ−φ, Pdζ−φCuμ+φ and PdζCuμ clusters, respectively.  

The calculated ∆ϵ𝐸 as a function of Cu atoms in I΢ PdζCuμ clusters for different 

compositions is shown in Figure 4.3. It is recognized that the maximum value of ∆ϵ𝐸 

relative to its immediate adjacent cluster indicates improved stability of a particular 

cluster. Therefore, the value of ∆ϵ𝐸 can be considered as a complementary measure of 

the stability of clusters, where the most stable clusters are recognized from the maxima 

of ∆ϵ𝐸. Conspicuous odd-even oscillations for I΢ PdζCuμ clusters were not observed in 

Figure 4.3. Our result indicates that the presence of the Cu atom changes the stability 

of the host clusters. In I΢ PdζCuμ clusters, the substitution of an odd number of Cu 

atoms shows greater stability as compared to the clusters which are composed with an 

even number of Cu atoms (except for 8 and 10). Moreover, several pronounced peaks 

are found at n=1, 3, 5, 7, 8, and 10, implying strong relative stability of clusters as 

compared to others. It is evident that the peaks corresponding to the PdφЈCuϯ, Pd΅CuΘ 

and PdΘCu΅ clusters are relatively stable compared to their adjacent clusters. There is 

also a small peak indicate the stability is observed at n = 1 and 10. The PdΘCu΅ is the 

most stable binary cluster with the highest (0.678 eV) ∆ϵ𝐸 and a noticeable intense 

peak (Figure 4.3). The results corresponding to the second-order energy difference of 

PdΘCu΅ cluster is also reflected in the calculated mixing energy and average binding 

energy per atom. Consequently, our results indicate that the PdΘCu΅ is the magic cluster 

and consumes a higher abundance in mass spectra.  

The average bond length reflects the stability of the structure as it directly 

depends on bond energy. Henceforth, we have calculated the average bond length R̅ of 

I΢ PdζCuμ clusters using the following formula and presented in Figure 4.4. 
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R̅ =  1
Nͣ͘ΰ

௽RЏА
Џ

                                            (4.6) 

where RЏА is the distance between two bonded atoms and Nͣ͘ΰ is the total number of 

bonds. The average Pd-Pd bond length of 2.75 Å in Pdφϯ cluster is the same as it is in 

bulk form. The obtained average bond length of I΢ Pdφϯ cluster agrees well with the 

previously reported DFT work [19]. In contrast to this, the CuCu average bond length 

of I΢ Cuφϯ cluster (2.52 Å) is shorter by 0.04 Å as compared to its bulk form (2.56 Å). 

This significant decrease of the CuCu average bond length of I΢ Cuφϯ cluster results in 

higher average binding energy per atom. It is evident from Figure 4.4 that the bond 

length of the compositional clusters tends to shorten due to the greater specific surface 

area.  

 

 

Figure 4.4: Average bond length R̄ (Å) of Ih PdmCun (m + n = 13) clusters with different 
numbers of Cu atoms. 
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Figure 4.5: The PDOS of (a) Pd13, (b) Cu13, and (c) Pd5Cu8 clusters. The Fermi level
is set to zero (black line). 
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The rapid change in the average bond length in the case of n = 1 (I΢ PdφϵCu 

cluster) generally implies a variation in bonding and is more stable compared to I΢ Pdφϯ 

cluster. The values of the average bond length of considered clusters are also presented 

in Table 4.1. To comprehend the modification in the electronic structure of the I΢ Pdφϯ 

cluster due to Cu atom doping, we have carried out an analysis of the projected density 

of states (PDOS) and is presented them in Figure 4.5(a–c). For I΢ Pdφϯ cluster, it is seen 

from Figure 4.5(a) that the Pd-4d orbitals are localized near the Fermi level (EF). The 

contribution of Pd-5s orbitals is negligible (mainly below the Fermi level with a very 

small peak) as compared to Pd-4p and Pd-4d orbitals and it is consistent with the PDOS 

of I΢ Pdφϯ cluster reported by Liu et al. [19]. In the case of I΢ Cuφϯ cluster (Figure 

4.5(b)), Cu-3p and Cu-3d orbitals largely contribute to the valence band region (below 

the Fermi level). Figure 4.5(b) reveals that the electronic states of Cu-3d orbitals below 

the Fermi level influence the stability of I΢ Cuφϯ cluster with little contribution from the 

Cu-3p orbitals. This is consistent with the calculated results of structural stability of 

I΢ Cuφϯ cluster. Similar to the I΢ Pdφϯ cluster, the involvement of Cu-4s orbitals is quite 

less as compared to Cu-3p and Cu-3d orbitals. This gives a clear indication of strong 

hybridization between respective p and d orbitals in Pd and Cu clusters and a very small 

donation from s-states.  

