
Chapter 5: Mechanistic DFT investigation of catalytic 

oxidation of NO to NO2 on pristine and doped [AunPd3-n]¯ 

(n=0-3) clusters. 
 

 

 

Abstract 

In our previous chapter, it was found that [Au-Pd]¯ acts as an efficient catalyst towards 

the catalytic conversion of NO into NO2. Hence, in Chapter 5, pristine and doped anionic 

[AunPd3-n]¯ (n=0-3) trimer clusters were chosen to comprehend the oxidation 

mechanism of NO into NO2 at the molecular level. Our aim is to find the effect of 

addition of one atom on the catalytic efficiency of the clusters. Again, combination of 

M06L/def2TZVP method is applied in order to compare the results with the previous 

chapters. Pristine and doped anionic [AunPd3-n]¯ (n=0-3) clusters were chosen as gas-

phase Au clusters are ideal model systems for imitating gold catalysts as they have 

electronic structure similar to active supported gold catalysts. Based on the co-

adsorption energies, the detailed reaction routes under the Langmuir Hinshelwood 

(LH), termolecular Eley-Rideal (TER), and termolecular Langmuir Hinshelwood (TLH) 

mechanisms were explored, in which two NO molecules are converted to two NO2 

molecules using molecular O2.  Results show that on doping Pd on anionic 

[Au3]¯clusters, adsorption of both NO and O2 increases. Our calculations show that Pd 

site on bimetallic clusters is more preferable for adsorption than that of Au site. 

Moreover, energetic span model reveals [Au2Pd]¯cluster to be the most efficient cluster 

towards conversion of NO to NO2 via L-H mechanism. Hence, the addition of one atom 

decreases the activation barrier and increases the catalytic efficiency.  
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5.1 Introduction 

Nitrogen Oxides (NOx), which mostly consist of nitric oxide (NO) and nitrogen 

dioxide (NO2), are one of the primary air pollutants in the world, causing acid rain, 

ozone depletion, and photochemical smog [1, 2]. Nitric oxide accounts for more than 

90 percent of NOx and is the cause of serious respiratory ailments [3]. As a result, 

chemically converting NO to N2 is critical for preventing air pollution. NO oxidation 

to NO2 is a key process in NOx abatement technologies such as selective catalytic 

reduction (SCR), continuously regenerating trap (CRT) and NOx storage and 

reduction (NSR). Among all the techniques available, NH3-SCR is widely regarded 

as the most effective technology for lowering NOx emissions in the presence of 

excess oxygen [4, 5]. The rate of the NH3-SCR reaction can be considerably boosted 

if a fraction of the NO is transformed into NO2. At low temperatures (200-300 °C), 

the "fast" SCR reaction (4NH3 + 2NO + 2NO2  4N2 + 6H2O) is approximately 10 

times faster than the normal NO and NH3 reaction (4NH3 + 4NO + O2  4N2 + 6H2O) 

[6, 7].  Hence, it has been established that the oxidation of NO to NO2 (2NO + O2 

2NO2) is a critical step in NH3- SCR. Compared to other oxidants used for oxidation 

of NO such as O3 [8, 9], H2O2 [10, 11], KMnO4 [12] etc., molecular oxygen acts as a 

green, non-toxic and inexpensive oxidant. Under usual circumstances, the oxidation 

of NO is somewhat slow due to the complicated chemical composition of the fuel 

gas and the varied particle size distributions [13]. Therefore, a lot of effort has been 

put into designing catalysts that are suitable for NO oxidation. 

Although platinum, palladium, and rhodium are the most commonly 

used catalysts for the aforementioned processes, substantial study has revealed 

that gold also has potential applications in this field. Gold-based catalysts have the 

potential to solve “cold-start” problem in the automobile as they perform better 

than those of platinum group metals at low temperatures [14, 15]. Furthermore, 

lean burn engines are becoming increasingly popular since they provide the most 

cost-effective and practical solution to reduce NOx emissions. Various materials 

such as zeolites, metal oxides etc. have been investigated to operate the catalytic 

processes, however, dispersed Au catalysts are considered one of the promising 

catalysts for practical emission reduction on lean burn engines [16, 17]. Au/Al2O3, 

Au/TiO2, and Au/CeO2 are examples of gold catalysts that exhibit remarkable low-
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temperature performance and great selectivity in reducing nitrogen oxides to N2 

[18, 19]. Some believe that in the future, gold catalysts could probably take the place 

of platinum group ones [17, 20]. In addition, Au catalysts have become one of the 

most promising catalysts for a number of other significant chemical processes such 

as CO oxidation [21, 22] propylene epoxidation [23], water-gas shift reaction [24, 

25] etc. 

Recently, an alternative approach has been adopted for designing specific 

catalysts for selective oxidation processes, which is to use small metal clusters 

made up of only a few atoms and having catalytic characteristics unique from those 

of isolated metal cations and bulk metals [26-28]. Metal atoms and clusters exhibit 

high reactivity in a variety of chemical processes [29, 30] and also serves as perfect 

podiums for studying the mechanisms of complex reactions. Unsupported 

nanosized Au particles have been demonstrated to be active catalysts [31, 32], 

implying that the catalytic activity may be inherent in nano- or sub-nanogold 

particles. Due to charge transfer from supports to deposited gold clusters, the 

electronic structure of free anionic gold clusters are expected to be similar to that 

of the active supported gold catalysts [33]. Hence, Aun– clusters perfectly mimic the 

environment of supported Au catalysts [34].  

The interactions between gold clusters and the reactants (O2 and NO) are 

important to investigate, as activation of both reactants is a key step in the oxidation 

of NO. Several investigations have been done to study the chemical reactivity 

between Au clusters and O2 [35-39]. Cox et al. [35] reported the first experimental 

study on the chemical interactions of neutral, cationic, and anionic gas-phase Aun 

clusters with O2. They found out that anionic clusters with even n are more reactive 

towards O2 compared to cationic and neutral clusters. Huang et al. [36] did 

organized analysis of the interactions between O2 and Aun− (n = 1−7) using 

photoelectron spectroscopy and found out that molecular chemisorption of O2 

occurs on Aun– for n = 2, 4, 6 and physisorption of O2 takes place for odd sized Aun– 

(n = 3, 5, 7) clusters. Fielicke and co-workers [37] investigated geometrical 

structures using infrared multiphoton desorption spectroscopy and observed the 

vibrational spectra of AunO2– (n = 4, 6, 8, 10, 12, 14, 18, and 20). The adsorption and 

activation of NO on Au clusters of different sizes has also been the subject of 
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numerous investigations [40-44]. Citra et al. [40] reported experimental as well as 

theoretical study of NO adsorption on single Au atom in which they found that gold 

reacts strongly with nitric oxide to form AuNO and Au(NO)2 products. A systematic 

DFT analysis of NO interaction with Au clusters up to n = 6 was carried out by Ding 

et al. [41].They observed that all Au clusters, with the exception of Au3–, adsorb NO, 

regardless of their charge state. Multiple NO adsorption study on Au1-12¯was 

conducted, and it was discovered that disproportionate reaction products AunNO2¯ 

were formed for the sizes with n = 4, 6, and 8 [43]. The same group extended their 

studies [44] on the adsorption and reaction of NO on the anionic Au clusters with 

sizes upto 1 nm and concluded that NO adsorption was dominated by the clusters’ 

spins, and most even sizes with open electron shells were reactive.  

One way to enhance the catalytic activity of gold clusters is to alloy with a 

metal that is miscible and has a synergistic influence on the nature of Au. Pd–Au 

bimetallic alloy catalysts has drawn a lot of interest lately due to its superior activity 

in a wide range of reactions such as low temperature CO oxidation [45, 46], direct 

H2O2 synthesis from H2 and O2 [47, 48], hydrogenation of hydrocarbons [49] etc. 

Particularly, for CO oxidation, studies have shown that when Pd is mixed with Au, 

they show better catalytic activity corresponding to their monometallic 

counterparts [50-51]. Peng et al. [50] studied CO adsorption and oxidation on 

AumPdn (m + n = 2–6) bimetallic clusters and found that the calculated reaction 

barrier of CO oxidation was lower for Au2Pd than those of Au3 and Pd3. Wu and 

coworkers [51] found that the reaction barrier for CO oxidation is relatively lower 

for AuPd (111) than that of pure Pd (111) surface slab and the addition of Au 

significantly improves the activity of a Pd–Au bimetallic slab for CO oxidation. 

However, very limited research is available when it comes to NO oxidation on AuPd 

bimetallic system [52, 53]. Our previous study [53] have demonstrated that AuPd 

anionic dimer is capable of oxidizing two NO molecules to two NO2 molecules using 

molecular O2 via L-H mechanism. For this reason, we are interested to know if AuPd 

anionic trimer may accomplish the same objective at a lower reaction barrier. 

In this work, we put forward for the first time NO oxidation employing gas 

phase [AunPd3-n]¯(n=0-3) mono and bimetallic trimers via LH, TER and TLH 

mechanisms. Previous studies [35, 36, 41] have indicated [Au3]¯ trimer to be less 
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reactive towards O2 and NO. However, it is expected that chemical bonding of [Au3]¯ 

cluster towards the same molecules may increase on alloying it with Pd atoms. 

