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Abstract 

In our previous chapter, we have reported catalytic oxidation of NO to NO2 on [Pt2]0,± 

dimers in which it was found that anionic Pt2 system is the most efficient catalyst. 

However, it is important to improve the design of a suitable catalytic system that could 

perform the catalytic activity of the oxidation process more efficiently. Bimetallic 

dimers have gained attention because of their potential to alter their own properties 

by doping. Herein, in Chapter 4, a comprehensive theoretical investigation of the 

catalytic oxidation of NO on anionic bimetallic dimers [Au-M]¯(M=Pd, Pt) has been 

considered using Density Functional Theory (DFT) method using the same 

M06L/def2TZVP level of theory. Our adsorption energy calculations show that M-sites 

are found to be the preferred site for adsorption than Au-site. Further, full catalytic 

reaction pathways using Langmuir-Hinshelwood (L-H), Termolecular Eley-Rideal 

(TER) and Termolecular Langmuir-Hinshelwood (TLH) mechanism are investigated in 

which two NO molecules are converted to two NO2 molecules in the presence of an 

activated O2 molecule. On comparing the activation barriers for all the three 

mechanisms, it can be concluded that L-H mechanism is the favored pathway. 

Moreover, energetic span model has justified that conversion on [Au-Pd]¯ catalyst 

possesses a lower apparent activation energy than [Au-Pt]¯ which make [Au-Pd]¯ more 

efficient catalyst towards the catalytic conversion of NO into NO2. Thus, the present 

study will convey us in understanding the mechanism of NO oxidation at the molecular 

level as well as designing better catalysts for future prospects. 
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4.1. Introduction 

Nitrogen Oxides (NOx) abatement is one of the important steps for minimizing 

the harmful emissions which are released into the environment owing to the 

growth in the automobile industry. Automobiles are a significant source of carbon 

monoxide (CO) as well as NOx. NOx mainly includes Nitrogen monoxide (NO) and 

Nitrogen dioxide (NO2) and the release of these gases causes environmental 

hazards such as photochemical smog and acid rain. Controlling NOx emission has 

been made possible by introducing various methods such as three way catalysis 

(TWC), NOx storage reduction (NSR), continuously regenerating trap (CRT) and 

selective catalytic reduction (SCR) [1-3]. In CRT, soot, a harmful byproduct of 

incomplete combustion, is collected on a diesel particulate filter. Therefore, NO is 

oxidised to NO2, which in turn oxidizes soot [4]. It was found that the soot oxidation 

by NO2 occurs at a much lower reaction temperature (greater than 3000C) [5] than 

that of oxygen (5000C-6000C) [6, 7]. In a lean exhaust environment, SCR catalysts 

can control NOx emission using an additional reductant. In NH3-SCR process, it was 

found that reaction rate is greatly enhanced on retaining the equimolar feed of 

NO/NO2 reaction mixture. When a fraction of NO is converted to NO2 represented 

as 4NH3+2NO+ 2NO2 4N2+6H2O, the rate of reaction was found to be 10 times 

faster than standard SCR reaction (4NH3+ 4NO+O2 4N2+6H2O) at a temperature 

range of 200 – 300 °C [8, 9]. In normal conditions, the NO oxidation efficiency is 

observed to be slow as a result of the complex nature of fuel gas and different 

particulate size distributions [10]. Thus, focus has to be on developing eligible 

catalyst for NO oxidation that could enhance NO conversion rate. It has been 

observed that nanoparticles of precious metals such as Au, Pd and Pt are extensively 

used in this regard due to their higher catalytic activity [4,11-14]. 

Consequently, considerable interest has been shown from both the industrial 

and scientific communities towards nano-sized gold clusters [15-18]. Gold 

nanoparticles exhibit catalytic activity on reactions such as low-temperature CO 

oxidation [19, 20], water gas shift reaction [21, 22] and direct propylene 

epoxidation using H2 and O2 [23, 24]. The catalytic activity of gold clusters can be 

tuned if alloying is done. Studies showed that when Au is mixed with metals such as 

Pd [25],  Pt [26, 27] they show better catalytic activity corresponding to their 
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monometallic counterparts. As there is only 4% lattice mismatch between Au and 

Pd, they are completely miscible as a solid solution [28].  Wu and his co-workers 

found out that CO oxidation on AuPd (111) is easier compared to that of pure Pd 

(111) by density functional theory (DFT) calculations [29]. Au has the ability to 

electronically influence the catalytic property of Pd for the oxidation of alcohols 

[30]. An elaborative study was done on pseudomorphic monolayer Pt and Pd based 

alloys for NO oxidation [31]. Pt catalysts are also regarded as efficient catalysts for 

NO oxidation. Oxidation of NO on Pt catalysts has been studied thoroughly under 

different feed compositions [32-34]. Denton et al. [35] studied NO oxidation on 

Pt/SiO2 and Pt/Al2O3 and found out that particle size of platinum plays a key role in 

controlling the activity. The basic approach to exploring the cluster properties is to 

understand it from an atom to a larger cluster size. Supported metal clusters are 

found to have excellent catalytic performance [36, 37], owing to its high specific 

surface area and distinctive electronic structure. Precious metals like Au, Pd and Pt 

are not only catalytically active but also expensive. So, decreasing the size of the 

clusters will also reduce the amount of active materials required. Recently, 

Graphene supported single metal atom and dimers are used as electrocatalyst for 

CO2 reduction [38, 39]. Hence, getting the hindsight of the cluster’s electronic 

properties and understanding the reaction at the molecular level becomes a 

necessary step for the modeling of realistic nanomaterials.  

Numerous studies have been done on precious (Au, Pd, Pt, etc) monometallic 

as well as bimetallic metal clusters for NO oxidation [40-42]. But the mechanism of 

NO oxidation at the molecular level is still needed to be understood. In the present 

study, we propose for the first time NO oxidation using gas phase [Au-M]¯ (M=Pd, 

Pt) bimetallic dimers which proceeded via L-H, TER and TLH mechanisms. Anionic 

dimers are chosen for the catalytic NO oxidation because Au has the most 

electronegativity and the polarization effect is observed for the Au and its alloy 

nanoparticles, where it leads to the negatively charged systems. Therefore, anionic 

clusters are considered to be suitable for imitating the catalytic activities of Au and 

its alloying counterparts [43]. Gao et al. [44] also found that anionic gold clusters 

are better catalysts for CO oxidation than neutral ones as the negative charge on the 

anionic clusters improves the adsorption energy. Moreover, the energetic span 
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model [45] has also been used to find out the rate-determining states of the reaction 

pathway as well as the efficiency of the catalysts.  

4.2. Computational Details 

To obtain the lowest energy structures and thermo-chemical properties of the 

species involved in the reaction mechanism, Kohn-Sham density functional theory 

is used as implemented in Gaussian 09 software package [46] For geometry 

relaxation and frequency calculations, a local density M06L functional [47] is 

chosen which has a good result on both the main group and transition metals by 

establishing the dependency of the exchange-correlation energy on local spin 

density, spin density gradient, and spin kinetic energy density. Previous studies 

[48-52] also show the reliability of the M06L functional that it works quite well in 

producing the accurate structure and exploring the properties of precious metals. 

To locate the atomic orbitals of the atoms a density fitting triple zeta valence with 

single-polarization (def2TZVP) [53, 54] is employed in the calculation. Vibrational 

frequency calculations were done to distinguish between a minima {number of 

imaginary frequencies (NIMAG=0) and a first order maxima (NIMAG=1)}. IRC 

calculations [55, 56] have been performed to check the reliability of the reaction 

path. An ultrafine integration grid is taken into account for all the calculations.   

