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The activation and reaction of CO with oxygen on gold clusters are considered through DFT calculations
Introduction
Gold was considered inactive till recently.    In 1987, Haruta showed that Au  nano particles (NPs) are active for the CO oxidation [1]. Two main ( not all) applications of Gold-nanoparticle-based catalysts for CO oxidation reactions are: 1 CO oxidation in catalytic exhausts:  80% of pollution due to powered vehicles comes from the cold start of the engine. This has become a major cause of air pollution.  Gold NPs play a role to reduce the pollution from vehicle exhaust.  2. Purification of hydrogen for fuel cell application:  The CO formed in the reforming of methanol  adversely affects the Pt electrodes of the fuel cell.  The poisoning of the Pt anodes by CO can also be minimized by Au NPs
Au Nano particles supported on transition metal oxides are active catalysts for oxidation reactions at low temperatures [2].   Generally, gold is inert in the bulk form but becomes active in the nano state. The oxide support has a vital role because bare gold is not that much active enough. There can be partial electron transfer from the F center defect of the support to metal cluster. Then the metal acquires excess charge density thus facilitating the activation of O-O bond of the oxygen molecule adsorbed on the cluster[3]. The activation weakens the O-O bond and lowers the barrier for reaction with CO  and subsequent formation of CO2 [4].. The mechanism of CO oxidation on gold is affected by several factors such as oxidation state of Au, quantum size effect,[5] support induced strain[6], oxygen spill over to and from the support and low coordinated Au atoms on the Nano particles. 
These applications highlight the importance Au NPs as a catalyst for CO oxidation.   However, main issues are: (i) The actual samples display size and shape distributions (ii) The  small nanoparticles (< 1 nm) are not easily visualized (iii) some minority NPs alone can exhibit the activity of a given catalyst.  The main features of Au NPs to be an active catalyst are:  (i)  It should be active at room temperature (ii) The Size of NPs < 5 nm  (iii) They can be easily supported on reducible oxides like TiO2 > CeO2  > Al2O3..(iv) The maximum activity is found for a gold nano particle around 2-3 nm.
In 2008 Herzing and coworkers [7] reported that “high catalytic activity for carbon monoxide oxidation is correlated with the presence of bilayer clusters that are ~ 0.5 nano meter in diameter and contain only ~ 10 gold atoms”.  Their studies have shown that a bilayer Au structure is a critical feature for catalytically active Au nanoparticles, along with low coordinated Au sites, support-to-particle charge transfer effects, and quantum size effects. But in 2010 Liu, Schuth et al., [8] reported a disagreement with these studies. According to them, “gold nano clusters should have diameters larger than 1 nm and bilayer structures and/or diameters of about 0.5 nm are not mandatory to achieve the high catalytic activity”.  There are several proposed mechanisms for the reaction. They are mainly grouped into two, (i) mechanism involving only Au NPs and CO, (ii) mechanism involving the interaction with the support [8]. Many factors such as kinetics, temperature range studied and kinetic isotope effect reinforce these mechanisms [9]. Kinetic studies show a reaction rate α [CO] [O 2], indicating that CO and O2 are adsorbed on the surface until saturation and the reaction of the adsorbed CO and O2 is the rate determining step [5]. The heterogeneously catalysed CO oxidation frequently requires adsorption of both reactants on the surface of the catalyst, i.e. it follows a Langmuir-Hinshelwood mechanism. It involves the dissociation of dioxygen O2,the reaction between the adsorbed CO and O, and the desorption of the product, CO2. Typical catalysts for oxidation reactions form bonds of medium strength with oxygen[10] . It involves the adsorption of both oxygen molecule and CO. The substantial dissociation energy of CO (1077.10 kJ/mol ) corresponds to the short bond length of 1.1282 Å and the high molecular vibration frequency of 2143 cm-1.The CO molecule has a remarkably small dipole moment of µ = 0.112 D with the positive end on oxygen. The mechanism of CO oxidation is schematically shown in Fig.1.
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Fig.1.Schematic representation of oxidation of CO on gold nanoparticles
Among the main factors that determine the efficiency of Au catalysts is the shape of Au nanoparticles. The shape of Au nanoparticles is the key for observed  functionalities like sensing and biolabeling applications as also to plasmonics and photonics applications. For a given size, both wave functions and energies depend critically on the nanoparticle shape. For example, the lowest excitation energy for a cubic nanoparticle is 10% higher than that of a spherical nanoparticle of the same volume.   Gold nanoparticles are often found in their equilibrium shape and at the thermodynamic limit, this is a polyhedron enclosed by faces of various crystal orientations. Nanoparticle shape is often found to change upon exposure to some interacting environment. In the case of Au nanoparticles upon exposure to CO, a change in their shape has been observed both experimentally and theoretically [11]. This is due to the dependence of interface tension of a metal in equilibrium with a gas to the surface tension, the adsorption energy, and the coverage of adsorbate. In order to predict the equilibrium shape in an interacting environment, it is necessary to have a systematic calculation of adsorption energies for all relevant surfaces. 
Gold based catalysts are highly explored in the area of chemical reactions due to its greater availability and relatively low and stable prize as compared to platinum group metals. The present study aims to investigate   the adsorption of CO molecules on these clusters and investigation of adsorption energies and the CO oxidation on these gold clusters.  The methodology employed is DFT calculations on the chosen number of gold atoms as clusters.   Details of this methodology are available elsewhere [12] and also will be dealt with in a subsequent paper.
Results and Discussion
 CO adsorption on Au 
The adsorption of CO was considered on all possible clusters up to 18 atoms.  CO molecule was placed in every possible adsorption sites on these clusters and the total energy was computed.  Clusters having the lowest value for adsorption energy are energetically favourable and they were selected for further reaction of CO oxidation. The optimized CO adsorption modes on these clusters are shown in Fig.2.
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Fig.2. The optimized CO adsorption sites on chosen gold clusters.
 