We thoroughly explored the PDOS of the Cu-doped Pd cluster (I΢ PdΘCu΅ 

cluster) to understand the interaction mechanism of different orbitals (Figure 4.5(c)). It 

is seen that the substitution of the Cu atom results in the noteworthy increment of the 

electronic states in the locality of the Fermi level. Exclusively, the electronic states at 

the Fermi level of the Cu atom significantly increase. This alteration in the PDOS after 

introducing the Cu atom to the Pd-cluster is consistent with the PDOS of Cu-doped 

platinum clusters [46]. The Pd-4d peak shifts below the Fermi level, suggest strong 

hybridization between d-d orbitals. The modified orbital interaction gets going from pure 

to bimetallic clusters. The PDOS of I΢ PdΘCu΅ cluster presented in (Figure 4.5(c)) shows 
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that the interaction mainly takes place between the d and p-orbitals, while, s orbitals of 

Pd and Cu atoms do not play any significant role. In I΢ PdΘCu΅ cluster, 4p and 4d 

orbitals of Pd participates in the bonding process with the 3p and 3d orbitals of Cu. The 

stability of the Cu doped cluster is mainly dominated by Cu-3d orbitals with some 

contributions from 4s and 3p orbitals. The obtained results of PDOS reconfirm the 

calculated stability factors. On another front, the Lӧwdin charge assessment reveals the 

charges transfer from the Cu atom to the Pd atom in I΢ PdζCuμ clusters which is 

primarily attributed to Pauling's electronegativity of the Pd atom (2.2) being higher as 

compared to the Cu atom (1.90). This charge transfer results in the alteration on 

electronic structures of the Pd as well as the surface chemical properties. 

4.3.2  Raman spectra of I h PdmCun clusters 

To further examine the influence of step-by-step Cu doping on the vibrational properties 

of the Pd cluster, Raman spectra of I΢ PdζCuμ clusters with B3LYP/LANL2MB level 

of DFT theory are calculated and displayed in Figure 4.6. For comparative analysis, the 

frequency corresponding to the high intense Raman active peak of I΢ Pdφϯ cluster at 212 

cm−1 is considered as a characteristic peak (see Figure 4.6(a)). It is clear from Figure 

4.6(b–n) that the Cu doping in I΢ PdζCuμ clusters result in a blue/red-shift of the 

characteristic peak. This blue/red-shift of the Raman characteristic peak after increase 

in the Cu doping can be attributed to the Pd-Cu bond length change arising from 

electron charge redistribution and change in chemical composition. The characteristic 

peak blue shifts to 312 cm-1, 221 cm-1, 225 cm-1, 234 cm-1, 240 cm-1, 341 cm-1, 246 cm-1, 

249 cm-1, 251 cm-1, 250 cm-1 and 486 cm-1 observed in the case of PdφϵCu, PdφφCuϵ, 

PdφЈCuϯ, PdνCuΚ, PdϨCuϩ, PdϩCuϨ, PdΘCu΅, PdϯCuφЈ, PdϵCuφφ, PdCuφϵ and Cuφϯ 

clusters respectively. However, a red-shift in the characteristic peak from 212 cm-1 to 179 

cm-1 and 192 cm-1 is observed in the case of Pd΅CuΘ and PdΚCuν clusters, respectively.  
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Figure 4.6: (a-n) Raman spectra of Ih PdmCun (m + n = 13) clusters. 
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The vibrational mode corresponding to the most intense Raman active peak of 

I΢ PdζCuμ clusters are presented in Figure 4.7. In the case of PdϯCuφЈ, PdϵCuφφ and 

PdCuφϵ clusters, the magnitude of blue-shift is nearly equal which can be attributed to 

the almost same average bond length. The maximum blue-shift in the characteristic 

Figure 4.7: The vibrational mode of Ih PdmCun (m + n = 13) clusters corresponding to 
the high intense peak of their respective Raman spectra. 
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Raman peak is observed for the I΢ Cuφϯ cluster which can be attributed to the significant 

decrease in the CuCu bond length ad compared to its bulk counterpart. The smallest 

blue-shift in characteristic peak is observed in the case of PdφφCuϵ cluster. 

4.3.3  Adsorption of CO 2 molecule over I h PdmCun clusters 

The bimetallic clusters have generated much interest for their excellent catalytic 

performance and reducing sensitivity for CO2 poisoning [46]. One of the main goals of 

the present study is to understand the reactivity of CO2 gas molecule over the Cu-doped 

Pd clusters. Therefore, we explored the effect of the different compositions (systematic 

doping of Cu atom) on the reactivity of a CO2 molecule over I΢ PdζCuμ clusters as 

compared to pristine I΢ Pdφϯ and Cuφϯ clusters. Before adsorbing the CO2 molecule over 

the I΢ PdζCuμ clusters, initially we optimized the isolated CO2 molecule keeping similar 

convergence criteria. The computed bond length (R(C-O1/O2) = 1.17 Å for CO2) and bond 

angle (O1-C-O2 = 180.0° for CO2) are in excellent agreement with a previous report 

[47] which authenticates our computational method and gives assurance for further 

investigations. After that, we thoroughly accomplished the lowest-energy structural 

search for CO2 adsorption over the low-lying structures of I΢ PdζCuμ clusters. In this 

process, four kinds of adsorption models were considered for CO2 adsorption over 

I΢ PdζCuμ clusters namely, -OCo-, -oCO-, -OcO- and -OCO- as shown in Figure 4.8. 