Hence, a detailed theoretical study has been carried out for the titled reaction to  

(1) finding the adsorption and co-adsorption pattern of NO and O2 molecules  

(2) providing deep insights into the oxidation mechanism of nitric oxide on pure 

and doped anionic gold dimers and  

(3) finding the effect of alloying a pure Au3 cluster with Pd atoms and how it 

modifies its electronic environment and its catalytic activity towards NO oxidation.  

The findings from our study will aid in understanding the oxidation process at 

the molecular level, providing new perspectives for the development of a class of 

catalysts with high catalytic activity and maximum atom utilization. 

5.2 Computational Details  

DFT calculations are carried out using the Gaussian 09 software package [54] 

to produce optimized structures, ground state energies, and frequencies for every 

species. For the entire calculation, a combination of density fitting triple zeta 

valence with single-polarization (def2TZVP) [55-56] basis set and a more widely 

used M06L [57] local density functional are selected. The M06L functional has been 

shown to be reliable on predicting and exploring the properties of precious metals 

accurately, particularly Au [53, 58-60]. According to vibrational frequency 

calculations, stable intermediate species have all positive frequencies while TSs 

have a single imaginary frequency. A transition state structure's (TSs) geometry is 

optimized using either the synchronous transit-guided quasi-Newton (STQN) 

method [61] or the Berny algorithm [62].The reliability of the reaction path that 

links the transition state with its two nearby intermediates has been verified 

through IRC calculations [63]. Effect of mixing in binary alloys are determined by 

calculating the excess energy Δ given by- 

𝛥 =  𝑁𝐸𝐴𝑢𝑚 𝑃𝑑𝑛 
– 𝑚𝐸𝐴𝑢𝑁  

−  𝑛𝐸𝑃𝑑𝑁 
       (1) 

Where 𝐸𝐴𝑢𝑚 𝑃𝑑𝑛 
is the total zero-point corrected energy of the binary alloy and 

𝐸𝐴𝑢𝑁 
and 𝐸𝑃𝑑𝑁 

are the total zero-point corrected energies of the pure AuN and PdN  
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(M=Pd, Pt), respectively. Here N is equal to 3. The negative value of excess energy 

suggests beneficial mixing, whereas the positive value shows a demixing tendency.  

The adsorption energy (Eads) of NO and O2 on [AunPd3-n]¯(n=0-3) has been calculated 

using the equation- 

                                  𝐸𝑎𝑑𝑠 =  𝐸𝑡𝑟𝑖𝑚𝑒𝑟𝑠/𝑁𝑂/𝑂2 
– (𝐸𝑡𝑟𝑖𝑚𝑒𝑟𝑠 +  𝐸𝑁𝑂/𝑂2 

)                                 (2) 

where 𝐸𝑡𝑟𝑖𝑚𝑒𝑟𝑠 represents the total zero-point corrected energy of the [AunPd3-

n]¯(n=0-3) trimers, 𝐸𝑁𝑂/𝑂2 
is the total zero-point corrected energy of the NO/O2 

molecule and 𝐸𝑡𝑟𝑖𝑚𝑒𝑟𝑠/𝑁𝑂/𝑂2 
is the total zero-point corrected energy of the NO/O2 

adsorbed on trimers. Natural Bond Orbital (NBO) [64] calculations have been 

carried out at the same theoretical level to investigate the chemical behavior of the 

reactants and pure catalysts. Moreover, Multiwfn program [65] is used to analyze 

the orbital composition of the HOMO-LUMO isosurfaces of the clusters. 

The energetic span model (ESM), originally derived from the Arrhenius Eyring 

transition state theory, and is used to evaluate the efficiency of different clusters. 

The model is developed and put into practical use by Kozuch and Shaik [66-68].This 

model expresses turnover frequency (TOF) as a function of catalytic energy span 

(δE). The model suggests that instead of a rate-determining step, the catalytic cycle 

uses rate-determining states to determine the cycle's apparent activation energy. 

The transition state and intermediate responsible for the apparent activation 

energy are referred to as turnover frequency-determining transition state (TDTS) 

and turnover frequency-determining intermediate (TDI). 

           𝑇𝑂𝐹 =
𝐾𝐵𝑇

ℎ
𝑒−

𝛿𝐸

𝑅𝑇                                                         (3) 

Eq. (2) describes the link between TOF and energy span (δE). KB is Boltzmann's 

constant, T is the room temperature, h is Planck's constant, and R is the gas 

constant. 

                                            




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
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


TDI before appears TDTS if ,

TDIafter  appears TDTS if ,

rTDITDTS

TDITDTS

GIT

IT
E                           (4) 

Eq. (3) illustrates the connection between energy span (δE), TOF determining 

transition state (TDTS), and TOF determining intermediate. 



Chapter 5 

 

 

5-6 | P a g e  
 

5.3 Results and Discussion 

5.3.1 Electronic structures and energies of the [AunPd3-n]¯(n=0-3) clusters 

Figure 5.1 shows ground state electronic structures of [Au3]¯, [Au2Pd]¯, 

[AuPd2]¯, [Pd3]¯, NO and O2 obtained at the M06L/def2TZVP level of theory along 

with their natural charges (shown in parentheses) and bond lengths (in Å). 
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Figure 5.1: Ground state electronic structures of [Au3]¯, [Au2Pd]¯, [AuPd2]¯, [Pd3]¯, 

NO and O2 obtained at the M06L/def2TZVP level of theory along with their natural 

charges (shown in parentheses) and bond lengths (in Å). 

 [Au3]¯ have two configurations, linear and triangular, in which linear 

configuration(SM=1) is found to be the most stable structure. Further, the 
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difference in energy between the linear and the triangular structure of [Au3]¯is 

28.61 kcal/mol. The equilibrium bond-length (2.623 Å) and bond-angle (180°) of 

the [Au3]¯cluster are consistent with previously reported results [69, 70]. The 

ground state structure of [Au2Pd]¯cluster is linear (Figure 5.1) with D∞h symmetry, 

having two Au-Pd bond lengths of 2.608 Å which is in good agreement as reported 

by Ai-Jie et al.[71]. On increasing the spin state from ground doublet state to quartet 

spin state, the structure remains the same; however energy increases up to 58.42 

kcal/mol. Moreover, the energy difference between the linear and triangular 

structure of [Au2Pd]¯cluster is only 1.85 kcal/mol. The optimized structure of 

[AuPd2]¯ is found to be triangular (Figure 5.1) having C2V symmetry with singlet spin 

as a ground state structure. A linear structure is also obtained for [AuPd2]¯ cluster 

in the form Pd-Au-Pd which is 20.56 kcal/mol more in energy than the triangular 

ground state structure. Finally, the ground state structure obtained for pure [Pd3]¯ 

trimer is an equilateral triangle (D3h symmetry) with angles of 60⁰ and sides with 

equal bond lengths of 2.578 Å [72, 73]. The quartet spin state structure is also a 

triangular structure which is 26.34 kcal/mol more energy than the doublet ground 

state structure. A linear structure is also obtained which is 28.54 kcal/mol higher 

in energy. The bond lengths of NO, O2, and NO2 are found to be 1.147 Å, 1.205 Å, and 

1.191 Å, respectively. These values are similar to those given in the CRC Handbook 

of Chemistry and Physics [74]. For bimetallic trimers ([Au2Pd]¯ and [AuPd2]¯), the 

excess energy is found to be positive, thus, indicating demixing tendency for Au and 

Pd. 

5.3.2 Molecular orbital analysis and electronic properties of the [AunPd3-n]¯ 
(n=0-3) clusters 

Figure 5.1 includes the orientation of HOMO and LUMO of the [AunPd3-n]¯ (n=0-

3) clusters and the reactants along with their optimized geometries. For ground 

spin multiplicity other than singlet, there is a possibility for HOMO and LUMO to 

have same or different spin channels. [Au3]¯ and [AuPd2]¯ have singlet multiplicity. 

For [Au2Pd]¯ as well as [Pd3]¯ clusters, both HOMO-LUMO belongs to β spin channel 

{HOMO(β), LUMO(β)}. The cluster's HOMO and LUMO should be discussed since 

they provide insight into how the cluster bonds to the reactants. In [Au3]¯, 6s orbitals 

of the terminal Au atoms are the major contributors in both HOMO as well as LUMO.  
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For HOMO, the middle Au atom contributed very little via 6pz and 5dz2orbitals. 

Natural charge indicates that the terminal atoms are more negative compared to 

the middle Au atom. Both molecular orbital analysis and natural charge analysis 

indicates bonding of [Au3]¯ cluster with reactants via terminal Au atoms. In [Au2Pd]¯ 

cluster, the HOMO is largely concentrated on the 4dyz orbital of the Pd atom 

(67.88%) while two terminal Au contributed roughly around 32% via 5dyz orbital. 

The LUMO is largely distributed among the 5dz2and 5sorbitals of Pd atoms where 

5dz2 is the major contributor.  Au being more electronegative, the electronic charge 

resides on the two Au atoms. However, orbital analysis indicates that the frontier 

orbitals resides on the Pd atom present in the [Au2Pd]¯cluster. Hence, it can be said 

that the bonding of the reactants may occur on the Pd site of the [Au2Pd]¯cluster. 

