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Abstract 

The CO oxidation on the Au(321) surface was investigated using spin polarized 

density functional theory based calculations within the GGA-PW91 exchange-correlation 

functional. This was done by studying separately the adsorption of isolated CO or CO2 

and also the co-adsorption of CO+O or CO+O2 on the Au(321) surface. A periodic 

supercell approach was used to model the gold surface. The kinetic profile of the 

oxidation reaction was determined with the climbing image-nudged elastic band method 

and also with the dimer approach. It was found that CO adsorbs on the clean surface 

preferably at the kinks and the same preference exists if atomic or molecular oxygen is 

co-adsorbed on the Au(321) surface. Carbon dioxide is weakly adsorbed on Au(321) and 

appears at large distance from the metal surface. Importantly, the formation of carbonate 

species or of four atoms compounds, OCOO, adsorbed on the Au(321) surface is 

thermodynamically favorable from CO and O2. The reaction of CO oxidation by atomic 

oxygen occurs almost without any energy cost on a reconstructed surface whereas 

moderate barriers of ~0.6 eV were computed for the direct reaction with molecular 

oxygen occurring at the surface steps. These results suggest that the pre-dissociation of 

the molecular oxygen on the Au(321) surface for the CO oxidation is energetically less 

favorable than the direct reaction with molecular oxygen. Finally, the products of the 

oxidation reaction are much more stable than the four atoms compound. 
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1. Introduction 

 The discovery in the late nineteen-eighties that highly dispersed gold 

nanoparticles on a transition metal oxide support catalyzed the oxidation of carbon 

monoxide at temperatures as low as -70 ºC,1 lead to a high number of investigations 

devoted to the understanding of catalysis on gold nanoparticles. The majority of these 

studies concerned the oxidation of carbon monoxide due to interesting practical 

applications. These can be either the development of CO sensors2 or of optimized direct 

methanol fuel cells (DMFC). In DMFCs, CO appears as an intermediary that inhibits 

methanol oxidation catalyzed by a Pt-Ru/C substrate and, very recently, its elimination 

from the catalyst was successfully attained by the addition of gold nanoparticles.3-4 

Recently, gold clusters and gold nanoparticles deposited on more complex supports, such 

as modernite, showed a significant catalytic activity at low and high temperatures in the 

oxidation of CO.5 Gold cations were found to be inactive and its content diminished with 

the increase of treatment temperature.5  

Unsupported gold may exhibit high catalytic activity for CO oxidation depending 

on its intrinsic structure, i.e., depending on the number and size of pores at a nanometer 

scale yielding a three-dimensional spongy morphology and it seems unlikely to be due to 

the presence of a support.6-9 These active gold structures may be either gold-nanotube 

membranes6 or nanoporous gold structures.7-9 Therefore, it is possible to assume that the 

activity of gold seems to be due to the irregularities of the metal particles or films, which 

is supported by recent experimental work due to Chen and Goodman.10 These authors 

studied the effect of a gold bilayer on a reduced titanium surface also on the reaction of 

CO oxidation and found that its catalytic activity was comparable to the activity of gold 

nanoparticles. The exposed surface of the Au/TiO2(110) catalyst follows the irregularity 

of the clean TiO2(110) surface and so it includes a series of steps and kinks, which seems 

to be the cause for the enhanced activity of some specific gold structures. Contrasting 

with the assumption introduced above, Schubert et al.11 studied the effect of different 

supports on the activity of dispersed gold nanoparticles for CO oxidation. They 

concluded that the catalytic activity was associated with the reducibility of the oxide 

supports, i.e., Au catalysts supported on reducible transition metal oxides such as Fe2O3 

exhibited an enhanced activity for CO oxidation while Au/SiO2, Au/Al2O3 or Au/MgO 

catalysts were less active. Nevertheless, the same authors found that gold nanoparticles 

dispersed above an irreducible metal oxide can be active for the reaction of CO oxidation 
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if the gold nanoparticles are highly dispersed, thus supporting the assumption made 

above and suggesting a high dependence with the gold morphology.11 However, the best 

example of how far we are from a clear understanding of which are the causes for the 

enhanced activity of some gold catalysts while other are inert for CO oxidation is well 

documented with two very recent works. Grzybowska-Świerkosz states that the activity 

of a support should be related with its reducibility,12 but this is questioned by Comotti et 

al.13, which showed that gold deposited on Al2O3 (irreducible oxide) can be considerable 

active for CO oxidation while when it is deposited on ZnO (reducible oxide) the activity 

for the same reaction is poor. 