On all clusters the adsorption of CO appears to be possible, though on 18 atom gold cluster appears to give the large negative value for the adsorption energy.   The adsorption energy of the clusters should have higher negative value for favourable adsorption of CO molecule.   Among the clusters Au18 possess the lowest value for adsorption energy (-2.03915). The CO stretching frequencies are also changing when adsorbed to Au. Vibration analysis confirms that the optimized configurations are stable. The bond length of CO is predicted to be 1.16 Å which is in good agreement with available experimental data and theoretical results (1.15 Å) [13]. The NBO charges were also calculated because charge distribution on carbon atoms is important for finding the adsorption sites on Au. The NBO charges for free CO is calculated as 0.496 for both C and O. When it is adsorbed to Au, the NBO charges were changing due to some charge transfer between CO and Au. The computed values of the parameters are given in Table 1. The various properties of these geometries are given in Table 2.
The predicted adsorption energies of O2 molecule on these clusters were slight higher (more negative) than adsorption energies for CO. The bond length of free O2 molecule is predicted to be 1.270 Å. When it is adsorbed on Au nano cluster, the bond is elongated to 1.3 Å. Some significant distortions of the Au cluster are caused by the strong adsorption of O2, which also provides more degrees of freedom for reaction sites. The most energetically favourable configuration is characterized by O2 parallel to Au nano clusters. Among these clusters Au5 possess more negative value for adsorption energy.  The bond length of O2 adsorbed on on Au5 is elongated to 1.32. 

Table 1  Computed values of the parameters for adsorption of CO on various gold clusters
	Cluster name
	Eads (eV)
	ν(CO) (cm-1)
	dC-Au(Å)
	dC-O (Å)
	NBO(O)
	NBO(C )

	Au4
Au5
Au7
Au10
Au12
Au12a
Au14
Au17
Au18
	-1.45
-1.05
-1.05
-.190
-1.62
-0.93
-1.14
-0.83
-2.03
	2056.78
2020.12
2020.78
2052.79
2050.82
2033.46
2036.11
2035.46
2049.95
	1.95
1.98
1.98
1.97
2.00
2.00
1.98
2.00
1.99
	1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
	-0.378
-.0.389
-0.389
-0.375
-0.382
-0.386
-0.379
-0.381
-0.381
	0.486
0.487
0.493
0.498
0.493
0.503
0.506
0.506
0.491



Table 2 The calculated values of energy and bond distances for oxygen adsorption on gold clusters

	Cluster name 
	
	Eads (eV) 
	
	dO-Au (Å) 
	
	do-o (Å) 
	

	Au4 
	
	-0.77 
	
	2.13 
	
	1.31 
	

	Au5 
	
	-2.22 
	
	2.21 
	
	1.32 
	

	Au7 
	
	-2.13 
	
	2.20 
	
	1.33 
	

	Au10 
	
	-1.63 
	
	2.16 
	
	1.31 
	

	Au12 
	
	-1.67 
	
	2.17 
	
	1.36 
	

	Au12a 
	
	-1.01 
	
	2.13 
	
	1.37 
	

	Au14 
	
	-1.00 
	
	2.24 
	
	1.36 
	

	Au17 
	
	-1.87 
	
	2.58 
	
	1.27 
	

	Au18 
	
	-1.78 
	
	2.14 
	
	1.32 
	



CO oxidation reaction mechanisms 
Generally, there are two well established mechanisms for CO oxidation with O2, namely, the Langmuir–Hinshelwood (LH) mechanism and the Eley–Rideal (ER) mechanism[14]. The LH mechanism involves the co-adsorption of CO and O2 molecules on the catalyst surface before reaction, reaction of the co-adsorbed CO and O2 molecules, formation of a peroxo-type complex intermediate and desorption of the generated CO2 molecule from the catalyst surface. In the ER mechanism, the CO molecules directly react with the adsorbed and activated O2 (atomic O), where the activation of O2 is the rate-limiting step. The mechanism involving molecular oxygen is selected for discussing the CO oxidation mechanism. 

[image: ] [image: ] [image: ]

[image: ]    [image: ]   [image: ]
[image: ]   [image: ]    [image: ]

CO oxidation on Au5 cluster 
The CO oxidation on all the Au clusters was carried out and Au5 is selected to discuss the mechanism.  The initial geometry of pure Au5 cluster is changing in each step of the reaction. This distortion in geometry will provide additional degrees of freedom for reaction sites. So the flexibility in the shape of the catalyst during each step of the reaction is favourable for better activity. The relative free energy is compared with that of  pure Au5 cluster which is assumed to be zero. The adsorption of CO molecule and O2 molecule on Au5 is thermodynamically favourable. Because both having a negative value of relative free energy. But O2 adsorption is more favourable because it is having more negative value than CO adsorption. When both CO and O2 together adsorbed on Au5, the relative free energy again decreases and there is a possibility for transfer of oxygen atom to CO molecule. Then the O2 bond is dissociated and CO2 is formed in the intermediate step. The next step is the deformation of the Au5 cluster which is an endothermic in nature. The relative free energy is increasing in this step. Finally, desorption of CO2 is thermodynamically favourable, because the relative free energy is decreasing in this step.

In conclusion it can be stated that CO oxidation on gold nanoparticles is dependent on the size of the gold clusters and particular geometry.
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