[AuPd2]¯trimer consists of HOMO fully spread out in the two Pd atoms present in 

the cluster with the major contributions from the [AuPd2]¯ trimer consists of HOMO 

entirely distributed out in the two Pd atoms in the cluster, with the main 

contributions from 4dx2-y2 and4dz2 orbitals. For LUMO, Au contributes roughly 

around 33% via 6s and 6py orbitals and the remaining part is distributed among the 

two Pd atoms where 5s is the main contributor orbital. The HOMO of [Pd3]¯cluster 

is well distributed among each Pd atoms with contributions from 4dxz and 4dyz 

orbitals. Even distribution can also be seen for LUMO with contributions from 4dxy 

and 4dx2-y2 orbitals. Table 5.1 provides orbital's contribution to the HOMO and 

LUMO of each cluster. 

Table 5.1: Contribution of each orbital to the HOMO and LUMO of [AunPd3-n]¯ (n=0-

3) clusters. 

 Center Label Type Composition 

[Au3]¯_HOMO 1(Au) s Val( 6s) 44.636 % 

 3(Au) s Val( 6s) 44.636 % 

     

[Au3]¯_LUMO 1(Au) s Val( 6s) 21.261 % 

 2(Au) s Val( 6s) 37.088 % 

 3(Au) s Val( 6s) 21.261 % 

     

[Au2Pd]¯_HOMO 1(Au) dyz Val( 5d) 15.761 % 
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 2(Pd) dyz Val( 4d) 67.881 % 

 3(Au) dyz Val( 5d) 15.769 % 

     

[Au2Pd]¯_LUMO 1(Au) dz2 Val( 5d) 7.801 % 

 2(Pd) s Val( 5s) 12.131 % 

 2(Pd) dz2 Val( 4d) 66.569 % 

 3(Au) dz2 Val( 5d) 7.806 % 

     

[AuPd2]¯_HOMO 1(Pd) dxy Val( 4d) 9.351 % 

 1(Pd) dx2-y2 Val( 4d) 22.553 % 

 1(Pd) dz2 Val( 4d) 13.550 % 

 2(Pd) dxy Val( 4d) 9.351 % 

 2(Pd) dx2-y2 Val( 4d) 22.544 % 

 2(Pd) dz2 Val( 4d) 13.550 % 

     

[AuPd2] ¯_LUMO 1(Pd) s Val( 5s) 25.837 % 

 2(Pd) s Val( 5s) 25.837 % 

 3(Au) s Val( 6s) 26.843 % 

     

[Pd3] ¯_HOMO 1(Pd) dxz Val( 4d) 33.328 % 

 2(Pd) dxz Val( 4d) 8.335 % 

 2(Pd) dyz Val( 4d) 25.000 % 

 3(Pd) dxz Val( 4d) 8.335 % 

 3(Pd) dyz Val( 4d) 25.000 % 

     

[Pd3] ¯_LUMO 1(Pd) dxy Val( 4d) 33.074 % 

 2(Pd) dxy Val( 4d) 8.266 % 

 2(Pd) dx2-y2 Val( 4d) 24.800 % 

 3(Pd) dxy Val( 4d) 8.266 % 

 3(Pd) dx2-y2 Val( 4d) 24.800 % 
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Another crucial factor to consider is the cluster’s electronic properties, which 

provide useful information about their chemical reactivity. Table 5.2 includes 

electronic properties of the [AunPd3-n]¯ (n=0-3) clusters(HOMO-LUMO gap=HLG), 

Ionization potential =IP and Electron Affinity= EA). HLG follows the order: 

[Au3]¯>[AuPd2]¯>[Au2Pd]¯>[Pd3]¯. Table 5.2 shows that doping Pd to [Au3]¯ cluster 

results in a considerable decrease in HLG values. Since HLG value is associated with 

stability, the most stable and least reactive cluster is anticipated to be [Au3]¯. 

Conversely, the most reactive species is anticipated to be the [Pd3]¯cluster. The 

similar pattern is also shown by the values of softness and hardness. However, 

other electronic properties such as electronegativity and chemical potential 

indicating [Au2Pd]¯ cluster to be the most reactive one. However, these are 

preliminary observations and investigating the full reaction pathways is necessary 

to determine the reactivity of these clusters. 

Table 5.2: Electronic properties of [AunPd3-n]¯ (n=0-3) clusters at the 

M06L/def2TZVP level of theory.(HOMO-LUMO gap (HLG), Ionization potential (IP) 

and Electron Affinity (EA)). 

 

5.3.3 NO/O2 adsorption properties on [AunPd3-n]¯ (n=0-3) clusters 

Adsorption analysis is an important tool as it provides information about the 

catalyst's reactivity sites and how reactants interact with them. The reactants and 

catalysts must interact in an optimum nature, that is, neither too strong nor too 

weak, for the reaction to proceed. Optimized geometries of single NO and O2 

adsorbed on mono as well as bimetallic clusters are shown in Figure 5.2 along with 

Catalyst 

Properties (in eV) 

HLG IP 
 

EA 
Hardness Softness 

Electro- 

negativity 

Chemical 

Potential 

[Au3]¯ 2.385 1.137 -1.248 1.192 0.419 0.055 -0.055 

[Au2Pd]¯ 0.542 0.856 0.313 0.271 1.842 -0.584 0.584 

[AuPd2]¯ 0.560 -1.169 -1.730 0.280 1.783 1.449 -1.449 

[Pd3]¯ 0.404 -1.100 -1.504 0.202 2.474 1.302 -1.302 
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the bond parameters (in Å). Table 5.3 includes single adsorption energies of NO/O2 

adsorbed on the pure and doped Au3 clusters.  

 

Figure 5.2: Optimized geometries of NO/O2 adsorbed on [AunPd3-n]¯ (n=0-3) 

clusters along with the bond parameters (in Å) at M06L/def2TZVP level. 

From the natural (or NBO) charge (given in Figure 5.1), it can be perceived 

that the electronic charge resides on the terminal Au atoms of [Au3]¯cluster. The 

prediction is supported by the fact that both NO and O2 tends to bond on the 

terminal Au atoms of anionic Au3 cluster. NO is bonded to one of the terminal Au 
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atom in an end-on position with an adsorption energy (Eads) of about -14.54 

kcal/mol (Table 5.3). The structure and Eads of NO adsorbed on [Au3]¯cluster is 

consistent with the previously reported result [41]. In a similar fashion, O2 is 

bonded in an end-on position to one of the terminal Au atom with adsorption energy 

of -5.87 kcal/mol [36, 69]. It is seen that the adsorption energies of NO and O2 

adsorbed on [Au3]¯cluster is very small. It is due to the odd-even effect observed for 

the anionic clusters. Odd sized anionic clusters are found to be inert towards 

reactants such as O2 due to their closed shell electronic structure [36, 69]. 

[Au2Pd]¯and [AuPd2]¯clusters have two possible active sites, Au site and Pd site. In 

case of [Au2Pd]¯, due to more electronegativity of Au, electronic charges are residing 

in the terminal Au atoms rather than that of middle Pd atom. However, HOMO-

LUMO analysis indicates that both HOMO and LUMO are mostly located on Pd site. 

The value of adsorption energies of NO and O2 on the Pd site are significantly 

negative than that of the Au site (Table 5.3). Hence, adsorption of both NO and O2 

are preferable on Pd site for [Au2Pd]¯ cluster. It is seen that after adsorbing NO on 

Pd site, structure of [Au2Pd]¯ cluster changes from linear (180⁰) to bent (130⁰). 

When NO adsorbs on Au site, ∠Au-Pd-Au decreases from 180⁰ to 123⁰. In 

[AuPd2]¯cluster, it is expected that the reactants will bond via one of the Pd atoms 

as most of the HOMO-LUMO contributions are from two Pd atoms. The conclusion 

is supported by the adsorption energies of the reactants on [AuPd2]¯cluster. Both 

NO and O2 binds strongly on the Pd site rather than that of Au site. NO binds to both 

the Pd and Au site of [AuPd2]¯cluster in an end-on position with Eads of about -54.53 

kcal/mol and -27.53 kcal/mol, respectively. O2 binds to Au in an end-on position 

(Eads=-18.48 kcal/mol) whereas it binds to two Pd atoms in a bridging manner 

(Eads=-44.95 kcal/mol). Further, both NO and O2 adsorbs on [Pd3]¯ using end-on 

configuration. The adsorption energies of NO and O2 are -56.12 kcal/mol and -32.69 

kcal/mol, respectively. 

Table 5.3: Calculated single adsorption energy (Eads) (in kcal/mol) of NO/O2 

adsorbed on the pure and doped [AunPd3-n]¯ (n=0-3) clusters. 