Therefore, it is not surprising that there is a large number of very recent works 

regarding the understanding of the role of the support and factors that may affect 

catalysis by gold. Several of these works show the crucial importance of the particle size, 

and, consequently, of the concentration of low coordinated gold atoms in the catalyst, in 

the enhancement of the catalytic activity.14,15 It was found that the support relative 

surface area is more important than its chemical composition16 or that the different 

activities of gold-reducible and gold-irreducible supported catalysts can be explained by 

the different gold geometries in those catalysts.17 Other works show that the supports 

may have a direct influence in the catalytic reaction. For example, nanocrystalline CeO2 

acts as a source of oxygen and also as an oxygen stabilizer,18 the Au/ZrO2 interface is the 

preferential site for molecular oxygen adsorption,19 the Ti rows of the TiO2 oxide are the 

preferential diffusion paths for the migration of oxygen into the gold phase,20 or the 

Au8/MgO(without defects) is less active than the Au8/MgO(with defects).21 Other factors, 

like strain effects due to the mismatch at the gold-support interface,22,23 the atmosphere 

gases in contact with the catalyst,24,25 or the formation of species like carbonates, 

carboxylates and bicarbonates,26,27 alter the catalytic activity too. 

The catalytic activity is also affected indirectly by the temperature at which the 

catalyst is calcinated.28 Wang et al.29 observed the effect of the temperature of calcination 

on the activity of the Au/SnO2 catalyst and concluded that the optimum temperature is 

300 ºC; the addition of phosphate to the Au/TiO2 catalyst prevents its deactivation at high 

temperatures.30 The role of the charge of gold species was also analyzed: metallic gold is 

the most important active species in Au/TiO2,
31 and in Au/CeO2 catalysts32; cationic Auδ+ 

or [Au(CO)2]
+ gold species were also found in the cases of Au/TiO2

33
, Au/MgO,34 and 

Au/CeO2,
35-37 catalysts and are thought to be active per se or by modifying the structure 
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of the gold particles; trace amounts of anionic species, such as AuO-, −

2AuO  and AuOH-, 

were detected when the support was −Al2O3 or TiO2 and suggested to have implication 

in the nature of the active sites of supported Au catalysts.38 Finally, the catalytic activity 

can be changed by the addition of other oxides to the catalyst, like BaO in the Au/Al2O3 

catalyst,39 or by the addition of other active metals like platinum.40 

The reaction mechanism concerning CO oxidation by gold has been also 

extensively studied. In the simplest situations, i.e., in the presence of only CO, O2 or O 

species, two different routes are possible, i) reaction with molecular oxygen forming a 

four atoms (O2 + CO) transition state or ii) reaction with atomic oxygen, yielding in both 

cases the desired product, i.e., CO2. If water is present on the surface, the reaction 

mechanism may be of even higher complexity.41  

Liu et al.42 studied the reaction mechanism using spin-polarized density 

functional theory, DFT, within the generalized-gradient approximation, GGA-PBE, and 

ultrasoft pseudopotentials, and considering several different Au surfaces, namely, 

Au(111), Au(211) and Au(221). They found that the latter had the lowest electronic 

energetic barriers for CO oxidation. In the most reactive Au(221) surface, the most 

favorable paths for the reaction of carbon monoxide with atomic oxygen or with 

molecular oxygen at the steps have electronic barriers of 0.25 eV and 0.59 eV (0.46 at 

high CO coverage), respectively. The energy required to dissociate molecular oxygen 

yielding adsorbed oxygen atoms is 1.16 eV on Au(221). This value may be compared 

with the calculated values for the Au(211), 0.93 eV, and Au(111), 2.23 eV, surfaces 

almost suggesting that dissociation of molecular oxygen is practically unfeasible in the 

case of the planar Au(111) surface. Importantly, the calculations performed for CO 

reaction with O2 on Au(211) or Au(221) surfaces showed a four atoms metastable state. 