Effect of mixing in binary alloys are determined by calculating the excess 

energy Δ which is given by- 

𝛥 =  𝑁𝐸𝐴𝑢𝑚 𝑀𝑛 
– 𝑚𝐸𝐴𝑢𝑁  

− 𝑛𝐸𝑀𝑁 
       (1) 

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

𝐸𝐴𝑢𝑁 
and 𝐸𝑀𝑁 

are the total zero-point corrected energies of the pure AuN and MN  

(M=Pd, Pt), respectively. Here N is equal to 2. Negative value of excess energy 

represents favorable mixing while positive value indicates demixing tendency. 

The adsorption energy (Eads) can be calculated as- 

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

)                                            (2) 

where dimersE
 represents the total zero-point corrected energy of the [Au-M]¯(M=Pd, 

Pt) bimetallic dimers, 
2NO/OE is the total zero-point corrected energy of the NO/O2 
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molecule and 
2Odimers/NO/E is the total zero point corrected energy of the NO/O2 

adsorbed on bimetallic dimers. 

Natural Bond Orbital (NBO) [57] calculations have been performed with optimized 

geometries at M06L/def2TZVP level to provide insight into the reaction 

mechanism. Moreover, bond critical point has been calculated for the selected 

intermediates using AIMALL package [58].  

We have implemented the energetic span model to calculate the energy span 

of the catalytic pathways that is developed by Shaik and Kozuch [45, 59, 60]. This 

model expresses the turn over frequency (TOF) as a function of energy span (δE) of 

the catalytic process. According to the model, in the catalytic cycle, rather having 

rate-determining step, it introduces rate-determining states that gives the apparent 

activation energy of the cycle. The transition state and intermediate that gives the 

apparent activation energy is introduced as turnover-frequency determining 

transition state (TDTS) and turnover-frequency determining intermediate (TDI).  

                                                          𝑇𝑂𝐹 =
𝐾𝐵𝑇

ℎ
𝑒−

𝛿𝐸

𝑅𝑇                                                                 (3) 

The TS that expands the δE more among all the transition states will be the 

TDTS and became the rate-determining transition state. The expression to calculate 

energy span (δE) is as follows, 
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Rate constant of each step in a catalytic oxidation reaction is obtained using 

well known kinetic theory, that is, Transition State Theory (TST) [61] and is usually 

expressed by the following relation:  

   

(5) 

where (T) represents the transmission coefficient, which is obtained from the 

following expression: 
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In Eq.(5), GTS is the difference of Gibbs free energy values for TS and reactants. 

In Eq. (6), ν# is the magnitude of the imaginary frequency of the transition state (TS). 

Other terms retain their normal meaning.  

4.3. Results and Discussion 

4.3.1 Electronic structures and properties of [Au-M]¯ (M=Pd, Pt) catalyst  

Critical bond dissociation energies of Pt-O, Pt-N, Pd-O and Au-Pd bonds are 

calculated employing 15 different functionals along with density fitting triple-ξ 

def2TZVP basis set as shown in Table 4.1. Although B3PW91 has the least average 

deviation, M06L is found to perform relatively good in describing bond dissociation 

enthalpies of the bonds close to experimental data. To compare the results with the 

previous chapter, M06L functional is again chosen. Moreover, M06L is also found to 

be accurate in predicting the structures and properties of precious transition metals 

(as discussed in previous section).   

Table 4.1: Benchmarking of 15 different functionals employing def2TZVP basis set 

with respect to experimental values of critical bond dissociation energy (BDE) of 

Pt-O, Pt-N, Pd-O and Au-Pd bond (in kJ/mol). (PD=Percentage Deviation; 

APD=Average Percentage Deviation)   

Functionals BDE (in kJ/mol) 

 

 

Pt-O PD Pt-N PD Pd-O PD Au-Pd PD APD 

B3LYP 

 

375.78 

 

10.09% 327.24 

 

12.55

% 

245.19 2.97% 152.02 6.53% 8.03% 

B3P86 

 

395.32 

 

5.42% 346.61 

 

7.37% 253.35 6.40% 159.77 11.96% 7.78% 

B3PW91 

 

377.87 

 

9.59% 323.30 

 

13.60

% 

239.84 0.73% 151.80 6.37% 7.57% 

HSEH1PBE 

 

367.90 

 

11.98% 313.11 

 

16.32

% 

231.45 2.79% 158.12 10.80% 10.47% 

M06 

 

354.42 

 

15.21% 289.63 

 

22.5% 192.95 18.96% 126.78 11.15% 16.95% 

M06L 

 

403.60 

 

3.44% 343.17 

 

8.29% 271.19 13.90% 166.30 16.54% 10.54% 

M11L 

 

353.42 

 

15.45% 262.08 

 

29.96

% 

184.12 22.66% 107.53 24.64% 23.17% 

M062x 

 

294.16 

 

29.62% 294.16 

 

21.38

% 

175.65 26.22% 84.53 40.75% 29.49% 

mn12sx 383.66 8.21% 337.63 9.77% 210.97 11.39% 172.83 21.12% 12.62% 
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mpw1pw91 

 

360.12 

 

13.84% 303.43 

 

18.91

% 

223.79 6.01% 150.20 5.26% 11.00% 

PBE 

 

472.04 

 

12.92% 431.61 

 

15.34

% 

332.48 39.64% 188.51 32.10% 25.00% 

PBE0 

 

370.26 

 

11.42% 315.35 

 

15.72

% 

230.24 3.29% 154.18 8.04% 9.61% 

TPSS 

 

435.89 

 

4.28% 392.60 

 

4.91% 308.49 29.56% 192.65 35.01% 18.44% 

TPSSh 

 

397.59 

 

4.88% 348.39 

 

6.89% 268.54 12.78% 177.82 24.61% 12.29% 

wb97xd 

 

369.01 

 

11.72% 305.11 

 

18.46

% 

213.66 10.26% 93.62 34.39% 18.70% 

Exp. 418 

±11.6 

[62] 

 374 

±9.6 

[62] 

 238.1 

±12.6 

[62] 

 142.7 

±21 

[62] 

  

Figure 4.1 includes ground state electronic structures of [Au-M]¯ (M=Pd, Pt) 

dimers, NO and O2 obtained at the M06L/def2TZVP level of theory. It also includes 

HOMO-LUMO isosurfaces along with their bond lengths (in Å) and NBO charges 

(shown in parentheses). As we have shown in Figure 4.1 that the bond lengths of 

[Au-Pd]¯ and [Au-Pt]¯  are 2.614 Å and 2.544 Å respectively. The ground state spin 

multiplicity of both the dimers is singlet. Our bond lengths are in good agreement 

with the previously reported bond lengths [63, 64].  The bond lengths of O2, NO and 

NO2 are found to be 1.205 Å, 1.147 Å, and 1.191 Å which are also very close to the 

values of bond lengths reported in CRC handbook of chemistry and physics [62]. 

The orientation of HOMO and LUMO of the catalysts and the reactants are depicted 

in Figure 4.1. It is noteworthy to discuss the HOMO and LUMO of the cluster as it 

provides information about the bonding nature of the cluster with the reactant 

molecules. HOMO and LUMO are similar in both the dimers. HOMO is concentrated 

on the ‘dx2-y2’ orbital of Pd and Pt metal whereas the LUMO of the dimer located 

mainly on the s-d hybridized orbital of Pd and Pt. The contribution of orbitals to the 

HOMO and LUMO are shown in Table 4.2. Excess energy (𝛥) is calculated for [Au-

Pd]¯ dimer with respect to [Au2]¯ and [Pd2]¯ and 𝛥 is calculated for [Au-Pt]¯ dimer 

with respect to [Au2]¯ and [Pt2]¯. The 𝛥 is found to be negative (-11.92 kcl/mol) for 

[Au-Pd]¯ dimer which means mixing is favored in case of Au and Pd (for dimers). 