The optimized structures of CO2 adsorbed I΢ PdζCuμ clusters with desired adsorption 

geometry are shown in Figure 4.9. We use Eqn. (4.7) to calculate the CO2 adsorption 

energy over I΢ PdζCuμ clusters,  

𝐸ռտ֎ = 𝐸(ձտՒդ֐Փդհɞ) − ऺ𝐸(ձտՒդ֐Փ) − 𝐸(դհɞ)ऻ                  (4.7) 

where 𝐸(ձտՒդ֐Փդհɞ), 𝐸(ձտՒդ֐Փ) and 𝐸(դհɞ) is the total energy of cluster after CO2 

adsorption, the energy of the free cluster (𝐸(ձտՒդ֐Փ) clusters), and the energy of an 

isolated CO2 molecule in a vacuum, respectively. The computed adsorption energy and 

structural parameters of CO2 molecule over I΢ PdζCuμ clusters are listed in Table 4.2. 

Our results on the first three adsorption models of CO2 adsorption over I΢ PdζCuμ 
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clusters are similar to the case of CO2 adsorption over I΢ bimetallic Cu–Ni and Ni55 

clusters [47]. Our study points out that -OcO- orientation is the most preferred 

adsorption configuration among Cu doped clusters. On another front, the CO2 prefers     

-OCo- adsorption configuration to get adsorbed over I΢ Pdφϯ and Cuφϯ clusters. Our 

results are consistent with the literature [47].  

Table 4.2: Adsorption geometry, adsorption energy (Eads, eV), structural parameters 
(distance between CO1 (Å), CO2 (Å), and O1CO2 in degree) of adsorbed CO2 
molecule over Ih PdmCun (m + n = 13) clusters with Lӧwdin charge transfer (e) from 
cluster to an adsorbed CO2 molecule. 

 

Adsorption  
Geometry 

of CO 2 

 

Cluster 
Composition  

 𝑬۞ۡ۰ 
(eV) 

Structural Parameters of 
CO2 

Lӧwdin 
Charge 

Transfer (e) 
CO1 CO2 O1CO2 

-OCo- Pd13 -7.00 1.25 1.23 138.7 0.19 

-oCO- Pd12Cu -7.00 1.23 1.25 139.1 0.18 

-oCO- Pd11Cu2 -6.62 1.22 1.25 139.5 0.19 

-OCo- Pd10Cu3 -6.70 1.26 1.23 137.8 0.18 

-OcO- Pd9Cu4 -6.36 1.23 1.22 143.7 0.09 

-OcO- Pd8Cu5 -5.86 1.23 1.23 144.1 0.09 

-OcO- Pd7Cu6 -5.95 1.23 1.22 144.3 0.09 

-OcO- Pd6Cu7 -5.63 1.23 1.23 144.0 0.09 

-OcO- Pd5Cu8 -5.56 1.23 1.23 144.3 0.09 

-OcO- Pd4Cu9 -6.12 1.23 1.23 144.4 0.09 

-OcO- Pd3Cu10 -6.65 1.24 1.24 139.7 0.22 

-oCO- Pd2Cu11 -6.86 1.22 1.28 133.3 0.28 

-OCO- PdCu12 -6.98 1.27 1.27 126.9 0.40 

-OCo- Cu13 -6.76 1.28 1.21 134.0 0.25 
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The charge transfer from substrate to the CO2 molecule arising from the strong 

covalent interaction ultimately results in the linear to the bent transition of the CO2 

molecule with the elongation of the C–O bonds. More specifically, from Table 4.2, one 

can see that the I΢ Pdφϯ, PdφϵCu, PdφφCuϵ, PdφЈCuϯ, PdϯCuφЈ, PdϵCuφφ, PdCuφϵ, and 