Catalyst Adsorption sites Spin Eads(NO) Spin Eads (O2) 

[Au3]¯ Au 2 -14.54 3 -5.87 

[Au2Pd]¯ Au 1 -13.34 2 0.73 
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From NBO analysis, Wiberg bond index (WBI) [75] analysis is carried out to 

obtain the comparative scale for the bond strength (Table 5.4). When NO adsorbs 

on the Pd site of the [Au2Pd]¯ cluster, the WBI value for the Pd-N bond is 0.824, more 

than the WBI value (0.746) for the Au-N bond when NO is adsorbed on Au site. WBI 

is suggesting stronger Pd-N interaction in comparison to Au-N interaction. For O2 

adsorption on both the active site of [Au2Pd]¯ catalyst, Pd-O bond has a WBI value 

of 0.369, while Au-O bond has a WBI value of 0.230. This indicates strong 

interaction of Pd with O atom of O2 as compared to Au. This scenario is similar for 

[AuPd2]¯ catalyst where WBI values of Pd-N bond and Pd-O bond are greater than 

that of Au-N and Au-O bond, suggesting stronger bonding of NO and O2 with Pd site 

rather than Au site (Table 5.4). This results are in correlation with the adsorption 

energies found on [Au2Pd]¯and [AuPd2]¯ catalyst.  

NO prefers to bind with the catalysts using its nitrogen atom in order to avoid 

large formal negative large on a more electronegative oxygen atom. We have also 

observed that the NO adsorption energies on the clusters are more negative than 

that of O2 adsorption energies as NO is a good π  acceptor which can accept 

electronic charge from metal filled d orbitals to its antibonding π* orbitals, thus 

strengthening the metal-nitrogen bond.  

Table 5.4: Wiberg bond index (WBI) for newly formed bonds after adsorption of 

NO and O2on [AunPd3-n]¯ (n=0-3) clusters at M06L/def2TZVP level. 

 

Adsorbed 

Species 

Wiberg bond index 

[Au3]¯ [Au2Pd]¯ [AuPd2]¯ [Pd3]¯ 

Au-N Au-N Pd-N Au-N Pd-N Pd-N 

NO 

adsorbed 
0.437 0.746 0.824 0.473 0.791 0.900 

 Au-O Au-O Pd-O Au-O Pd-O Pd-O 

Pd 1 -43.48 2 -9.14 

[AuPd2]¯ 
Au 2 -27.53 3 -18.48 

Pd 2 -54.53 3 -44.95 

[Pd3]¯ Pd 1 -56.12 2 -32.69 
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O2 

adsorbed 
0.276 0.230 0.369 0.189 0.453;0.365 0.494 

Flue gas contains both NO and O2, so it's important to examine the various 

combinations of the co-adsorption of O2 and NO molecules, as well as two NO and 

two O2 molecules. The co-adsorption could occur at the same site or at the adjacent 

sites. Single adsorption energies of NO/O2on [Au2Pd]¯ and [AuPd2]¯ clusters have 

shown us that the co-adsorption of both the reactants will prominently take place 

on Pd sites of these clusters. Since, there is only one Pd site on [Au2Pd]¯cluster, there 

is only one configuration possible for the co-adsorption. For [AuPd2]¯cluster,  there 

are two active Pd sites; hence, the reactants may co-adsorb either on same Pd atom 

or on two Pd sites adjacently. In [Au3]¯ cluster, terminal Au atoms are more active 

which means the two reactants may occupy either one or two terminal atoms, thus, 

leading to two different configurations. For [Pd3]¯, two configurations are possible 

based on the adsorption location of the reactants. Table 5.5 includes co-adsorption 

energies (Co-Eads) (in kcal/mol) of various combinations of NO and O2 on [AunPd3-

n]¯ (n=0-3) clusters at M06L/def2TZVP level. From Table 5.5, it can be concluded 

that co-adsorption of the reactants at different sites is more favorable compared to 

co-adsorption at the same site (or atom). Moreover, the co-adsorption of two NO 

molecules are highly probable since its co-adsorption energies (Co-Eads) in each 

cluster are very high. Our calculated adsorption as well as co-adsorption energies 

is in consistent with the previously reported results [76-79]. The co-adsorption 

modes of NO/O2 and 2NO adsorbed on [AunPd3-n]¯ (n=0-3) clusters are shown in 

Figure 5.3 and Figure 5.4, respectively.  

Table 5.5: Calculated Co-adsorption energies (Co-Eads) (in kcal/mol) of NO and O2, 

two NO and two O2 molecules co-adsorbed on different sites of [AunPd3-n]¯ (n=0-3) 

clusters. 

Catalyst 

[Au3]¯ [Au2Pd]¯ [AuPd2]¯ [Pd3]¯ 

Spin 
Co-

Eads 
Spin 

Co-

Eads 
Spin Co-Eads Spin Co-Eads 

NO & O2 

(same_site) 
2 -20.54 3 -38.25 2 -69.77 3 -59.62 

NO & O2 2 -22.85 --- --- 1 -90.26 3 -82.46 
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(diff_site) 

2 NO 

(same_site) 
3 -25.23 4 -41.35 3 -95.44 2 -91.90 

2 NO 

(diff_site) 
3 -30.91 --- --- 1 -103.44 2 

-

102.95 

2 O2 

(same_site) 
3 1.25 2 -41.20 1 -54.93 2 -52.65 

2 O2 

(diff_site) 
3 -12.03 --- --- 3 -69.11 4 -58.26 
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Figure 5.3: Optimized geometries of NO and O2 co-adsorbed on [AunPd3-n]¯ (n=0-3) 

clusters at M06L/def2TZVP level along with the bond parameters (in Å) and NBO 

charges (given in parentheses). 
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For [Au3]¯ cluster, the difference between Co-Eads of NO and O2 at the same site 

and different site is very less (2.31 kcal/mol). For same site adsorption, it is seen 

that O2 is not directly linked to the catalyst; rather it is weakly bonded to NO. The 

bond length (dO−O) and vibrational frequency (νO−O) of O2 in this configuration are 

1.236 Å and 1424.66 cm-1, respectively. In case of different site adsorption, both NO 

and O2 are adsorbed to different terminal Au atoms. The dO−O and νO−Ofor different 

site adsorption are 1.261 Å and 1304.27 cm-1, respectively. Hence, it becomes 

evident that O2 gets activated more in case of different site adsorption. Similar 

scenario is obtained for NO where it is activated more in case of different site 

adsorption (dN−O=1.180 Å and νN−O=1674.23cm-1). Table 5.6 contains values of 

vibrational frequencies and WBI.  [Au2Pd]¯ have only one active site, so there is only 

one configuration (same site configuration). It is interesting to note that on doping 

Pd atom on [Au3]¯ cluster, the Co-Eads of NO and O2 increases. Moreover, the [Au2Pd]¯ 

cluster structure changes from linear to triangle upon co-adsorption. The Co-Eads of 

NO and O2, 2NO and 2O2 are nearly the same for [Au2Pd]¯ cluster which means that 

competition may occur between all the various configurations to occur. In case of 

same site adsorption of NO and O2 on [Au2Pd]¯, the values of  νN−O and νO−O are 

1708.49 cm-1 and 1243.95 cm-1, respectively, which indicates redshift in frequency. 

For [AuPd2]¯ cluster, the Co-Eads values of NO and O2 at the same site and different 

site are -69.77 kcal/mol and -90.26 kcal/mol, respectively. These values suggests 

that the probability of NO and O2 co-adsorbing on different site is more. Table 5 

suggests higher activation of O2 (dO−O =1.297 Å and νO−O =1203.61cm-1) on 

different site configuration. Similar is the case for [Pd3]¯ cluster where the Co-Eads 

of NO and O2 is higher in case of different site adsorption. The νO−O for same site 

configuration is 1298.93 cm-1 whereas for different site adsorption, the value of 

νO−Ois 1260.52 cm-1. This indicates more activation and more redshift in frequency 

for O2 in case of different site adsorption. For NO, the redshift in frequency is 

occurring more in case of same site adsorption (1679.88 cm-1).   
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Table 5.6: Vibrational frequencies (in cm-1) and Wiberg bond indexes (WBI) for co-

adsorption of NO and O2 on [AunPd3-n]¯ (n=0-3) clusters. 

Catalyst Same site co-adsorption Different site co-adsorption 

[Au3]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1715.12 1.832 1674.23 1.827 

𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 

1424.66 1.402 1304.27 1.334 

[Au2Pd]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1708.49 1.828 --- --- 

𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 

1243.95 1.305 --- --- 

[AuPd2]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1696.00 1.833 1750.87 1.805 

𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 

1272.67 1.298 1203.61 1.262 

[Pd3]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1679.88 1.827 1731.34 1.771 

𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛎𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 

1298.93 1.335 1260.52 1.229 
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Figure 5.4: Optimized geometries of two NO co-adsorbed on [AunPd3-n]¯ (n=0-3) 

clusters at M06L/def2TZVP level along with the bond parameters (in Å) and NBO 

charges (given in parentheses). 