Whereas a positive value (5 kcal/mol) for [Au-Pt]¯ dimer indicates demixing 

tendency.  
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Figure 4.1: Optimized structures of [Au-M]¯ (M=Pd, Pt) dimers and the reactants 

(NO and O2) along with their HOMO-LUMO isosurfaces obtained at the 

M06L/def2TZVP level of theory.  

Figure 4.1 includes the NBO (or natural) charges of the initial geometries. It is found 

that the initial charges on [Au-Pd]¯ are -0.665e for Au,  and -0.335e for Pd. This tells 

us that the electronic charge resides on Au site rather than Pd. In [Au-Pt]¯ dimer, 

electronic charge is more on Pt (-0.650e) rather than Au (-0.350e).  

Table 4.2: Major contribution of orbitals to the HOMO and LUMO of [Au-M]¯ (M=Pd, 

Pt) dimer. 

Species Atom Orbitals Contribution 

[AuPd]¯ HOMO Pd 4dx2-y2 99.54% 
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[AuPd]¯ LUMO 

Au 

Pd 

Pd 

6s 

5s 

4dz2 

14.97% 

70.17% 

3.90% 

[AuPt]¯ HOMO Pt 5dx2-y2 99.50% 

[AuPt]¯ LUMO 

Au 

Pt 

Pt 

6s 

6s 

5dz2 

27.59% 

48.37% 

13.55% 

Talking about each cluster's electronic properties is crucial since it reveals 

important details on the catalysts' chemical reactivity. Table 4.3 lists the electronic 

properties of [Au-M]¯ (M=Pd, Pt) dimers including the HOMO-LUMO gap (HLG), 

chemical potential, hardness, softness, and electronegativity.  

Table 4.3: Electronic properties of [Au-M]¯ (M=Pd, Pt) dimer, (HLG=HOMO-LUMO 

gap). 

The HLG of [Au-Pd]¯ is 0.890 eV which is 0.59 eV higher than HLG of [Au-Pt]¯dimer. 

Moreover, other electronic properties such as hardness and softness reveals higher 

reactivity for [Au-Pt]¯dimer. [Au-Pt]¯ shows better chemical reactivity for the guest 

molecules than [Au-Pd]¯ and our adsorption energy values are in line with the 

conclusion given above. 

 

 

Catalyst 

Properties (in eV) 

HLG Hardness Softness 
Chemical 

Potential 

Electro-

negativity 

[AuPd]¯ 0.890 0.445 1.122 1.807 -1.807 

[AuPt]¯ 0.301 0.150 3.313 1.456 -1.456 
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4.3.2 Adsorption of NO/O2 on [Au-M]¯(M=Pd, Pt) dimers, Adsorption Energy 

and Wiberg bond index 

Adsorption of NO/O2 on the catalytic sites is one of the most important steps 

as it determines the feasibility of the reaction. Thus we have first adsorbed NO/O2 

on [Au-M]¯(M=Pd, Pt) dimers using M06L/def2TZVP level of theory. Optimized 

geometries of NO/O2 adsorbed dimers are shown in Figure 4.2 along with the bond 

parameters and NBO charges. Calculated single adsorption energies (Eads) of NO/O2 

adsorbed on [Au-M]¯(M=Pd, Pt) dimers are listed in Table 4.4. 

 

 

Figure 4.2: Optimized structures of NO/O2 adsorbed dimers at M06L/def2TZVP 

level along with bond length (in Å) and NBO charges (in brackets).  
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Table 4.4: Calculated adsorption energy (in kcal/mol) of NO/O2 adsorbed on the 

dimers [Au-M]¯ (M=Pd&Pt) at M06L/def2TZVP levels.  

 

Adsorbed 

Species 

[Au-Pd]¯ dimer [Au-Pt]¯ dimer 

Au site Pd site Au site Pt site 

NO adsorbed  -20.47  -53.75  -27.93  -66.65 

O2 adsorbed  -15.63  -38.83  -19.70  -40.55 

It is clear from Table 4.4, that the value of adsorption energies for NO adsorbed 

on the Pd site of [Au-Pd]¯ and Pt site of [Au-Pt]¯ dimers is -53.75 kcal/mol and -

66.65 kcal/mol, respectively at M06L/def2TZVP level, which is more than NO 

adsorbed on Au site of both the dimers. In the case of O2 adsorbed on various sites 

of both dimers, the value of adsorption energies on Pd site of [Au-Pd]¯ and Pt site of 

[Au-Pt]¯ dimers are also having greater value than O2 adsorbed on Au site of dimers. 

We further noticed that the value of adsorption energies of NO adsorbed on M-sites 

(i.e. Pd and Pt sites) is more negative than that of O2 adsorbed on the same sites. It 

is to be noted that either atoms in NO is a potential donor, but nitrogen prefers to 

bind with the dimers so that a large formal negative large on a more electronegative 

oxygen atom could be avoided. 

From adsorption energy calculations, it can be said that NO and O2 prefer to 

bind with M site (M=Pd, Pt). However, on comparing the adsorption energy 

calculation, it was found that NO and O2 have more affinity towards Pt. There has to 

be a reason to explain the stronger adsorption energies of NO and O2 with Pt than 

that of Pd. It can be seen that as O2 is adsorbed on Pd site of [Au-Pd]¯ dimer, an 

amount of 0.446e has been transferred from Pd to O2 antibonding orbitals, leading 

to the weakening of O-O bond and strengthening of Pd-O bond. Similarly, if we 

compare the binding of O2 with Pt site of [Au-Pt]¯ dimer, an electronic charge of 

0.834e has been transferred from Pt to O2 antibonding orbitals. This justifies the 

elongation of O-O bond length upto 1.378 Å when bonded with Pt site.  In the case 

of NO adsorption, an amount of 0.263e and 0.466e has been transferred from Pd 

and Pt, respectively to NO. Therefore, differences in the adsorption energies of NO 

with Pd (-53.75 kcal/mol) and Pt (-66.65 kcal/mol) has been observed. Despite 

having a similar arrangement of HOMO and LUMO, we have observed a significant 
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difference in the binding energy pattern of NO and O2 with the dimers. This effect is 

justified by the HOMO-LUMO energy gap (HLG) of both [Au-Pd]¯ and [Au-

Pt]¯dimers.   

Activation of O2 is a crucial step in the oxidation of NO to NO2. When O2 is 

adsorbed on Pd site of [Au-Pd]¯ dimer, the O-O bond length is elongated to1.284 Å 

with respect to the free O2 molecule (1.208 Å) which confirms the activation of O2. 

The ground state spin multiplicity of AuPd¯-O2 species is triplet. The vibrational 

frequency for the free O2 molecule is 1633 cm-1which reduces to 1238 cm-1 after 

binding with Pd-site of [Au-Pd]¯ dimer which indicates the strong donation of 

electron density from Pd atom to the antibonding orbital of O2. On the other hand, 

when O2 binds with the Au site of [Au-Pd]¯ dimer, its bond length is found to be 

1.274 Å which is slightly less than that of the Pd–site. In Pt site of [Au-Pt]¯ dimer, O2 

binds by forming peroxide linkage and is termed as ɳ2 ligation. The ground state 

spin multiplicity of AuPt¯-O2 species is singlet. The elongation of O-O bond length 

on Pt site is 1.378 Å which is more than the Au site (1.290 Å). The vibrational 

frequency of O2 before and after binding also supports the strength of the Pt-O bond 

(1633 cm-1 to 1045 cm-1).  

Moreover, Natural Bond Orbital (NBO) analysis is also carried out to obtain 

Wiberg bond index [65] that provides a comparative scale for the bond strength. In 

this regard, we have calculated the value of the Wiberg bond index for NO and O2 

adsorbed on [Au-Pd]¯ and [Au-Pt]¯ dimers (Table 4.5) 

Table 4.5: Wiberg bond index for newly formed bonds after adsorption of NO and 

O2 at M06L/def2TZVP level. 