Interestingly, the electronic energy barrier needed to obtain the metastable state is higher 

than that needed to form the products of the reaction, CO2,g + Oads, from the metastable 

state. 

Lopez and Nørskov43 used the RPBE exchange-correlation functional and 

ultrasoft pseudopotentials to investigate the CO oxidation by a gold nanoparticle 

adsorbed on Ti(110). They considered an isolated Au10 cluster as the model of the system 

and, despite its simplicity, they extracted valuable information. The electronic energy 

barriers calculated for the reactions with atomic and molecular oxygen are lower than 0.4 

eV suggesting that CO oxidation will be possible below room temperature. Furthermore, 
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they concluded that the main factor for the enhanced activity of the gold particle when 

compared with other previously studied Au surfaces was the increased number of low 

coordinated Au atoms associated with a large fraction of corner sites. More recently, 

Wang et al.44 based on the GGA-PW91 approach and considering a plane-wave basis set, 

studied two Au32 clusters presenting different symmetry and suggested that five-

coordinated sites should be more active than six-coordinated sites. Furthermore, they 

suggest also that small molecules should be adsorbed more favorably on the former than 

on the latter sites. The calculated electronic adsorption energies for CO, H2 and O2 were 

more favorable in the case of the less symmetric Au32 cluster studied. 

The influence of several different faces of the ZrO2 support on CO oxidation by 

gold has been studied very recently by Wang et al.19 GGA-PBE/DZP calculations were 

performed on both monoclinic and tetragonal phases of the ZrO2 support, namely, the flat 

m-ZrO2{ 1 11} and t-ZrO2{101} surfaces and the stepped m-ZrO2{ 2 12}, and t-

ZrO2{302} ones. They found that molecular oxygen is adsorbed in the interphase 

between a gold strip with 2 atomic layers and the ZrO2 support. The maximum electronic 

adsorption energy found is 1.71 eV for the stepped t-ZrO2{302} support. The adsorption 

of CO was more favorable on low coordinated gold atoms, in agreement with the results 

due to Lopez and Nørskov.43 Similarly to previous results calculated for CO oxidation on 

unsupported Au surfaces,42 a metastable state was found when carbon monoxide reacts 

with molecular oxygen above Au/ZrO2 catalysts; the relative electronic energy barriers 

between the initial and the metastable states and between the metastable state and the 

products depend on the phase and on the face of the ZrO2 support. The largest electronic 

barriers are found when the Au strip is deposited on the flat m-ZrO2{ 1 11} surface, 

values of 0.63 and 0.39 eV, respectively. In the other three cases, the complete reaction 

yielding gaseous carbon dioxide and adsorbed atomic oxygen needs to surmount a 

maximum electronic barrier of ~ 0.3 eV, a value that is not far from that calculated by 

Lopez and Nørskov on different gold scaffold and oxide.43 

Another important aspect in the CO oxidation reaction is the form how oxygen is 

deposited on the surface.45-47 Several different forms of oxygen deposited on gold 

surfaces were found. For example, Min et al.47 identified the following species on 

Au(111): chemisorbed oxygen, surface gold oxide or bulk gold oxide. These different 

forms of deposited oxygen are characterized by different reactivities towards CO 

oxidation. Chemisorbed oxygen was identified as the most active species concerning CO 
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oxidation while the bulk oxide is the least reactive. It was found also that the type of 

deposited species depended on both the temperature and oxygen coverage. The highest 

rate of CO oxidation was observed for an initial oxygen coverage of 0.5 monolayers 

deposited at 200 K, for which the density of chemisorbed oxygen is maximized. 