Cuφϯ clusters exhibit strong CO2 adsorption with higher adsorption energy in the range 

of -6.65 eV to -7.00 eV. The weak CO2 interaction is observed in the case of Cu-doped 

clusters ranging from I΢ PdνCuΚ to PdΚCuν clusters. The Lӧwdin charge analysis has 

been performed to examine the charge transfer from clusters to CO2 molecule and is 

depicted in Table 4.2. The clusters that possess adsorption energy (strong interaction) 

in between -6.65 eV to -7.00 eV have transferred 0.18 to 0.4 e charge to CO2 molecule, 

while PdνCuΚ to PdΚCuν clusters have transferred very little charge (0.09 e) to the CO2 

molecule. In comparison to the gas phase of the CO2 molecule, C–O bonds elongate 

(1.23–1.26 Å), and the ∠O1-C-O2 angle decreases (<140°) in the case of strongly 

adsorbed CO2 molecule over I΢ PdζCuμ clusters. In the weakly adsorbed CO2 molecule 

over Pd9Cu4 to Pd4Cu9 clusters, the bond angle (∠O1-C-O2) of the CO2 molecule is 

around 144° and elongation in the bond distances is almost the same (1.22–1.23 Å). The 

computed bond angle and bond lengths of CO2 molecule after adsorption are 

corroborating with our finding of CO2 adsorption energy. The adsorption energy of CO2 

molecule (-OCo-) over I΢ Pdφϯ and Cuφϯ clusters is 7.00 eV and -6.76 eV, respectively. 

This difference in the adsorption energy is also reflected in the C–O1 and C–O2 bond 

lengths. A similar situation is observed in the case of CO2 adsorption over I΢ Cu55 and 

Ni55 clusters [47]. The doping of a single Cu-atom in the Pd cluster (PdφϵCu) does not 

affect the adsorption energy of CO2 but its adsorption geometry (-oCO-) is different 

compared to the I΢ Pdφϯ cluster. Further increasing the amount of Cu-doping, the CO2 

adsorption energy is found lesser as compared to I΢ Pdφϯ cluster. The data depicted in 

Table 4.2 demonstrate that the PdνCuΚ to PdϯCuφЈ clusters exhibit the same CO2 

adsorption geometry (-OcO-).  
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Figure 4.8: Different adsorption geometries for CO2 adsorption over Ih PdmCun  (m + n 
= 13) clusters. 

Figure 4.9: The CO2 adsorbed Ih PdmCun (m + n = 13) clusters. The green, light pink, 
yellow, and red color sphere indicates Pd, Cu, C, and O atoms, respectively. 
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It should be noted that only the PdCuφϵ cluster exhibits the -OCO- geometry for 

the CO2 adsorption (Eads = 6.98 eV) with maximum charge transfer (0.4 e) from the 

cluster to the CO2 molecule. The longest elongation in C–O1 and C–O2 (1.27 Å) bond 

length of adsorbed CO2 molecule over PdCuφϵ cluster confirms our results on adsorption 

energy and charge transfer. Figure 4.10 (a-c) shows the charge density plots of CO2 

molecule adsorbed over I΢ Pdφϯ, PdΘCu΅ and Cuφϯ clusters, respectively. The 

electronegativity of Pd/Cu-atom for I΢ Pdφϯ, PdΘCu΅ and Cuφϯ clusters is changing from 

0.0914 to 0.0921. The maximum charge accumulated near the oxygen (O) atom 

(attached with cluster) is ~0.30 e in the case of Pd13 and Cu13 clusters. For the PdΘCu΅ 

cluster, ~0.72 e charge is accumulated around the O atoms. The accumulation of charge 

near the O atom suggests that the O atom plays a major role in CO2 molecule adsorption 

as compared to carbon (C). The charge density plots also validate our findings on charge 

transfer from clusters to the CO2 molecule. The adsorption energies indicate that the 

introduction of Cu atoms to Pd clusters decreases the adsorption ability of the clusters 

towards the CO2 molecule. 

4.3.4  CO2 conversion into hydrocarbon fuels on I h Pd5Cu8 cluster 

Carbon dioxide (CO2) hydrogenation to value-added fuels and chemicals such as 

formic acid (HCOOH), methanol (CH3OH), and methane (CH4) via heterogeneous 

catalysis, not only efficiently alleviates environmental issues caused by enormous CO2 

Figure 4.10: (a-c) Charge density plots of CO2 adsorbed Pd13, Pd5Cu8 and Cu13 clusters.
The green, light pink, yellow, and red color sphere indicates Pd, Cu, C and O atoms, 
respectively.  
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emissions but also reduces our excessive dependence on fossil fuels and generating good 

economic profits [48]. As carbon (C) is in its highest oxidation state in CO2, its reduction 

and transformation require higher energy input. Hydrogen as a high-energy material is 

commonly used for the large-scale catalytic transformation of CO2 to value-added 

products [48-49]. These facts suggested an excellent heterogeneous catalyst with a lower 

activation barrier during the hydrogenation process along with the good ability in CO 

bond scission and dissociation of hydrogen molecule (H2) [50].  Enormous progress has 

been made in the synthesis of C1 molecules such as CH3OH from CO2 hydrogenation 

(under the “liquid sunshine” vision) [51] and has attracted massive interest in finding 

the optimal heterogeneous catalysts for CO2 conversion [52-53]. CH3OH has been 

industrially synthesized from syngas (CO/H2) containing a small percentage of CO2 using 

a Cu/ZnO/Al2O3 catalyst at harsh conditions (at 493−573 K and 5−10 MPa) [54]. 