 

Adsorbed 

Species 

Wiberg bond index 

[Au-Pd]¯ dimer [Au-Pt]¯ dimer 

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

NO adsorbed  0.498 0.919 0.536 1.126 

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

O2 adsorbed 0.234 0.415 0.422 0.670 
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For the adsorption of NO on the Pd site of [Au-Pd]¯ dimer, the value of the 

Wiberg bond index is 0.919 which is more than the adsorption of NO on Au site of 

the same dimer (bond index value of 0.498). We have observed the same trend in 

the case of NO adsorbed on [Au-Pt]¯ dimer where Pt site dominates the adsorption. 

In addition, the calculated Wiberg bond index for O2 adsorbed products reveals the 

strong binding of O2 on the M-site (M=Pd, Pt) of the catalysts compared to the Au-

site. 

4.3.3 Co-adsorption of NO and O2, 2 NO and 2 O2 on [Au-M]¯(M=Pd, Pt) dimers 

Flue gas contains both NO and O2, so it's critical to examine the different 

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

two O2 molecules. At the M06L/def2TZVP level of theory, Table 4.6 presents the co-

adsorption energies (Co-Eads) (in kcal/mol) on various sites of [Au-M]¯(M=Pd, Pt). 

Table 4.6: 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 [Au-M]¯(M=Pd, Pt) 

dimers at M06L/def2TZVP level.   

Catalyst 
NO_O2 

(M site) 

NO_O2 

(Au site) 

NO_O2 

(Different sites) 

 SM Co-Eads SM Co-Eads SM 
Co-

Eads 
SM Co-Eads 

[AuPd]¯ 2 -71.92 4 -25.96 4 -51.79 2 -65.32 

[AuPt]¯ 2 -81.96 2 -35.88 2 -38.16 2 -76.57 

 
2 NO 

(M site) 

2 NO 

(Au site) 

2 NO 

(Different sites) 

 SM Co-Eads SM Co-Eads SM Co-Eads 

[AuPd]¯ 3 -86.03 3 -32.72 3 -72.63 

[AuPt]¯ 3 -96.13 1 -37.62 3 -81.01 

 
2 O2 

(M site) 

2 O2 

(Au site) 

2 O2 

(Different sites) 

 SM Co-Eads SM Co-Eads SM Co-Eads 

[AuPd]¯ 3 -57.99 3 -21.58 3 -38.35 

[AuPt]¯ 3 -57.06 3 -24.13 3 -48.61 
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From Table 4.6, it is evident that coadsorption of NO and O2 is more preferred 

on M site of the [Au-M]¯(M=Pd, Pt) dimers than that of the Au site. Furthermore, the 

co-adsorption energy (Co-Eads) favors the co-adsorption of two NO molecules in 

both the dimers, but the probability of two O2 molecules co-adsorbing on dimers is 

minimal. Hence, co-adsorption properties of NO_O2 and 2 NO are discussed in detail 

whereas co-adsorption properties of 2 O2 is discarded. Various co-adsorption 

modes of NO_O2 and 2 NO on anionic bimetallic dimers are shown in Figure 4.3 and 

Figure 4.4, respectively.  

The Co-Eads of NO and O2 on Pd site (Structure I) of [Au-Pd]¯ dimer is -71.92 kcal/mol 

which is much higher than that of Au site (-25.96 kcal/mol; Structure II). Apart from 

configuration I and II, two more configurations, IIIa and IIIb (Figure 4.3) arises, when 

NO and O2 are adsorbed on adjacent sites of [Au-Pd]¯ dimer.  The Co-Eads of IIIa and 

IIIb are -51.79 kcal/mol and -65.32 kcal/mol, respectively. Table 4.7 includes 

vibrational frequencies (in cm-1) and Wiberg bond indices (WBI) for co-adsorption 

of NO and O2 on [Au-M]¯ (M=Pd, Pt) dimers. From Table 4.7, it is evident that NO and 

O2 are activated highest in structure IIIa where NO is adsorbed on Au site and O2 

adsorbed on Pd site. The values of  νN-O and νO-O for IIIa are 1653.36 cm-1 and 1265.71 

cm-1, respectively, which indicates redshift in frequency. The subsequent WBI 

values for N-O and O-O are 1.762 and 1.266, respectively.  For structure I, where the 

co-adsorption energy is found to be highest, the vibrational frequency values of υN−O 

and υO−O are found to be 1722.67 cm-1 and 1273.15 cm-1, respectively and the 

subsequent WBIN−O and WBIO−Ovalues are 1.875 and 1.296.  

In a similar pattern to that of  [Au-Pd]¯ dimer, there are 4 different 

configurations of NO and O2 co-adsorbed on [Au-Pt]¯ dimer. The Co-Eads of NO and 

O2 on Pt site (Structure I/) of [Au-Pd]¯ dimer is higher (-81.96 kcal/mol) than that 

of the other configurations which means the probability of both the reactants 

adsorbing on Pt site is maximum. Whereas the prospect of co-adsorption of the 

reactants onto the Au site is minimum. Although the Co-Eads is maximum for 

structure I/, Table 4.7 suggests that the activation of NO and O2 is most in case of 

III/a. The values of υN−O and υO−O for III/a are 1668.16 cm-1 and 1024.62 cm-1, 

respectively, and its subsequent WBI values for N-O and O-O are 1.743 and 1.221, 

respectively.  
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Figure 4.3: Optimized geometries of NO and O2 co-adsorbed on [Au-M]¯ (M=Pd, Pt) 

dimers on different sites at M06L/def2TZVP level along with the bond parameters 

(in Å) and NBO charges (given in parentheses). 
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Table 4.7: Vibrational frequencies (in cm-1) and Wiberg bond indexes (WBI) for co-

adsorption of NO and O2 on [Au-M]¯ (M=Pd, Pt) dimers. 

Catalyst I II IIIa IIIb 

[AuPd]¯ 

𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1722.67 1.875 1646.67 1.767 1653.36 1.762 1727.03 1.787 

𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 

1273.15 1.296 1408.78 1.396 1265.71 1.266 1280.91 1.314 

 I/ II/ III/a III/b 

[AuPt]¯ 

𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 𝛖𝐍−𝐎 𝐖𝐁𝐈𝐍−𝐎 

1683.69 1.842 1677.97 1.770 1668.16 1.743 1581.19 1.763 

𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 𝛖𝐎−𝐎 𝐖𝐁𝐈𝐎−𝐎 

1255.84 1.284 1380.47 1.378 1024.62 1.221 1210.06 1.274 

Structure IV depicts co-adsorption of 2 NO molecules on Pd site of [Au-Pd]¯ 

dimer whereas V depicts co-adsorption of 2 NO molecules on the Au site. Structure 

VI arises when 2 NO molecules are adsorbed adjacently on the anionic bimetallic 

dimer. The Co-Eads of 2 NO on Pd site (Structure IV) is -86.03 kcal/mol which is 

higher than that of Structure V and VI. Hence, the probability of two NO molecules 

co-adsorbing on Pd site is more. Table 4.8 includes vibrational frequencies (in cm-

1) and Wiberg bond indices (WBI) for co-adsorption of 2 NO molecules on [Au-M]¯ 

(M=Pd, Pt) dimers. From Table 4.8, it can be seen that NO is more activated when it 

gets co-adsorbed on Au site of [Au-Pd]¯ dimer. The υN−O values for structure IV and 

V are  1673.11 cm-1 and 1619.05 cm-1, respectively which means that NO is more 

activated when gets co-adsorbed on Au site rather than Pd site. It becomes more 

evident when 2 NO molecules are co-adsorbed adjacently. In structure VI, the υN−O   

values for Pd site and Au site are  1713.88 cm-1 and 1593.06 cm-1, respectively which 

is indicating that NO adsorbed on Au site gets activated more in comparison to NO 

adsorbed on Pd site. It is attributed to the fact that electronic charge resides on Au 

more in case of[Au-Pd]¯ dimer. As a result, more charge is transferred from Au to 
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antibonding orbitals of NO.  The WBI values of N-O on Pd (1.736) and Au site (1.668) 

of structure VI also depiciting greater elongation (or activation) of NO on Au site.  