When it comes to [Au3]¯cluster, the energy difference between two NO 

molecules co-adsorbed on different terminal Au atoms and the same terminal Au 

atom is 5.68 kcal/mol. For adsorption on same site, looking at the natural charge of 

terminal Au (0.231e), it is evident that electron transfer has occurred from Au 

orbitals to π* orbital of NO. Consequently, NO experiences elongation, as indicated 

by its bond lengths (1.187 Å) and νN−O (1658.54 cm-1). Table 5.7 contains values of 

vibrational frequencies and WBI. Similar is the case for co-adsorption at different 

terminal Au sites where NO bond lengths (1.185 Å) and vibrational frequencies 

(1682.57 cm-1) also suggesting activation of NO. When two NO molecules co-adsorb 

on the [Au2Pd]¯ cluster, the cluster's structure changes from linear to triangular. Co-

adsorption of two NO molecules on Pd site of the cluster leads to its activation which 

is evident from redshift in frequencies (1719.20 cm-1). The configuration for the 

same site adsorption on [AuPd2]¯ cluster and [Pd3]¯ cluster is similar where one NO 

molecule is in bridged configuration and another NO is in linear position. Looking 

at Table 6, it is confirmed that the bridged NO is more activated in comparison to 

the linear NO for both the clusters. For [AuPd2]¯ cluster, the Co-Eads of two NO 

molecules co-adsorbed on different site is more (-103.44 kcal/mol) than that of co-

adsorption on the same site (-95.44 kcal/mol) which signifies that two NO 

molecules prefer to co-adsorb adjacently. However, the difference in energy 

between two configurations is less which means that presence of both the 

configurations is possible. Similar is the case for [Pd3]¯ cluster where Co-Eads of two 

NO molecules co-adsorbed on different site is more (Table 5.5) and the difference 

in energy between the two configurations is less (11.05 kcal/mol). However, Table 

5.7 shows that same site co-adsorption is activating NO molecules much more than 

the different site co-adsorptions. 

Table 5.7: Vibrational frequencies (in cm-1) and Wiberg bond indexes (WBI) for co-

adsorption of two NO molecules on [AunPd3-n]¯ (n=0-3) clusters. 

Catalyst Same site co-adsorption Different site co-adsorption 
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[Au3]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1658.54 1.807 1682.57 1.761 

[Au2Pd]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1719.20 1.157 --- --- 

[AuPd2]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1541.03;1631.81 1.659;1.702 1740.62 1.920 

[Pd3]¯ 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛎𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1535.83;1665.83 1.621;1.878 1718.23 1.749 

 

It is to note that NO and O2 adsorbed at the same site and different sites give 

rise to conventional Langmuir-Hinshelwood mechanism, L-Hss (ss=same site) and 

L-Hds (ds=different sites) respectively. Whereas co-adsorption of two NO molecules 

can give rise to Termolecular Eley Rideal (TER) and Termolecular Langmuir 

Hinshelwood mechanism (TLH). Co-adsorption of two O2 molecules doesn’t lead to 

any type of mechanism and thus, not discussed in details. Based on the adsorption 

sites of the reactants, these mechanisms can be categorized into TERss, TERds, TLHss 

and TLHds.  In our study, L-H, TER and TLH mechanisms have been taken into 

consideration for catalytic oxidation of NO on [AunPd3-n]¯ (n=0-3) clusters owing to 

their single as well as co-adsorption energies of the reactants. Eley-Rideal (E-R) 

mechanism is not taken into consideration as for E-R mechanism to occur, the 

adsorption of O2becomes very important. Since, adsorption energies of O2 adsorbed 

on the trimers is much lower as compared to that of NO, the probability of E-R 

mechanism occurring is very low.  

5.3.4 Catalytic oxidation pathway of NO on [AunPd3-n]¯ (n=0-3) clusters 

5.3.4.1 Langmuir Hinshelwood (L-H) mechanism 

Langmuir Hinshelwood (L-H) is a conventional bimolecular mechanism where 

co-adsorption of both the reactants are important. In case of NO oxidation, 
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activation of both the reactants, that is, NO and O2 is required to facilitate the 

formation of NO2. For reaction to proceed smoothly, optimum adsorption energy of 

the reactant onto the catalyst is of utmost importance as low adsorption energy will 

not make the reaction go forward and higher adsorption energy will poison the 

catalyst. Previous studies have shown L-H mechanism to be an efficient mechanism 

for NO oxidation [53, 79-81]. The co-adsorption of NO and O2 on the same site (or 

atom) results in L-Hss (ss=same site) whereas co-adsorption of NO and O2 on 

different sites (or atoms) results in L-Hds (ds=different sites).  L-Hss mechanism 

undergoes via three steps: (i) Interaction of NO and O2on the same site and 

formation of O-N-O-O bond (TS1):(ii) Breaking of the newly formed O-N-O-O bond 

to form first NO2 (TS2) and (iii) Incoming of second NO and formation of the second 

NO2 (TS3). Figure 5.5 (a), (b), (c) and (d) represents the optimized geometries of 

intermediates and transition states involved in the NO oxidation pathway via LHss 

on [AunPd3-n]¯ (n=0-3) clusters, respectively. Figure 5.6 demonstrates the potential 

energy surface (PES) profile for the LHss mechanism. The relative Gibbs’ free 

energies of all the intermediates and transition states have been calculated with 

respect to [AunPd3-n]¯ (n=0-3) + 2NO (gas) + O2 (gas) at 298.15K and 1 atm. 
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(a) 

 

(b) 
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(c) 

 

 (d) 

Figure 5.5: Intermediates and transition states involved in catalytic oxidation 

pathway of NO via LHss mechanism on (a) [Au3]¯ (b) [Au2Pd]¯ (c) [AuPd2]¯ and (d) 

[Pd3]¯along with their bond lengths (in Å). Imaginary frequency of each TS is given 

in parentheses. 

 
The reaction starts with the co-adsorption of NO and O2 on one of the terminal 

Au atoms of [Au3]¯ forming IM1a. It is to be noted that O2 is not directly linked to the 

cluster, rather it is weakly attached to NO. However, as the reaction proceed 

forward, O2 along with NO, gets adsorbed to the catalyst and shows characteristics 

of an L-H mechanism. Co-adsorption of NO and O2 on same site of [Au2Pd]¯, [AuPd2]¯ 

and [Pd3]¯ give rise to IM1b, IM1c and IM1d, respectively.IM1a, IM1b, IM1c and 

IM1d are -5.71 kcal/mol, -29.40 kcal/mol, -51.84 kcal/mol and -31.55 kcal/mol, 

respectively, lower in energy than the starting point (Catalyst + Reactants). The first 

transition state of LHss occurs where NO and O2 interacts with each other and form 

an O-N-O-O type bond structure. Looking at the bond parameters in TS1a, it 

becomes evident that O2 bond is elongated (1.236 Å in IM1a to 1.313 Å in TS1a) and 
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a new N-O bond is to be formed. Similar scenario is occurring in TS1 (b, c and d) 

where elongation of O2 molecule is taking place. Barrier height of TS1a, TS1b, TS1c 

and TS1d are 12.26, 2.43, 17.43 and 4.43 kcal/mol, respectively. The barrier height 

of TS1b for [Au2Pd]¯ cluster is very low (2.43 kcal/mol). It could be explained by the 

fact that, during co-adsorption, O2 in IM1b was activated most significantly (1.306 

Å) among all the clusters.  This step is endothermic for all the clusters, except 

[Au2Pd]¯. Hence, first step is kinetically as well as thermodynamically favorable in 

[Au2Pd]¯ cluster.  Reaction proceed forward where O-N-O-O bond breaks to form 

first NO2 molecule and a lone ‘O’ atom. The barrier height for TS2a, TS2b, TS2c and 

TS2d are 15.98, 15.58, 9.76 and 9.90 kcal/mol, respectively. This step is highly 

exothermic for all the clusters as shown in Figure 5.6. From Potential Energy 

Surface, it is clear that IM3c and IM3d are much more stable intermediate than IM3a 

and IM3b. The desorption of NO2 from the system gives rise to IM4. The desorption 

energy Edes of first NO2 is lowest for [Au2Pd]¯ cluster (11.85 kcal/mol) while Edes of 

first NO2 is 40.02 kcal/mol for [Au3]¯, 42.80 kcal/mol for [AuPd2]¯and 43.82 

kcal/mol for [Pd3]¯ cluster. After NO2 is removed from the system, one NO enters 

the system, interacts with IM4 to form IM5. From PES, it is obvious that IM5c and 

IM5d are much more stable intermediate than IM5a and IM5b in PES which signifies 

that NO is strongly bonded to IM5c and IM5d. The last transition state (TS3) 

involves interaction of second NO with lone ‘O’ atom and formation of the second 

NO2. The activation barrier for the formation of second NO2 in [Au3]¯ is 33.73 

kcal/mol while it is 13.13 kcal/mol in [Au2Pd]¯, 37.95 kcal/mol in [AuPd2]¯ and 

39.09 kcal/mol in [Pd3]¯ cluster. Hence, kinetically, this step is feasible only 

on[Au2Pd]¯ cluster. In [Au2Pd]¯ cluster, the third step is exothermic by 25.74 

kcal/mol. Therefore, [Au2Pd]¯ cluster is found to be efficient in catalyzing two NO 

molecules to two NO2 molecules via LHss mechanism.  
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Figure 5.6: Energy profile diagram for LHss mechanism on [AunPd3-n]¯ (n=0-3) 

clusters at M06L/def2TZVP level.  