Though the applicability of Cu/ZnO/Al2O3 catalyst at the industrial scale through the 

syngas route for converting CO2 to CH3OH directly is possible, it suffers from a series of 

technical problems such as low single-pass conversion, low methanol selectivity, requiring 

high pressure and fast deactivation by the reverse water gas shift (WGS) reaction [55].  

Modifying the existing catalyst or developing new active catalysts for conditions 

with low the pressure and the temperature is an active field of research area [56]. Two 

main strategies are currently used to design new catalysts for CO2 hydrogenation to 

CH3OH and other products (1) conception of strong metal-support interaction (SMSI: 

metal/metal-oxide interfaces) to promote the formation of formate and thus increasing 

catalytic activity and selectivity and (2) engineering the coordination environment of 

active metal atoms by alloying [57-60] to control the reaction pathways that drive the 

chemical transformations. In agreement with the second tactic, bimetallic catalysts have 

shown enhanced activity and selectivity over single-component ones, as lattice 

engineering can be utilized to tailor the surface and electronic structure of bimetallic 

catalysts and thus to regulate their performance [61-63]. Various bimetallic materials 
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including Pd−Cu [64], Pd−Ga [65], Pd−In [66], PdZn [67], NiGa [68-69], InRh [70], 

InCu [71] InCo [72], InNi [73] and NiCu [74] have also been examined for methanol 

production from CO2 hydrogenation. Among these materials, the Pd–Cu catalyst stands 

out as one of the most active bimetallic candidates for CH3OH synthesis. Jiang et al. 

[75] proved that the Pd–Cu bimetallic catalysts possess a strong synergistic effect in the 

formation of CH3OH as compared to that of pure Cu. Nørskov et al. [76] suggested the 

development of bimetallic Cu-based catalysts to break the scaling relationship and 

stabilize the reaction intermediate to lower the overpotential. Ma et al. [77] reported 

that the ordered CuPd catalyst exhibits the highest selectivity for C1 products (> 

80%). Meanwhile, catalysts based on noble metals such as Pd gain attention because of 

their good activity towards CH3OH synthesis at lower temperatures in CO hydrogenation 

[78-79], where Cu-ZnO-based catalysts do not work well [79] in their aspects. The 

interactions and surface reactions on monometallic catalysts have been extensively 

studied, but little attention has been paid to Pd-Cu bimetallic catalysts. The rational 

design of highly efficient bimetallic catalysts demands a mechanistic insight into the 

catalytic CO2 transformation processes on the active sites. At a certain level, the 

interplay between different metals and arrangement of respective metal atoms that alter 

catalyst properties is still a subject of great interest, including electronic structures, 

charge-transfer, and release of products, all of which influence catalytic performance [60]. 

The insightful investigations are further needed to identify the active sites and 

understand complete reaction networks for the selective catalytic conversion of CO2 into 

hydrocarbons, such as HCOOH, CH3OH, CH4. The DFT calculations enable gas-phase 

studies of CO2 reduction and hydrogenation to provide mechanistic insight into CO2 

functionalization at the molecular level [80-82]. Our work presented in chapter 3 

highlights the combined effect of spin-polarization and inclusion of dispersion correction 

(D3) in examining the adsorbate-substrate relationship for CO oxidation [83]. As per our 

prior discussion in this chapter, Pd5Cu8 cluster stands out as an ideal model to 
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understand the hydrogenation process in terms of relative structural and energetic 

stability along with the optimum interaction with CO2 in accordance with the Sabatier 

principle, as compared to mono or other bimetallic composition of Pd-Cu clusters [84]. 

In view of this, we pursue a systematic investigation of CO2 hydrogenation reaction 

network to form HCOOH, CH3OH, and CH4 over PdΘCu΅ cluster using dispersion 

corrected spin-polarized density functional theory calculations. The kinetic energy 

barriers (𝐸ռ) and transition states for CO2 hydrogenation were simulated by the 

climbing-image nudged elastic band (CI-NEB) method as implemented in Quantum 

Espresso [31,85-86]. Three images were used to mimic the reaction path. Similar 

convergence criteria and computational parameters (including the PBE+D3 approach) 

were adopted for the investigation of the reaction pathway as presented in section 4.2. 