Structure IV/ and V/ depicts co-adsorption of 2 NO molecules on Pt site and Au 

site of [Au-Pt]¯ dimer, respectively whereas structure VI/ is formed when 2 NO 

molecules are adsorbed adjacently on of [Au-Pt]¯ dimer. Similar to [Au-Pd]¯ dimer,  

the Co-Eads of 2 NO on Pt site (Structure IV/) is higher (-96.13 kcal/mol) than that of 

V/ and VI/ which means that co-adsorption of 2 NO molecules are preferable on Pt 

site of bimetallic dimer. In structure VI/, it can be seen that on co-adsorbing 

adjacently, NO molecule is more activated on Pt site (υN−O = 1521.64 cm-1 than that 

of Au site (υN−O = 1586.64 cm-1). It is due to the fact that electronic charge resides 

on Pt site of [Au-Pt]¯ dimer. Hence, more charge is transferred from Pt d-orbitals to 

antibonding π* orbitals of NO.  
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Figure 4.4: Optimized geometries of 2 NO co-adsorbed on [Au-M]¯ (M=Pd, Pt) 

dimers on different sites at M06L/def2TZVP level along with the bond parameters 

(in Å) and NBO charges (given in parentheses). 
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Table 4.8: Vibrational frequencies (in cm-1) and Wiberg bond indexes (WBI) for co-

adsorption of 2 NO molecules on [Au-M]¯ (M=Pd, Pt) dimers. 

Catalyst IV V VI 

[AuPd]¯ 

𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 (Pd) WBIN-O(Pd) 

1673.11 1.693 1619.05 1.691 1713.88 1.736 

𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 (Au) WBIN-O(Au) 

--- --- --- --- 1593.06 1.668 

 IV/ V/ VI/ 

[AuPt]¯ 

𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 (Pt) WBIN-O(Pt) 

1764.99 1.653 1745.32 1.863 1521.64 1.709 

𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 WBIN-O 𝛖𝐍−𝐎 (Au) WBIN-O(Au) 

--- --- --- --- 1586.64 1.614 

 

4.3.4 Catalytic oxidation pathway of NO on [Au-M]¯(M=Pd, Pt) dimer 

4.3.4.1 Langmuir Hinshelwood (L-H) mechanism 

Strong adsorption on the catalyst tends to activate the adsorbates positively. 

From the above discussion, it was found that both NO and O2 get adsorbed strongly 

on the M site of the dimers. Therefore, both the adsorbates are on the same site of 

the catalyst with high adsorption energies. This facilitates the interaction among 

the adsorbates and the reaction to proceed further. So, L-H mechanism [66, 67] has 

been considered in the present study to map out the full minimum energy reaction 

pathway. The proposed mechanism is likely to be followed as: 

[Au-M]¯ + NO (gas) + O2 (gas)     [Au- M]¯O2NO (coads) 

                          [Au- M]¯O2NO (coads)                     [Au- M]¯O (ads) + NO2(gas) 

                          [Au- M]¯O (ads) +NO (ads)                  [Au- M]¯ ONO (coads) 

               [Au- M]¯ ONO (coads)                [Au- M]¯ +NO2 (gas) 

Overall reaction: [Au-Pd]¯+ 2NO (gas) + O2 (gas) [Au-Pd]¯ + 2NO2 (gas) 
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Optimized geometries of intermediates and transition states for NO oxidation on 

[Au-Pd]¯ along with bond length (in Å) are shown in Figure 4.5. 

 

Figure 4.5: Optimized geometries of intermediates and transition states for 

catalytic oxidation of NO on [Au-Pd]¯dimer at M06L/def2TZVP level. 

The reaction mechanism starts with the co-adsorption of NO and O2 on the Pd 

site of the [Au-Pd]¯ dimer to form an intermediate (IM1). In the co-adsorbed 

intermediate IM1, the NO and O2 bond lengths are observed 1.172 Å and 1.277 Å 

while Pd-N and Pd-O bond lengths are found to be 1.905 Å and 2.175 Å respectively. 

Further, IM1 proceeds through a transition state TS1 in which the unbound O 

interacts with the ‘N’ of NO to form IM2 (Figure 4.5). In the TS1, the O-O bond length 

elongates from1.277 Å to 1.373 Å which indicates that the O2 has activated and 

ready to interact with the co-adsorbed NO. In the IM2, the bond distance of newly 

formed N-O decreases from 1.510 Å to 1.370 Å. Further, IM2 passes through a 

transition state TS2 where O-O bond cleavage takes place which results in the 

formation of NO2 along with the IM3. Finally, in IM3, one NO2 is formed and is 

subsequently removed, forming IM4. After this step, one NO molecule enters the 

system from the gas phase and gets co-adsorbed on the Pd-site of [Au-Pd]¯O species  

and we have termed it as IM5. In the last step, the co-adsorbed NO interacts with 
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the remaining ‘O’ on the catalyst and forms another NO2where this transition is 

reflected in TS3. After forming NO2, it remains with the catalyst as IM6.  

In this part, we have followed the catalytic oxidation pathway of NO on [Au-

Pt]¯dimer which has the same mechanism as discussed in [Au-Pd]¯dimer. In this 

case, only Pd metal is replaced by Pt metal. In order to understand the reaction 

mechanism, optimized geometry of intermediates and transition states of [Au-

Pt]¯dimer is shown in Figure 4.6 along with bond lengths (in Å). 

 

Figure 4.6: Optimized geometries of intermediates and transition states for 

catalytic oxidation of NO on [Au-Pt]¯dimer at M06L/def2TZVP level. 

Like the previous catalyst, [Au-Pt]¯also shows a similar trend. IM1/ is formed 

by co-adsorption of O2 and NO on the Pt site of the catalyst. The IM1/is much lower 

in energy than the starting material (-64.86 kcal/mol). The interaction of one of the 

O-atom occurs with NO resulting in the formation of TS1/ (366.40i cm-1). The 

barrier height of the TS1/ is 25.38 kcal/mol. IM2/ is formed with the weakening of 

the O-O bond length (1.377 Å to 1.416 Å) and consolidation of the N-O bond (1.539 

Å to 1.378 Å). Finally, O-O bond breaks in TS2/ having imaginary frequency 906.06i 

cm-1. This step is facilitated by a lower barrier height, i.e. 7.97 kcal/mol. IM3/ is 
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formed in which one NO2 is formed. The step is followed by the removal of one NO2 

molecule, forming IM4/. The NO molecule is co-adsorbed with [Au-Pt]¯O species 

(IM4/) forming IM5/. In the third transition state (TS3/), the single O atom gets 

closer to the lone NO molecule which on going further, forms the second NO2 

molecule in IM6/. However, the barrier height of the second NO2 formation is very 

high (42.96 kcal/mol). The step is characterized by an imaginary frequency of 

186.86i cm-1. All the TSs are authenticated using IRC calculations.  It is to note that 

the spin is conserved throughout the reaction pathway. 

We have obtained the value of the Gibbs’ free energies of all the species as 

given in the reaction mechanism along with intermediates and transition states and 

plotted the energy profile diagram for the reaction as proposed in the above and 

shown in Figure 4.7.  

 

Figure 4.7: Potential energy diagram for catalytic oxidation pathway of NO on [Au-

M]¯ (M=Pd, Pt) dimer at M06L/def2TZVP level. The rate-determining states have 

been labeled. 