 
LHds mechanism undergoes via two steps: (i) Interaction of NO and O2 

adsorbed on different sites and formation of NO2 via breaking of O-N-O-O bond 

(TS1/) and (ii) Incoming of second NO and formation of the second NO2 (TS2/). 

Figure 5.7 (a) and (b)represents the optimized geometries of intermediates and 

transition states involved in the NO oxidation pathway via LHss on [AunPd3-n]¯ (n=0-

3) clusters, respectively. Figure 5.8 reveals the PES profile for the LHds mechanism.  
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(a) 

 

 

(b) 

Figure 5.7: Intermediates and transition states involved in catalytic oxidation 

pathway of NO via LHds mechanism on (a) [AuPd2]¯and (b) [Pd3]¯along with their 

bond lengths (in Å). Imaginary frequency of each TS is given in parentheses.   



Chapter 5 

 

5-29 | P a g e  
 

LHds cannot occur in [Au3]¯ system as NO and O2 are not adjacently adsorbed 

in the [Au3]¯ which makes the distance between NO and O2 quite high. Hence, it 

becomes difficult for both the reactants to interact with each other. In case of 

[Au2Pd]¯, since it has only one active site (Pd site), so reactants adsorbing adjacently 

is not favored in this trimer system, hence, LHds is not followed. LHds is followed in 

case of [AuPd2]¯and [Pd3]¯ clusters as there is a possibility of NO and O2 adsorbing 

adjacently to each other in these two clusters. Reaction starts when NO and O2 are 

adsorbed adjacently in the Pd atoms of [AuPd2]¯ clusters, forming IM1/c. IM1/c is -

72.16 kcal/mol lower in energy than the starting point. Looking at the structure of 

IM1/c (Figure 5.7), it is clear that upon co-adsorption, NO (1.147 Å to 1.176 Å) and 

O2 (1.205 Å to 1.297 Å) are activated simultaneously. In a similar manner, side by 

side co-adsorption of NO and O2 on [Pd3]¯ cluster gives rise to IM1d which is -52.20 

kcal/mol lower in energy in PES. Comparing the energies of IM1c and IM1d, it is 

obvious that co-adsorption of NO and O2 is stronger in IM1c. Both NO (1.178 Å) and 

O2 (1.285 Å) are activated in IM1d to some extent. Reaction proceeds via TS1c 

where one O atom of O2 interacts with N atom of NO. O-O bond is cleaved in TS1c 

which is evident from its bond length (1.723 Å). The barrier height of TS1/c is 34.66 

kcal/mol. Similar scenario occurs in TS1/d where O-O bond is cleaved (1.778 Å) and 

a new N-O bond is formed (1.316 Å). The activation barrier for TS1/d is 31.11 

kcal/mol. The step is exothermic for both the clusters. IM2/c and IM2/d is formed 

where both NO2 and ‘O’ atom are attached adjacently. After that, NO2 leaves the 

[AuPd2]¯cluster with desorption energy of 39.76 kcal/mol, forming IM3/c. IM3/d is 

formed when NO2 leaves the [Pd3]¯ cluster with desorption energy of 38.93 

kcal/mol. NO enters the system and gets adsorbed adjacently to site where ‘O’ atom 

is already present, forming IM4/c and IM4/d in[AuPd2]¯and [Pd3]¯, respectively. 

Second transition state arises when NO interacts with its nearby ‘O’ atom, forming 

another NO2. The barrier height for this step is 14.99 kcal/mol and 15.46 kcal/mol 

in [AuPd2]¯and [Pd3]¯, respectively. IM5/c and IM5/d are formed in [AuPd2]¯and 

[Pd3]¯, respectively in which NO2 is fully formed. It is to be noted that these two 

intermediates are most stable species in their respective PES. Hence, desorption 

energies of NO2 leaving IM5/c and IM5/d is 52.78 kcal/mol and 45.04 kcal/mol, 

respectively.  
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Figure 5.8: Energy profile diagram for LHds mechanism on [AunPd3-n]¯ (n=0-3) 

clusters at M06L/def2TZVP level.  

 
Table 5.8 contains barrier heights (in kcal/mol) for LHss and LHds on[AunPd3-

n]¯ (n=0-3) clusters. Looking at the activation barrier, it can be concluded that 

[Au2Pd]¯cluster is the most efficient catalyst which carries oxidation of NO via LHss 

mechanism. The activation barrier for TS1 is lowest (2.43 kcal/mol) for [Au2Pd]¯ 

owing to the fact that activation of O2 in IM1b is the highest (dO−O=1.306Å and 

νO−O=1119.53 cm-1). For LHss, TS1 and TS2 represents the formation of first NO2 

while TS3 represents the formation of second NO2. The barrier height of TS2 is 

lower for [AuPd2]¯ and [Pd3]¯cluster. Looking at activation barrier of both TS1 and 

TS2 for LHss, it is predicted that [Pd3]¯cluster is more proficient in the formation of 

first NO2 molecule. However, TS3 possesses higher activation barrier for all the 

systems, except [Au2Pd]¯ cluster. It is due to the fact that the lone ‘O’ atom which 

interacts with NO to form NO2 molecule, is in bridging position in intermediates 

IM5a, IM5c and IM5d. It increases the orbital reorganization energy for O atom to 
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interact with NO. But in case of [Au2Pd]¯ cluster, ‘O’ atom is adsorbed linearly to Pd 

site of [Au2Pd]¯, which makes it easier for ‘O’ atom to interact with NO. Hence, the 

formation of second NO2 molecule is more feasible in [Au2Pd]¯ cluster. Comparing 

barrier heights of TS1, TS2 and TS3 for LHss, it can be concluded that [Au2Pd]¯ 

cluster is the more prominent cluster for catalyzing two NO molecules to two NO2 

molecules using LHss mechanism. In case of LHds mechanism, TS1/ and TS2/ 

represents the formation of first NO2 and second NO2, respectively. In contrast, the 

first TS of LHds bears a high activation barrier for both the [AuPd2]¯ and [Pd3]¯ 

cluster, making it an ineffective mechanism. It might be explained by the fact that it 

can be challenging for NO and O2 to react with each other as both the reactants are 

adsorbed to the adjacent sites. Hence, we have observed that barrier height 

decreases when both NO and O2 are co-adsorbed on the same site. While co-

adsorption of reactants at adjacent sites results in higher activation barrier.  

Table 5.8: Calculated barrier heights (in kcal/mol) for LHss and LHds on [AunPd3-n]¯ 

(n=0-3) at M06L/def2TZVP level.  

 

5.3.4.2 Termolecular Eley Rideal (TER) mechanism 

The TER mechanism is a three-molecule reaction process where two pre-

adsorbed NO molecules activate the gaseous O2 molecule. As previously discussed, 

the co-adsorption of two NO molecules is stronger than co-adsorption of NO and O2 

on all the clusters. Therefore, NO oxidation could possibly occur through the TER 

mechanism. When two NO molecules co-adsorb at the same atom or at adjacent 

atoms, two different reaction pathways—TERss (ss=same site) and TERds, (ds=same 

site) respectively—are generated. Figure 5.9 (a), (b) and (c) demonstrate, 

Catalyst 

LHss LHds 

TS1 TS2 TS3 TS1 TS2 

[Au3]¯ 12.26 15.98 33.73 --- --- 

[Au2Pd]¯ 2.43 15.58 13.13 --- --- 

[AuPd2]¯ 17.43 9.76 37.95 34.66 14.99 

[Pd3]¯ 4.43 9.90 39.01 31.11 15.46 
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respectively, the optimised geometries of intermediates and transition states 

involved in the catalytic oxidation pathway of NO via TERss on [Au3]¯, [AuPd2]¯ and 

[Pd3]¯ clusters while Figure 5.9 (d) represents catalytic oxidation pathway of NO via 

TERds on [Pd3]¯ cluster.  

 

(a)  

 

 

(b) 
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(c) 

 

(d) 

Figure 5.9: Intermediates and transition states involved in catalytic oxidation 

pathway of NO via TERss mechanism on (a) [Au3]¯ (b) [AuPd2]¯ (c) [Pd3]¯ and TERds 

on (d) [Pd3]¯ along with their bond lengths (in Å). Imaginary frequency of each TS 

is given in parentheses.  

 
 The reaction mechanism starts when two NO molecules co-adsorbed on the 

same terminal Au atom of [Au3]¯ cluster, forming IM7a. IM7a is 9.83 kcal/mol lower 

in energy than the starting material {[AunPd3-n]¯ (n=0-3)+ 2NO + O2}. It is to note 

that [Au3]¯ cluster follows only TERss mechanism and not TERds mechanism. It is 
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mainly because the distance between two NO molecules increases when they are 

adsorbed in the terminal Au atoms (Figure 5.9(a)), making it harder for the NO 

molecules to contain O2 in gas phase. Bond parameters reveals that both NO 

molecules are activated in IM7a proportionately (dN−O=1.188Å and νN−O=1658.54 

cm-1). After that, O2 molecule enters the system and remains at gas phase, leading 

to the formation of IM8a which is slightly higher in energy (by 4.02 kcal/mol) than 

that of IM7a. In IM8a, O2 has modest interaction with that of NO molecules adsorbed 

to [Au3]¯ cluster. The dO−O and νO−O in IM8a are 1.237 Å and 1405.59 cm-1, 

respectively which indicates adequate activation of O2 which aids the reaction to 

proceed forward via TER mechanism. Reaction proceeds via TS4a where O2 

interacts with two NO molecules with an activation barrier of 24.43 kcal/mol. 