The intermediate images were relaxed until the perpendicular force was less than 0.02 

eV A−1. The activation energy barrier (𝐸ռ) and reaction energy (𝐻) for each reaction 

step was obtained using the following formula, 

𝐸ռ = 𝐸յմ − 𝐸ժմ                                               (4.8) 

𝐻 = 𝐸𝐹𝑆 − 𝐸𝐼𝑆                                               (4.9) 

where, 𝐸ժմ , 𝐸յմ  and 𝐸էմ respectively are energies of initial, transition states, 

and final states of the reaction. The reaction network presented in Figure 4.11 is 

considered to investigate the impact of PdΘCu΅ cluster on the activation and 

hydrogenation of CO2 to HCOOH, CH3OH, and CH4. In Figure 4.11, the asterisk (∗) 

indicates a species bound to the cluster, while the (g) represents a free molecule. The 

kinetic energy barriers of the corresponding elementary step are investigated by 

absorbing H* species adjacent to the intermediates. With reference to Figure 4.11, the 

activation of the CO2 molecule from linear to bent configuration over the PdΘCu΅ cluster 

plus the dissociation of H2 molecule are the critical steps for CO2 hydrogenation. It was 

examined that the CO2 molecule chemisorb over the PdΘCu΅ cluster in bent configuration 

with an adsorption energy -0.53 eV (see Table 4.3 and Figure 4.12). The adsorption 

energy corresponding to site preference, bond parameters of intermediate species are 
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presented in Table 4.3 and their pictorial representation is displayed in Figure 4.12. 

Lӧwdin charge analysis further reveals electrons transferred from cluster to the CO2 

molecule. The C–O bond is weakened and the CO2 molecule is activated on PdΘCu΅ 

cluster. Next, the H2 molecule chemisorbs over the PdΘCu΅ cluster in parallel 

configuration at the top site with -0.60 eV adsorption energy and dissociate into two H 

adatoms with an activation energy barrier of 0.43 eV (see Table 4.4 and Figure 4.13) 

which is an exothermic reaction with ∆𝐻 = -0.24 eV indicating a thermodynamically 

and kinetically favorable reaction. The values of activation energy barrier and reaction 

energy of elementary steps of CO2 hydrogenation over PdΘCu΅ clusters are presented in 

Table 4.4. The pictorial representation of initial, transition, and final states of 

elementary steps of CO2 hydrogenation over PdΘCu΅ cluster is depicted in Figure 4.13 

and Figure 4.14. The adsorption energy of the H atom on the PdΘCu΅ cluster is -2.48 

eV per H atom (relative to gaseous H2). The weaker adsorption of H than CO2 on the 

doped clusters would be beneficial for CO2 fixation and hydrogenation.  

The geometrical structure of PdΘCu΅ cluster is well maintained without notable 

deformation after CO2 and H2 chemisorption, manifesting the stability and robustness of 

this cluster. Therefore, the PdΘCu΅ cluster has superior chemical stability and high 

structural robustness under reaction conditions and is therefore eligible for CO2 

hydrogenation. The hydrogenation of CO2* to form CO* and HCOOH* species can 

proceed through the carboxyl pathway (COOH*) and the formate pathway (HCOO*) 

via co-adsorption of CO2* and H* over PdΘCu΅ cluster. The kinetic barrier for HCOO* 

(R3) formation (H* attacks the C atom of CO2*) is 0.78 eV (with reaction energy -0.37 

eV) which is higher than the value of COOH* formation (R2, H* attacks the O atom of 

CO2*) i.e., 0.66 eV (Table 4.4), which corroborates that CO2 reduction proceeds through 

the COOH* pathway is which more favorable to yield CH3OH and CH4. The 

hydrogenation of HCOOH* proceeds through the HCOO* pathway. This is expected 

due to the strong binding of the HCOO* as compared to COOH* over PdΘCu΅ cluster. 
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All the geometrical structures are well maintained with only little deformation during 

the reaction, indicating the robustness of PdΘCu΅ cluster (see Figure 4.12).  

 

When the H* is combined with the O atom of HCOO* (R4), the HCOOH* is 

formed with an activation barrier of 0.78 eV with -0.37 eV reaction energy. The release 

Figure 4.11: The possible reaction pathways of CO2 hydrogenation to HCOOH, CH3OH,
and CH4 on the Pd5Cu8 cluster. The symbol (*) and (g) indicates the adsorbed and gas 
phase species, respectively. 
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of HCOOH* (R5) from PdΘCu΅ cluster need 0.87 eV energy. As revealed in Figure 4.11, 

the COOH* can be decomposed into CO* and OH* (R6) or can also be hydrogenated 

to form COHOH* (R7). The COOH* decomposition is an exothermic reaction (-0.18 eV) 

with an activation barrier of 0.37 eV while the hydrogenation of COOH* to COHOH* 

exhibits a higher activation barrier of 1.28 eV, with a reaction energy of 0.71 eV. Thus, 

dissociation of COOH* is more likely to occur over the PdΘCu΅ cluster. However, CO is 

strongly chemisorbed over the PdΘCu΅ cluster with 𝐸ռտ֎ = -1.49 eV, hindering its 

desorption. Therefore, it is difficult to produce CO and the reversed water gas shift 

(RWGS) process is restricted, and the chemisorbed CO* can be further hydrogenated or 

dissociated to produce other C1 products. The hydrogenation product of CO* is HCO* 

or COH*, which depends on whether H* attacks the C or O atom of CO* (R8 or R9). 