We have calculated relative Gibbs’ free energies for all species with respect to 

[Au-M]¯ + 2NO (gas) + O2 (gas) at 298 K and 1 atm. It is to be noted that when the 

reactant species (NO and O2) gets adsorbed to the dimers, energy is released due to 
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the formation of new bonds. Therefore, all the intermediates are lower in energy as 

compared to total energy of the dimer and the reactant species. It is obvious from 

Figure 4.7 that NO and O2 gets coadsorbed on the dimer and forms IM1 and IM1/ 

which has energy equal to -55.09 kcal/mol and -64.86 kcal/mol, respectively, lower 

than the starting species. The energy barrier of TS1 is 21.08 kcal/mol with respect 

to IM1 and TS1 is characterized by the presence of an imaginary frequency of 

279.73i cm-1. We further obtained an intermediate IM2 which is lower energy than 

TS1. The energy barrier of TS1/ is  25.38 kcal/mol with respect to IM1/. Further, 

IM2 passes through a transition state TS2 where O-O bond cleavage takes place 

which results in the formation of NO2 along with the IM3. The energy barrier of TS2 

is found to be 9.08 kcal/mol with an imaginary frequency of 732.70i cm-1. The 

energy barrier of TS2/ is found to be 7.97 kcal/mol with an imaginary frequency of 

906.06i cm-1. After IM3 (and IM3/), one NO2 is removed, thus forming [Au-M]¯O 

species which is termed as IM4 and IM4/. After IM4, one NO molecule enters the 

system from the gas phase. The new structure IM5 and IM5/ in the PES (Figure 4.7) 

are 37.22 kcal/mol and 49.29 kcal/mol lower in energy than IM4 and IM4/, 

respectively. The last TS (TS3) is characterized by an imaginary frequency of 

211.50i cm-1 where the formation of the second NO2 takes place. For TS3/, the 

imaginary frequency has a value of 186.86i cm-1. In the PES diagram (Figure 4.7), 

after the formation of IM6, we have extended the graph to the free energy formation 

of NO2 that is obtained from the free energy diffrerence between reactant and 

product.  

Table 4.9: Calculated barrier heights (in kcal/mol) for both the anionic dimers via 

LH mechanism at M06L/def2TZVP level.  

[Au-Pd]¯ [Au-Pt]¯ 

Transition 

States 

Barrier 

Height 

Transition 

States 

Barrier Height 

TS1 21.08 TS1/ 25.38 

TS2 9.08 TS2/ 7.97 

TS3 23.70 TS3/ 42.96 
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The activation energies for the process of NO oxidation on both the dimers have 

been shown in Table 4.9. For [Au-Pt]¯ catalyst, the barrier height of TS1/ is 25.38 

kcal/mol, which is 4.30 kcal/mol more than TS1. TS2/ has a lower barrier height of 

7.97  kcal/mol in comparison to TS2.    

However, major difference is observed in the TS for the generation of second NO2 

molecule i.e. TS3 and TS3/. This fact can be described from the stability of IM5 and 

IM5/ in the reaction pathway. As we can see, that the IM5/ is much more stable in 

the PES (Figure 4.7) than IM5. This is a consequence of the binding nature of the 

catalyst with the second NO in the reaction pathway. To understand this, we have 

calculated the adsorption energies of NO on IM4 (and IM4/) for the formation of IM5 

(and IM5/). We found out that the adsorption energy values for the adsorption of 

NO on IM4 and IM4/ are -43.33 kcal/mol and -54.65 kcal/mol, respectively. 

Adsorption energy values reveals that NO binds strongly with IM4/ than that of the 

IM4, thus making a more stable intermediate IM5/. This is the effect of the strong 

binding nature of NO with Pt site in the dimer for which IM5/ possesses high orbital 

reorganization energy which makes it difficult to reach IM6/. After the formation of 

second NO2 (IM6 & IM6/), we have observed that NO2 does not leave the catalytic 

sites and it maintain a bond distance of 1.990 Å and 1.948 Å with Pd (IM6) and Pt 

(IM6/) respectively. The desorption energies for the release of first and second NO2 

from [Au-Pd]¯ dimer are 28.47 kcal/mol and 50.79 kcal/mol, respectively. Similarly, 

first and second NO2 are released from the [Au-Pt]¯ dimer at desorption energies of 

29.95 kcal/mol and 55.43 kcal/mol, respectively. From the PES, it is seen that 

desorption energy for NO2 to leave the catalytic site is higher in Pt than that of Pd. 

In the structure of NO2 nitrogen possesses a single non-bonded electron on the ‘N’ 

atom which is responsible for the formation of Pd-N and Pt-N in the IM6 and IM6/ 

respectively. It can be described form the bond critical point of the IM6 and IM6/. 

The ESP value for the Pd-N is 0.13e lower than that of Pt-N which indicates that a 

relatively higher energy is required to break Pt-N bond in IM6/ than Pd-N in IM6.  

4.3.4.2 Termolecular Eley Rideal (TER) mechanism 

The TER mechanism is a three-molecular reaction that activates the gaseous 

O2 molecule using two pre-adsorbed NO molecules. As previously discussed, the co-

adsorption of two NO molecules on [Au-M]¯ (M=Pd, Pt) dimers is stronger than the 
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co-adsorption of NO and O2 or the single adsorption of NO and O2. Hence, NO 

oxidation is highly likely to proceed via TER mechanism. Moreover, TER mechanism 

has been considered in previous studies [68, 69] for catalytic oxidation of NO. The 

initial co-adsorption of two NO molecules is taking place at M site of the [Au-M]¯ 

dimer. The proposed mechanism for TER is likely to be followed as (* means 

attached to the catalyst): 

         [Au-M]¯ + 2 NO (gas) + O2 (gas)             [Au- M]¯ON*N*O (coads) + O2 (gas)     

    [Au- M]¯ON*N*O (coads) + O2 (gas)      [Au- M]¯ON*OON*O (coads) 

          [Au- M]¯ON*OON*O (coads)                   [Au-M]¯ O2N*N*O2 (coads) 

     [Au-M]¯ O2N*N*O2 (coads)        [Au-M]¯ +2 NO2 (gas) 

Figure 4.8 and Figure 4.9 demonstrate, respectively, the optimized geometries 

of intermediates and transition states involved in the catalytic oxidation pathway 

of NO on [Au-Pd]¯ and [AuPt]¯ via TER mechanism.   

 

Figure 4.8: Optimized geometries of intermediates and transition states involved 

in catalytic oxidation pathway of NO on [Au-Pd]¯ dimer via TER mechanism along 

with their bond lengths (in Å).  

The reaction begins with the co-adsorption of two NO molecules on the Pd site 

of the [Au-Pd]¯ dimer, resulting in IM7. This intermediate has a higher energy 

stability (69.04 kcal/mol) than the starting material. Inclusion of an O2 molecule 

results in the production of IM8, which has slightly higher energy (10.72 kcal/mol) 

than IM7. The bond distance in IM8 shows that O2 has a weak connection with one 



Chapter 4 

 

4-25 | P a g e  
 

NO molecule (2.323 Å) and barely any interaction with the Pd atom. The O-O bond 

length and υO−O in IM8 are 1.245 Å and 1371.04 cm-1, respectively, indicating 

modest activation of O2. The reaction proceeds through TS4, where O2 reacts with 

two NO molecules adsorbed on the Pd atom of the anionic dimer. This TS is 

confirmed by its imaginary frequency 882.31i cm-1 and the barrier height for this 

step is 33.93 kcal/mol. Hence, kinetically, the reaction mechanism is not too 

favourable at the room temperature as the transition barrier is somewhat high. The 

final intermediate is IM9 where two NO2 molecules are fully formed and attached 

to the dimer catalyst. The desorption energy for two NO2 molecules from [Au-Pd]¯ 

catalyst is 66.04 kcal/mol which is attainable at room temperature [70].   