Breaking of O-O bond length (1.477 Å) and formation of two new N-O bonds (1.431 

Å and 1.505 Å) takes place. Hence, the reaction mechanism ends with the formation 

of IM9a where two NO2 molecules are fully formed and attached to [Au3]¯ cluster. 

This step is thermodynamically feasible as it is exothermic by 43.62 kcal/mol. The 

energy required for the desorption of two NO molecules from the [Au3]¯ cluster is 

16.31 kcal/mol.  

IM7b is formed after adsorption of two NO molecules on [Au2Pd]¯cluster 

which is 41.35 kcal/mol lower in energy than the initial point. Activation of NO 

takes place in IM7b as evident from its bond length (1.183Å) and vibrational 

frequency (1719.20 cm-1). The addition of O2 to IM7b produces IM8b, which is more 

stable than IM7b by 4.97 kcal/mol. In IM8b, O2 persists in the gas phase and 

interacts with two NO molecules at a distance of 2.452 Å. IM8b exhibits little 

activation of O2, as revealed from its bond length (1.245 Å) and frequency (1373.56 

cm-1).TS4b occurs when O-O bond breaks while interacting with two NO molecules 

with barrier height of 39.86 kcal/mol. IM9b is formed where two NO2 molecules are 

attached to Pd atom of [Au2Pd]¯cluster. This step is also thermodynamically 

exothermic, however, kinetically not feasible. The desorption energy of two NO2 

molecules to leave [Au2Pd]¯cluster is 43.57 kcal/mol.  TERds is not followed in 

[Au2Pd]¯ as there is only one active site present in the cluster, i.e Pd site.  

TER is not followed in [AuPd2]¯ cluster as O2 doesn’t remain in gas phase and 

always gets adsorbed on [AuPd2]¯ cluster owing to its higher adsorption energy on 
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the cluster. For [Pd3]¯ cluster, both TERss and TERds is followed. NO molecules co-

adsorbing on the same Pd atom give rise to IM7d. In IM7d, one NO molecule is 

adsorbed linearly while the other NO is adsorbed in a bridging manner. When NO 

molecules are co-adsorbed adjacently in [Pd3]¯ cluster, it give rise to IM7/d. In PES, 

the energies of IM7d and IM7/d are 60.83 kcal/mol and 65.30 kcal/mol, respectively 

lower than the initial point. Inclusion of O2 in gas phase on IM7d gives IM8d which 

is 74.19 kcal/mol in energy in PES. The bond length of O2 in IM8d is 1.238 Å and 

vibrational frequency is 1394.89 cm-1, thus indicating its activation. While addition 

of O2 on IM7/d gives IM8/d which is more stable than IM7/d by 13.41 kcal/mol. 

Thus, inclusion of O2 on these pathways are actually favourable. In IM8/d, the bond 

length of O2 is 1.218Å and vibrational frequency is 1498.82 cm-1. This indicates that 

the activation of O2 happens to be more in case of IM8d than that of IM8/d. This may 

be attributed to the fact that the distance of O2 from two NO molecules is far greater 

(3.214Å and 3.213Å) in IM8/d which makes it difficult to interact. The barrier 

heights for TS4d and TS4/d are 60.03 kcal/mol and 55.31 kcal/mol, respectively, 

which makes both the mechanism kinetically unfeasible. Table 5.9 contains 

activation barrier (in kcal/mol) for TERss and TERds on [AunPd3-n]¯ (n=0-3) clusters 

at M06L/def2TZVP level. From table 5.9, it can be concluded that TERss mechanism 

is more feasible for catalytic oxidation of two NO molecules to two NO2 molecules 

on [Au3]¯ cluster while other clusters are kinetically unfavorable for catalyzing 

oxidation of NO using TER mechanism.  Figure 5.10 includes PES for both TERss and 

TERds mechanism on [AunPd3-n]¯ (n=0-3) clusters at M06L/def2TZVP level.   

 

 



Chapter 5 

 

 

5-36 | P a g e  
 

 

Figure 5.10: Energy profile diagram for both TERss and TERds mechanism on 

[AunPd3-n]¯ (n=0-3) clusters at M06L/def2TZVP level. 

 
Table 5.9: Activation barrier (in kcal/mol) for TERss and TERds on {[AunPd3-n]¯ 

(n=0-3)clusters at M06L/def2TZVP level. 

 

Catalyst 

Activation barrier (in kcal/mol) 

TERss TERds 

TS4 TS4/ 

[Au3]¯ 24.43 --- 

[Au2Pd]¯ 39.86 --- 

[Pd3]¯ 60.03 55.31 
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5.3.4.3 Termolecular Langmuir Hinshelwood (TLH) mechanism 

Another three-molecule reaction process is the termolecular Langmuir 

Hinshelwood (TLH) mechanism, in which two NO molecules and one O2 molecule 

co-adsorb onto the catalyst to interact with one another. TLH mechanism has been 

followed in all the clusters, except [Au3]¯. Co-adsorption of three molecules (two NO 

and one O2) on the same site gives rise to TLHss (ss=same site) while co-adsorption 

at different sites give rise to TLHds (ds=different sites).  

IM10b is formed when two NO molecules co-adsorb onto the Pd atom of the 

[Au2Pd]¯ cluster. This intermediate has an energy that is 39.65 kcal/mol lower than 

the starting point. When an O2 molecule is added to IM10b, IM11b is formed, which 

is 10 kcal/mol more stable than IM10b. After adsorption on the cluster, the O2 

molecule becomes sufficiently active to carry out the process. The same is revealed 

by the bond lengths of O2 (1.254 Å) and νO−O (1341.01 cm-1) in IM11b. The O atom 

of O2 connects with one of the NO molecules in TS5b. This process has an activation 

barrier of 8.10 kcal/mol and is mildly endothermic (1.96 kcal/mol) in terms of 

energy. Reaction proceeds via TS6b where the free O atom of O-O-N-O species 

interacts with another NO atom, forming O-N-O-O-N-O species, which leads to the 

cleaving of O-O bond. This step occurs with an activation barrier of 21.81 kcal/mol. 

Eventually, IM13b forms, containing two NO2 molecules that departs the system 

with a desorption energy of 64.88 kcal/mol. 

Both TLHss and TLHds is followed in case of [AuPd2]¯cluster. In TLHss, the co-

adsorption of two NO molecules onto the one Pd atom of [AuPd2]¯cluster results in 

the formation of IM7c. In IM7c, one NO molecule is adsorbed in a linear fashion 

while the other is adsorbed in a bridging form, with N atom of NO forming bonds 

with both the Pd atoms of [AuPd2]¯ cluster. Energy-wise, this intermediate is 84.70 

kcal/mol in PES. IM8c is formed after the addition of O2 molecule which gets 

adsorbed in between the two NO molecules. It is observed that the O2 molecule is 

suitably activated {dO−O (1.260 Å) and νO−O (1324.07 cm-1)} which makes the 

reaction to proceed forward. TLHss undergoes via one step where O2 molecule 

interacts with both the NO molecules simultaneously in TS5c, forming O-N-O-O-N-

O species. Looking at TS5c, it is evident that O-O bond is breaking (1.518Å) and new 

N-O bonds are formed (1.489Å and 1.452Å). The barrier height of this step is 52.42 
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kcal/mol which makes it kinetically unfavorable. In case of TLHds, the co-adsorption 

of two NO molecules onto different Pd atoms of [AuPd2]¯cluster yields IM7/c which 

is energetically almost similar to IM7c. IM8/c is formed upon inclusion of O2. It is to 

note that activation of O2 is more ({dO−O (1.275 Å) and νO−O (1213.55 cm-1)} in 

IM8/c in comparison to that of IM8c. This may facilitates the reaction as evident 

from the lower energy barrier height of TS5/c (31.16 kcal/mol) as compared toTS5c 

(52.42 kcal/mol). Two NO2 molecules are formed in IM9/c which is the most stable 

intermediate in PES. This is also the reason for higher desorption energies of two 

NO2 molecules (87.79 kcal/mol) on [AuPd2]¯cluster leaving via TLHds mechanism. 