From the kinetics point of view, HCO* formation is easy to occur over the PdΘCu΅ 

cluster due to the activation barrier of the R9 (2.55 eV) which is significantly higher 

than that of the R8 (1.18 eV). The direct dissociation of CO* (R10) is highly endothermic 

(∆𝐻 = 2.85 eV) and has a higher activation barrier (3.19 eV). Then, HCO* is 

hydrogenated to form H2CO* (R11) with a lower activation barrier (0.27 eV) and it is 

exothermic (∆𝐻 = -0.33 eV).  The hydrogenation of H2CO* involves two competitive 

pathways: (1) the adsorbed H* attacks the C atom of H2CO* to form H3CO* (R13) and 

(2) the H* combines the O atom to form H2COH* (R14). The formation of H3CO* is 

more favorable attributed to the activation barrier of R13 which is 0.43 eV. This is 0.68 

eV lower than that of R14. The activation barrier of 0.69 eV to dissociate H3CO* into 

CH3* + O* (R15) is almost equivalent to that of H3CO*  CH3OH* (R16, 𝐸ռ = 0.68 

eV). The hydrogenation of CH3* to CH4* has an activation barrier of 0.51 eV (R18). 

The produced H2CO* is more likely to be further hydrogenated rather than to be 

decomposed (R12, 𝐸ռ = 1.38 eV). 
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Figure 4.12: The low-lying adsorption configurations of intermediates in the 
hydrogenation of CO2 on the Pd5Cu8 cluster. The white, orange, black, red, and cyan 
balls represent Pd, Cu, C, O, and H atoms, respectively. 
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Table 4.3: The most preferable adsorption site, bond parameters, and the adsorption 
energies (Eads) of different species over the Pd5Cu8 cluster. 

 
 

 

 

Species Site Bond-parameters (Å) 𝐸ռտ֎ (eV) 

H H RH-Pd = 1.80, 1.83    RH-Cu = 1.82 -2.48 

C H RC-Pd = 1.89, 1.90   RC-Cu = 1.87 -5.87 

O H RO-Pd = 2.04, 2.09   RO-Cu = 1.87 -4.52 

OH B RO-Pd = 2.32 RO-Cu = 1.92 -2.97 

H2 T RH-Pd = 1.75 -0.60 

CO B RC-Pd = 2.00 RC-Cu = 1.95 -1.49 

CO2 B RC-Pd = 2.02 RO-Cu = 2.01 -0.57 

HCOO B RO-Pd = 2.12 RO-Cu = 1.94 -3.30 

COOH B RC-Pd = 1.99 RO-Cu = 2.02 -2.53 

HCOOH T RO-Cu = 2.00 -0.92 

COHOH T RC-Pd = 1.98 -1.96 

HCO B RC-Pd = 1.95, RO-Cu = 2.03 -2.28 

COH H RC-Pd = 2.00, RC-Cu = 1.97, 1.92 -3.23 

H2CO B RC-Pd = 2.10 RO-Cu = 1.92 -1.10 

H3CO B RO-Cu = 1.97, 1.95 -2.51 

H2COH B RC-Pd = 2.05, RC-Cu = 2.08 -1.87 

CH3OH T RO-Cu = 2.10 -0.67 

CH3 B RC-Pd = 2.16   RC-Cu = 2.15 -1.86 

CH4 T RC-Pd = 2.74    -0.28 
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Figure 4.13: The initial state (IS), transition state (TS), and the final state (FS) of 
elementary step in CO2 hydrogenation over the Pd5Cu8 cluster from R1 to R12. 
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Finally, the ejection of CH3OH* (R17) and CH4* (R19) from the cluster requires an 

activation energy barrier of 𝐸ռ = 0.37 eV and 𝐸ռ = 0.09 eV, respectively. The optimized 

pathways for the production of HCOOH, CH3OH, and CH4 over the PdΘCu΅ cluster is 

presented in Figure 4.15. The rate-determining step for HCOOH(g) formation is HCOO* 

 HCOOH*. The rate-determining step for both CH3OH(g) and CH4
(g) formation is CO* 

+ H*  HCO* which involves a kinetic energy barrier of 1.18 eV. The PdΘCu΅ cluster 

exhibits the activity for all the C1 products with barriers of 0.27 eV – 1.18 eV. Based 

on the above analysis, PdΘCu΅ cluster possesses excellent activity and selectivity for CO2 

hydrogenation to various C1 products. The PdΘCu΅ cluster is more selective for CH3OH, 

and also prefers to yield CH4. The associated barriers for these major products are 

competitive to or even smaller than the previous theoretical values for Cu clusters and 

metal surfaces, e.g., 1.18 eV–1.69 eV for CH3OH formation on the Cu4 cluster supported 

on the Al2O3 substrate [87] and 1.41 eV on Cu [88-89] 1.17 eV for Au(111) to produce 

HCOOH [90] and 1.71 eV for Cu(111) to yield CH4 [91].  