 

Figure 4.9: Optimized geometries of intermediates and transition states involved 

in catalytic oxidation pathway of NO on [Au-Pt]¯ dimer via TER mechanism along 

with their bond lengths (in Å).  

Adsorption of two NO molecules on [Au-Pt]¯ dimer results in the formation of 

IM7/, which has a lower energy than the starting point (78.88 kcal/mol). The 

addition of O2 to IM7/ produces IM8/, which has a lower energy than IM7/ (by 6.97 

kcal/mol). O2 interacts with a NO molecule from a distance (2.687 Å and 2.784 Å), 

remaining in the gas phase. The bond length (1.235 Å) and frequency (1422.98 cm-

1) indicate minimal O2 activation in IM8/. The reaction proceeds via TS4/ (860.45i 

cm-1), where the O-O bond breaks while interacting with two NO molecules. In TS4/, 

the O-O bond elongates (1.523 Å) and two additional N-O bonds (1.487 Å and 1.448 
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Å) are formed.  The activation barrier going from IM8/ to TS4/ is 54.85 kcal/mol. At 

last, IM9/ is formed where two NO2 molecules are formed which is very much stable 

in PES (-104.87 kcal/mol). Two NO2 molecules from the [Au-Pt]¯ catalyst have a 

desorption energy of 71.75 kcal/mol. Whole TER mechanism proceeds in triplet 

spin state (SM=3) for both the [Au-M]¯ dimer. The energy profile diagram for the 

TER reaction mechanism is shown in Figure 4.10. 

 

Figure 4.10: Potential energy diagram for catalytic oxidation pathway of NO on 

[Au-M]¯ (M=Pd, Pt) dimer via TER mechanism at M06L/def2TZVP level. The rate-

determining states have been labeled. 

Table 4.10 contains calculated barrier heights (in kcal/mol) for both the anionic 

dimers via TER mechanism at M06L/def2TZVP level.  
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Table 4.10: Calculated barrier heights (in kcal/mol) for both the anionic dimers via 

TER mechanism at M06L/def2TZVP level.  

[Au-Pd]¯ [Au-Pt]¯ 

Transition States Barrier Height Transition States Barrier Height 

TS4 33.93 TS4/ 54.85 

The barrier height for TS4 and TS4/ are 33.93 kcal/mol and 54.85 kcal/mol, 

respectively. The higher barrier height in both the dimer is due to the fact that O2 is 

very slightly activated in IM8 and IM8/. Bond parameters of O2 in IM8 confirms the 

inactivated state of O2 (dO−O=1.245 Å; υO−O=1371.04 cm-1). Same is the case in IM8/ 

where bond parameters of O2 are dO−O=1.235 Å and υO−O=1422.98 cm-1. 

Additionally, the considerable distance between two NO molecules makes it 

challenging for O2 to react with both of them simultaneously. From Table 4.10, it is 

evident that [Au-Pt]¯ dimer has a larger activation energy for TER mechanism. This 

may be attributed to the fact that O2 is more activated in IM8 than that of IM8/.   

4.3.4.3 Termolecular Langmuir Hinshelwood (TLH) mechanism 

Another three-molecule reaction process is the termolecular Langmuir 

Hinshelwood (TLH) [71] mechanism, in which two NO molecules and one O2 

molecule co-adsorb onto the catalyst to interact with one another. Both the dimers 

have been observed to follow the TLH mechanism.  The proposed mechanism for 

TLH is likely to be followed as (* means attached to the catalyst): 

[Au-M]¯ + 2 NO (gas) + O2 (gas)                      [Au- M]¯ON*N*O (coads) + O2 (gas)           

[Au- M]¯ON*N*O (coads) + O2 (gas)               [Au- M]¯ON*O*ON*O (coads) 

         [Au- M]¯ON*O*ON*O (coads)                            [Au-M]¯ O2N*N*O2 (coads) 

[Au-M]¯ O2N*N*O2 (coads)                       [Au-M]¯ +2 NO2 (gas) 

Figure 4.11 and Figure 4.12 demonstrate the optimized geometries of 

intermediates and transition states involved in the catalytic oxidation pathway of 

NO on [Au-Pd]¯and [Au-Pt]¯ via TLH mechanism, respectively. Figure 4.13 depicts 

potential energy diagram for catalytic oxidation pathway of NO on [Au-M]¯ (M=Pd, 

Pt) dimer via TLH mechanism at M06L/def2TZVP level.  
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Figure 4.11: Optimized geometries of intermediates and transition states involved 

in catalytic oxidation pathway of NO on [Au-Pd]¯ dimer via TLH mechanism along 

with their bond lengths (in Å).  

The co-adsorption of two NO molecules onto the Pd atom of [Au-Pd]¯ initiates 

the process, resulting in the formation of IM10. The activation of both NO molecules 

in IM10 is demonstrated by their respective bond lengths (1.184 Å and 1.186 Å). 

This intermediate is 59.07 kcal/mol more stable than the starting point in terms of 

energy. The addition of one O2 molecule results in the formation of IM11, an energy 

intermediate that is more stable (-61.55 kcal/mol in PES). The O2 molecule is 

sufficiently active to progress the process, as seen in IM11. The same is reflected in 

the bond lengths of O2 (1.275 Å) and ʋO-O (1223.95 cm-1) in IM11. The O atom of O2 

combines with one of the N atoms of NO molecules at TS5 (imaginary 

frequency=136.50i cm-1) to generate IM12. The activation barrier in this step is 3.27 

kcal/mol, and it is exothermic by 6.90 kcal/mol. Therefore, this step is feasible from 

a thermodynamic and kinetic perspective. The second O atom of O2 combines with 

the other NO molecule in the second TS to form a cyclic O-N-O-O-N-O species. This 

step has an activation barrier of 29.14 kcal/mol and is 45.40 kcal/mol highly 

exothermic. IM13 is formed way below the starting point (-113.85 kcal/mol), 
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indicating the high stability of the intermediate. Both of the NO2 molecules have a 

desorption energy of 80.72 kcal/mol (40.36 kcal/mol for each NO2).     

 

Figure 4.12: Optimized geometries of intermediates and transition states involved 

in catalytic oxidation pathway of NO on [Au-Pt]¯ dimer via TLH mechanism along 

with their bond lengths (in Å).  

A similar process is also followed on [Au-Pt]¯ dimer. The formation of IM10/ is 

initiated by the co-adsorption of two NO molecules on the Pt atom of [Au-Pt]¯ dimer.  

The activation of both NO molecules in IM10/ is evidenced by their respective bond 

lengths (1.189 Å) and vibrational frequency (1764.99 cm-1). This intermediate has 

86.67 kcal/mol higher stability than the reactants in terms of energy. The addition 

of one O2 molecule promotes the generation of IM11/. However, IM11/ is a less 

stable intermediate (-69.03 kcal/mol in PES) with respect to IM10/. Similar to IM11, 

the O2 molecule is sufficiently active in IM11/ to move the process along. This is 

mirrored in the bond lengths of O2 (1.269 Å) and υO−O (1245.64 cm-1) in IM11. At 

TS5 (imaginary frequency=131.73i cm-1), the O atom of O2 bonds with one of the N 

atoms of NO molecules to form IM12/ with an activation barrier of 3.55 kcal/mol. 

This step is slightly endothermic by 2.44 kcal/mol. The second O atom of O2 reacts 

with the other NO molecule in the second TS to generate the cyclic O-N-O-O-N-O 

species. TS6/ has a 21.25 kcal/mol activation barrier and is highly exothermic 
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(56.19 kcal/mol). At last, IM13/ is produced which is significantly below the starting 

point (-122.78 kcal/mol), demonstrating the intermediate's excellent stability in 

PES. Both NO2 molecules have a desorption energy of 89.65 kcal/mol (44.82 

kcal/mol for each NO).  It is important to note that the spin is conserved throughout 

the whole reaction pathway for all the mechanisms previously discussed.  