Similar scenario occurs in [Pd3]¯ cluster where it follows both TLHss and TLHds 

mechanism. IM7d is formed in TLHss when two NO molecules co-adsorb onto the 

single Pd atom of the [Pd3]¯ cluster. The co-adsorption manner of two NO molecules 

in IM7d is similar to that of IM7c. Addition of O2 yields IM8d which is more stable (-

76.30 kcal/mol) than that of IM7d (-73.25 kcal/mol) in PES. TLHss in [Pd3]¯ cluster 

undergoes via two transition states i.e.TS5d and TS6d. In TS5d, O atom of O2 

interacts with one of the NO, forming O-N-O-O species via activation barrier of 12.19 

kcal/mol. In TS6d, another NO attacks the free O atom of O-N-O-O species, forming 

O-N-O-O-N-O species, which facilitates the breaking of O-O bond. The barrier height 

for TS6d is 40.28 kcal/mol. The second step is highly exothermic (by 72.95 

kcal/mol) but kinetically not favorable. TLHds mechanism is followed when two NO 

molecules co-adsorb onto the different Pd atoms of [Pd3]¯ cluster, forming 

intermediate IM7/d. Reaction proceed via IM8/d which is slightly stable than IM7/d 

by 1.13 kcal/mol. TLHds mechanism on [Pd3]¯ cluster undergoes via one transition 

state (TS5/d) which has an activation barrier of 45.97 kcal/mol. Generally, O2 is 

positioned in between two NO molecules so that it becomes easier for it to form O-

N-O-O-N-O species. However, in IM8/d, O2 is positioned outwards and not in 

between the two molecules. Hence, a greater orbital reorganization energy is 

required for O2 in TS5/d to form O-N-O-O-N-O species. Figure 5.11 and Figure 5.12 

includes intermediates and transition states involved in catalytic oxidation pathway 

of NO via TLHss and TLHds mechanism, respectively. Figure 5.13 represents PES for 

both TLHss and TLHds mechanism at M06L/def2TZVP level. One important thing to 

be observed is that the spin is conserved for all the reaction pathways.  
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(a) 

 

 

(b) 
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(c) 

Figure 5.11: Intermediates and transition states involved in catalytic oxidation 

pathway of NO via TLHss mechanism on (a) [Au2Pd]¯ (b) [AuPd2]¯ and (c) [Pd3]¯along 

with their bond lengths (in Å). Imaginary frequency of each TS is given in 

parentheses.   

 

(a) 
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(b) 

Figure 5.12: Intermediates and transition states involved in catalytic oxidation 

pathway of NO via TLHds mechanism on (a) [AuPd2]¯ and (b) [Pd3]¯along with their 

bond lengths (in Å). Imaginary frequency of each TS is given in parentheses.   

 

Figure 5.13: Energy profile diagram for both TLHss and TLHds mechanism on 

[AunPd3-n]¯ (n=0-3) clusters at M06L/def2TZVP level.  
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Table 5.10: Activation barrier (in kcal/mol) for TLHss and TLHds on [AunPd3-n]¯ 

(n=0-3) clusters at M06L/def2TZVP level. 

 

 5.3.4.4 Efficiency of clusters using energetic span model 

The efficiency of a catalyst from a free energy reaction pathway has been 

examined using the energetic span model. To determine the efficiency of the 

catalytic processes, the value of the energetic span (δE) is computed using Equation 

(5) and presented in Table 5.11. Comparing LHss and LHds mechanism, δE value is 

found to be lowest (21.68 kcal/mol) for [Au2Pd]¯ cluster in which TS2b and IM6b 

are TDTS and TDI, respectively. Whereas IM3a corresponds to TS3a have a 

maximum value δE value of 43.52 kcal/mol for NO catalytic oxidation reaction on 

[Au3]¯ cluster. Hence, [Au2Pd]¯ cluster will have a higher turnover frequency (TOF) 

via LHss mechanism while [Au3]¯ will have a lower TOF. Looking at TER mechanism, 

[Au3]¯ cluster has a lower δE value of 34.93 kcal/mol in which TS4a and IM9a are 

TDTS and TDI, respectively. This means [Au3]¯ can effectively catalyze oxidation of 

2 NO to  2 NO2 via TERss mechanism. While [Au2Pd]¯ is the most effective when it 

comes to TLH mechanism where IM13b corresponds to TS6b have a δE value of 

39.02 kcal/mol.  

Overall, the lowest δE value comes from [Au2Pd]¯ cluster when it follows LHss 

mechanism. Comparatively, [Au2Pd]¯ cluster is the most efficient cluster which can 

catalyze two NO molecules to two NO2 molecules using LHss mechanism.  

 

 

 

Catalyst 

Activation barrier (in kcal/mol) 

TLHss TLHds 

TS5 TS6 TS5/ 

[Au2Pd]¯ 8.10 21.81 --- 

[AuPd2]¯ 52.42 --- 31.16 

[Pd3]¯ 12.19 40.28 45.97 
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Table 5.11: Values of key state energies (in kcal/mol), δE value (in kcal/mol) and 

TOF (in s-1) for [AunPd3-n]¯ (n=0-3) clusters 

 LHss LHds 

Clusters TDTS TDI δE TOF TDTS TDI δE TOF 

[Au3]¯ -1.04(TS3a) -44.56(IM3a) 43.52 6.94×10-20 --- --- --- --- 

[Au2Pd]¯ -13.93(TS2b) -68.73(IM6b) 21.68 7.51×10-04 --- --- --- --- 

[AuPd2]¯ -51.36(TS3c) -89.32(IM5c) 37.96 8.38×10-16  -37.50(TS1/c) -72.16(IM1/c) 34.66 2.22×10-13 

[Pd3]¯ -49.84(TS3d) -88.85(IM5d) 39.01 1.42×10-16 -21.16(TS1/d) -52.28 IM1/d) 31.12 8.81×10-11 

 TERss TERds 

 TDTS TDI δE TOF TDTS TDI δE TOF 

[Au3]¯ 18.62(TS4a) -49.43(IM9a) 34.93 1.41×10-13 --- --- --- --- 

[Au2Pd]¯ -6.46(TS4b) -46.32(IM8b) 39.86 3.38×10-17 --- --- --- --- 

[Pd3]¯ -14.16(TS4d) -109.06(IM9d) 61.78 2.72×10-33 -23..40(TS4/d) -78.71(IM8/d) 55.31 1.53×10-28 

 TLHss TLHds 

 TDTS TDI δE TOF TDTS TDI δE TOF 

[Au2Pd]¯ -25.87(TS6b) -98.01(IM13b) 39.02 1.40×10-16 --- --- ---  

[AuPd2]¯ -27.37(TS5c) -84.70(IM7c) 57.33 5.04×10-30 -42.03(TS5/c) -120.92(IM9/c) 45.77 1.55×10-21 

[Pd3]¯ -28.01(TS6d) -76.30(IM8d) 48.29 2.18×10-23 -39.74(TS5/d) -85.71(IM8/d) 45.97 1.10×10-21 

 
 
The TOF values for NO oxidation generally depends upon specific catalytic material, 

reaction conditions (temperature and pressure), feed composition (concentration 

of NO, O2, NO2) etc. In our work, we have reported TOF of our most efficient 

Langmuir Hinshelwood (LH) mechanism in the range 10-4 s-1 at 298 K. This value is 

reasonable with the work done by Narula and his group [82] where NO oxidation 

was performed on single supported Pt atoms in which TOF values were reported to 

be (1.8-10) ×10-4 s-1 in temperature range of 538K-688K. It is expected that our TOF 

may increase with the increase in temperature.   
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Nevertheless, some of the literatures have reported higher TOFs under different 

conditions. Smeltz et al [83] reported high TOF of 0.34 s-1 at 573 K for NO oxidation 

on Pt (111) where feed composition was 73 ppm NO, 27 ppm NO2 and 5% O2. Mulla 

et al. [84] reported 3.5 * 10-3 s-1 at 573K at different feed composition. Even more 

striking, NO oxidation on IrO2 (110) [85] has been shown to proceed with a TOF as 

high as 37 s-1 which is quite efficient. 

Although our TOF values are low in comparison to others, our main aim was not to 

maximize absolute activity, but rather provide a clear DFT based insights into 

different mechanistic pathways and to choose the most efficient path for NO 

oxidation on our chosen monometallic and bimetallic systems. Looking at TOF 

values comparatively tells that bimetallic system are more efficient.  

 

5.4 Significant Outcomes 

In this work, we systematically studied the adsorption characteristics of NO and 

O2and reaction mechanism of oxidation of two NO molecules to two NO2 molecules 

on [AunPd3-n]¯(n=0-3) clusters.  

1. Adsorption energy analysis revealed that on adding Pd atom to a pure [Au3]¯ 

cluster, the adsorption energy of both NO and O2 increases.  

2. Moreover, it is also observed that reactants prefer to bind to Pd site of 

bimetallic [Au2Pd]¯ and [AuPd2]¯ clusters.  

3. Results further advocates that compared to NO and O2 and two O2 molecules, 

the co-adsorption energy values of two NO molecules on the catalyst are 

more negative.  

4. Based on the co-adsorption energies of the reactants on [AunPd3-n]¯(n=0-3) 

clusters, the detailed reaction path under L-H, TER and TLH mechanism 

were investigated.  

5. Based on the different configuration possible for the co-adsorption, 

mechanisms are distinguished into LHss (same site), LHds (different site), 

TERss, TERds, TLHss and TLHds. The comparison of barrier heights reveals that 

LHss is the most proficient pathway which can catalyze two NO to NO2 

molecules using molecular O2 on [Au2Pd]¯ cluster.  
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6. Based on the energetic span model calculation, [Au2Pd]¯ is the most efficient 

catalyst since it has the lowest δE value and the highest TOF value. Hence, it 

has been concluded that Pd alloying on pure [Au3]¯ cluster increases its 

reactivity.    
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