Figure 4.14: The initial state (IS), transition state (TS), and the final state (FS) of 
elementary step in CO2 hydrogenation over the Pd5Cu8 cluster from R13 to R18 
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Table 4.4: Activation energy barriers (Ea, eV) and reaction energies (H, eV) of 
elementary steps in CO2 hydrogenation over the Pd5Cu8 cluster. 

4.4 Conclusions  

The conclusions drawn from the present theoretical study are underlined here. 

The structural stability (different composition of clusters) has been studied using the 

dispersion corrected DFT approach. Cu doped Pd clusters exhibit similar geometry to 

that of I΢ Pdφϯ and Cuφϯ clusters. The presence of a Cu atom changes the stability of 

Reaction No. Species 𝐸ռ ∆𝐻 

R1 H2 + 2*  H* + H* 0.43 -0.24 

R2 CO2* + H*  COOH* + * 0.66 0.18 

R3 CO2* + H*  HCOO* + * 0.78 -0.37 

R4 HCOO* + H*  HCOOH* + * 0.87 0.43 

R5 HCOOH*    HCOOH - 0.87 

R6 COOH* + *  CO* + OH* 0.37 -0.18 

R7 COOH* + H*  COHOH* + * 1.28 0.71 

R8 CO* + H*  HCO* + * 1.18 0.61 

R9 CO* + H*  COH* + * 2.55 1.53 

R10 CO* + *  C* + O* 3.19 2.85 

R11 HCO* + H*  H2CO* + * 0.27 -0.33 

R12 H2CO* + H*  H3CO* + * 0.43 0.005 

R13 H2CO* + H*  H2COH* + * 1.11 0.11 

R14 H3CO* + *  CH3* + O* 0.69 0.57 

R15 H3CO* + H*  CH3OH* + * 0.68 -0.07 

R16 CH3OH*  CH3OH 0.37 0.22 

R17 CH3* + H*  CH4* + * 0.51 -0.35 

R18 CH4*    CH4 0.09 0.08 
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the host cluster. Our results on average binding energy per atom (𝐸ս), mixing energy 

(𝐸ֈք֓), second-order energy difference (∆ϵ𝐸) and average bond length (R̅) confirm that 

the Cu-doped clusters are energetically more stable as compared to I΢ Pdφϯ cluster. The 

negative values of mixing energy for all compositions of clusters are in favor of alloy 

formation for the whole range of compositions. The investigated stability factors imply 

that the I΢ PdΘCu΅ cluster composition is highly stable (magic cluster) as compared to 

other cluster compositions.  

To gain insights on the chemical enhancement of I΢ PdζCuμ clusters, Raman 

spectra were obtained theoretically for individual I΢ PdζCuμ clusters. The examined 

results of Raman spectra are in good agreement with the calculated results of structural 

stability and modulation in electronic structure. The maximum blue shift in the 

characteristic Raman peak is observed for I΢ Cuφϯ cluster (at 486 cm-1). Four different 

models of adsorption geometries are observed in the case of CO2 molecule adsorption 

over I΢ PdζCuμ clusters. The Lӧwdin charge calculation indicates that the electronic 

structure of Pd is altered due to the partial charge transfer from Cu to Pd. This 

modification in the electronic structure of Pd leads to the weak interaction between the 

I΢ PdζCuμ clusters and CO2 molecule and is meant to be accountable for the reduced 

CO2 poisoning and enriched catalytic activity. In the charge density plots, enlargement 

of charge around O atom denotes that O atom plays the main role in the adsorption of 

CO2 molecule as compared to carbon (C) owing to its higher electronegativity.  

Our theoretical findings can be helpful to develop an understanding of the 

poisoning mechanism and chemisorption behavior of Pd and Cu-doped Pd alloy clusters 

with CO2 gas molecule. For CO2 hydrogenation over PdΘCu΅ cluster, the HCOOH is 

mainly produced by the reactions steps of CO2*  HCOO*  HCOOH*  HCOOH(g). 

The rate-determining step is recognized as HCOO*  HCOOH*, with an activation 

barrier of 0.78 eV. The CH3OH and CH4 is determined to be formed by the reactions of 

CO2*  COOH*  CO*  HCO*  H2CO*  H3CO*  CH3OH*  CH3OH(g) and 
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CO2*  COOH*  CO* HCO*  H2CO*  H3CO*  CH3* + O*  CH3 + H*  

CH4*  CH4
(g), respectively. These results offer an efficient strategy for precise tailoring 

of the catalytic behavior of the bimetallic Pd-Cu cluster and promote the development 

of a highly efficient catalyst for CO2 hydrogenation. 
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