 

Figure 4.13: Potential energy diagram for catalytic oxidation pathway of NO on 

[Au-M]¯ (M=Pd, Pt) dimer via TLH mechanism at M06L/def2TZVP level. The rate-

determining states have been labeled. 

Table 4.11: Calculated barrier heights (in kcal/mol) for both the anionic dimers via 

TLH mechanism at M06L/def2TZVP level.  

[Au-Pd]¯ [Au-Pt]¯ 

Transition 

States 

Barrier Height Transition 

States 

Barrier Height 

TS5 3.27 TS5/ 3.55 

TS6 29.14 TS6/ 21.25 
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4.3.4.4 Efficiency of clusters using energetic span model 

The energetic span model has been a simple method to analyze the efficiency 

of a catalyst from a theoretically obtained free energy reaction pathway [72, 73]. It 

is noteworthy to observe the rate-determining states of the overall reaction 

mechanism as it suggests where the reaction can be controlled. To find out the 

efficiency of the two catalytic reactions, we have studied the energetic span model 

and calculated the value of the energetic span (δE) and TOF using the Eq. 4 and Eq. 

3, respectively and provided in Table 4.12. For L-H mechanism, Table 4.12 shows 

that IM6 correspond to TS2 have a maximum value of 25.23 kcal/mol for NO 

catalytic oxidation reaction on [Au-Pd]¯catalyst. In the case of [Au-Pt]¯catalyst, IM5/ 

correspond to TS3/ has the maximum δE value of 42.96 kcal/mol for L-H 

mechanism. For TER, IM7 correspond to TS4 has the maximum δE value of 44.66 

kcal/mol for [Au-Pd]¯catalyst while IM8/ correspond to TS4/ has the maximum δE 

value of 54.86 kcal/mol for [Au-Pt]¯. The maximum δE value for [Au-Pd]¯catalyst in 

TLH mechanism is 41.42 kcal/mol for IM13, which corresponds to TS6, and 44.33 

kcal/mol for IM13/, which corresponds to TS6/, for [Au-Pt]¯. It is obvious from the 

calculation that [Au-Pd]¯ have a higher turnover frequency and hence, expected to 

be more efficient via L-H mechanism. The intermediate IM6 (TDI) and the transition 

state TS2 (TDTS) are found to be rate determining states (RDS) for the more 

efficient pathway (L-H mechanism).   

Table 4.12: Values of key state energies (in kcal/mol), δE value (in kcal/mol) and 

TOF (in s-1) for [Au-M]¯ (M=Pd, Pt) dimers.  

Pathways [Au-Pd]¯ [Au-Pt]¯ 

 TDTS TDI δE TOF TDTS TDI δE TOF 

L-H -25.57(TS2) -83.92(IM6) 25.23 1.90×10-6 -62.17(TS3/) -105.13(IM5/) 42.96 1.86×10-19 

TER -24.38(TS4) -69.04(IM7) 44.66 1.05×10-20 -30.99(TS4/) -85.85(IM8/) 54.86 3.44×10-28 

TLH -39.31(TS6) -113.85(IM13) 41.42 2.50×10-18  -45.33(TS6/) -122.78(IM13/) 44.33 1.83×10-20 
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4.3.4.5 Kinetic analysis 

In coal-fired power plants, the temperature of the fuel gas varies between 

298.15 K and 1000 K [70]. Here, the Langmuir-Hinshelwood mechanism, which is 

the most prominent path on the  [Au-Pd]¯ dimer, has its kinetics examined in the 

temperature range mentioned above. It is significant to observe that the NO 

oxidation reaction energy increase as the reaction temperature rises, indicating that 

an increase in temperature inhibits the spontaneous nature of the reaction. For the 

L-H mechanism, rate coefficients (in s-1) are shown in Table 4.13 for the 

temperature range of 298.15–1000 K.  

Table 4.13: Calculated rate coefficients (in s-1) within the temperature range of 

298.15–1000 K for the L-H mechanism on [Au-Pd]¯ at the M06L/def2TZVP level of 

theory.  

Temp (in K) k1 k2 k3 

298.15 2.09×10-3 1.35×106 2.50×10-5 

400 7.89×100 8.54×107 6.22×10-1 

500 9.75×102 9.81×108 2.39×102 

600 2.42×104 5.03×109 1.28×104 

700 2.41×105 1.62×1010 2.20×105 

800 1.35×106 3.92×1010 1.87×106 

900 5.16×106 7.78×1010 9.88×106 

1000 1.51×107 1.35×1011 3.75×107 

Figure 4.14 shows how the logarithm of reaction rate constants varies for the 

same mechanism at different reaction temperatures. Table 4.13 and Figure 4.14 

illustrates clearly that the rate constants always rise as the temperature rises, 

suggesting that high temperatures might accelerate the catalytic oxidation of NO. 

Moreover, value of k2 increases much more with increase in temperature with 

respect to k1 and k3. It suggests that second step of the L-H mechanism on [Au-Pd]¯ 

dimer is the fastest step. Hence, temperature has a promoting effect on the reaction 

rate of NO oxidation. 
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Figure 4.14: Changes in logarithm of reaction rate constants under different 

reaction temperatures for L-H mechanism. 

Moreover, desorption energies of two NO2 molecules for L-H mechanism at 

different temperatures has also been studied and tabulated in Table 4.14. It 

suggests that desorption energies decrease as the temperature rises which means 

as the temperature increases, it becomes easier for two NO2 molecules to get 

desorbed from the catalytic dimer. 

Table 4.14: Changes in desorption energies (ΔGdes) (in kcal/mol) of two NO2 

molecules for TER-3 mechanism under different reaction temperatures. 

Temp ΔGdes (1st NO2) ΔGdes (2nd NO2) 

298.15 28.47 50.79 

400 25.19 47.75 

500 22.75 44.84 

600 18.39 41.99 

700 15.10 39.18 

800 11.86 36.42 
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4.4 Significant Outcomes 

In summary, the catalytic oxidation mechanism of NO into NO2 in the presence 

of O2 activated on precious metal dimers, [Au-Pd]¯and [Au-Pt]¯, is investigated.  

1. From adsorption energies and NBO calculations, it was established that M 

sites (M=Pd, Pt) are more preferred for adsorption than the Au site.  

2. Co-Eads values also reveal that reactants will co-adsorb at M site of the 

bimetallic dimer. Hence, reactions were carried out at M sites on both the 

dimers via L-H, TER and TLH mechanisms.  

3. Consequently, on comparing the energy barriers and energetic span (δE) for 

all the three mechanisms, it can be concluded that L-H mechanism is the 

most preferred pathway for NO oxidation on [Au-Pd]¯dimer.  

4. For L-H mechanism, we have observed that there is a difference in the 

reaction mechanism among the two anionic bimetallic dimers in terms of 

their calculated reaction energies and activation barriers, particularly in the 

energy barriers of TS3 (TS3/). The activation barrier for the formation of the 

second NO2 (TS3/) is high for [Au-Pt]¯ dimer.  

5. The calculation of the energetic span model also concludes the same. IM6 

and TS2 are the RDS for [Au-Pd]¯whereas, for [Au-Pt]¯ we have found IM5/ 

and TS3/ as our RDS. Hence,catalytic NO oxidation goes more smoothly on 

[Au-Pd]¯ dimer.  

6. Finally, our results offer a potential tunability in the catalyst which can act 

as a future replacement for the reactive metal sites. Along these lines, such 

modifications also open up a better avenue for experimentalists to explore 

the oxidation process at atomistic scale for building efficient catalysts in the 

large scale processes.  
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