Very recently, we have studied by means of periodic GGA-PW91/plane-wave 

calculations, the effects on the structure of Au(321) caused by consecutive deposition of 

oxygen atoms on that stepped gold surface.48,49 Our calculations showed that oxygen 

atoms are strongly adsorbed on the Au(321) surface or even under the outermost gold 

layer, causing strong reconstruction and generating either planar or stepped surfaces.48 

The calculations showed also that formation of differently coordinated oxygen species 

are thermodynamically favorable with respect to the energies of gaseous molecular 

oxygen and of the clean metal surface. This enhanced stability seems to be correlated 

with the large number of low-coordinated Au atoms. The dissociation of molecular 

oxygen on the Au(321) surface was also studied. In the most favorable case, i.e., 

dissociation occurring at the steps of the Au(321) surface, the calculated electronic 

energy barrier was 1.00 eV.49  

From what has been written above, there are still many questions regarding the 

unique catalytic properties of gold containing catalysts. It seems that the most important 

factor is linked with the type of the metallic particles or films, more precisely, on the 

neighborhood of the exposed gold atoms. Low-coordinated gold atoms seem to be much 

more active than highly-coordinated ones.19,43,50 The stepped Au(321) surface has many 

low-coordinated atoms due to its zig-zag step line. It presents several corner sites that 

were suggested to be important catalytic centers43 and that are absent in other stepped 

surfaces studied previously. Thus, this surface seems to be a good model to study the 

influence of the low-coordinated atoms in catalysis by gold since it includes a rather high 

heterogeneity of adsorption sites, i.e., surface positions in the middle of terraces, nearby 

kinks or steps, resembling more a real catalyst than other surfaces with lower Miller-

indices. 

This work is focused on the reaction of CO oxidation on the Au(321) surface and 

it is intended to be a contribution for a better understanding of the catalytic properties of 

gold surfaces. It is organized as follows. The computational methods are described in 

detail in section 2 while the calculated results are reported and discussed in section 3. 

Finally, the most important conclusions are summarized in section 4. 
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2. Computational details 

2.1. DFT approach.  

The VASP 4.6.3 computer code51 and the GGA-PW91 functional proposed by 

Perdew et al.52 were used to carry out the density functional theory calculations. The 

projected augmented-wave (PAW) method due to Blöch53 and further implemented by 

Kresse and Joubert54 was employed to describe the effect of core electrons on the valence 

shells together with a plane-wave basis set used to span the valence electronic states. 

Several tests were done for the adsorption of CO on the Au(321) surface and a cutoff of 

415 eV was found to be sufficient for reaching convergence on both energies and 

geometrical parameters. During the spin-polarized calculations, the positions of the ions 

were relaxed using the conjugate-gradient algorithm. The Monkhorst-Pack k-points grid 

used was 5x5x1 which has been tested in a previous work.49 The electronic energetic 

barriers for carbon monoxide reaction with molecular and atomic oxygen were obtained 

using the climbing-image nudged elastic band (cNEB) method.55,56 In some cases, the 

dimer method57 has been used in the location of TS structures or to further refine the 

structures obtained until the force on the optimized ions dropped below 0.005 eV/Å. The 

computation of a single imaginary frequency ensured that the structures located with the 

cNEB and dimer approaches were true transition states. 

The PW91 functional has been used throughout this work but the reader should 

be aware that energies calculated with this exchange-correlation functional may differ 

significantly from those obtained with other exchange-correlation functionals.58 

Furthermore, comparison with results from previous works19,42-44 needs some additional 

caution since other parameters introduced in the computations, c.f., cut-off, 

pseudopotentials, etc., may be also different. 

 

2.2. Slab model 

We used the three-dimension (3D) periodic-slab approach for the representation 

of the infinite Au(321) surface and of the interactions of this surface with isolated CO 

and CO2 molecules and also with molecular or atomic oxygen co-adsorbed with CO or 

CO2. The positions of the gold atoms in the stepped Au(321) surface were optimized in a 
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previous work.49 Fifteen gold atoms were used to model a four-layer slab corresponding 

to the (321) Miller index. A vacuum region of 10 Å thick was introduced between 

repeated cells in the z direction in order to build a surface. During the calculations, the 

uppermost seven gold atoms have been fully relaxed while the other eight were kept 

frozen. According to the notation proposed by McFadden et al.59, the uppermost relaxed 

surface with which the adsorbents were allowed to interact is the Au(321)S face. The unit 

cells consist of a monoclinic prism with the angle between the x and y axis being 

different from 90 degrees and the two other involving the xz and yz axis of exactly 90 

degrees. Further, in this crystal system, the vectors x, y and z have different lengths with 

Au-Au bond distances being of 2.9161 Å. The stepped Au(321) surface has a large 

variety of possible adsorption positions, as shown in Figure 1. The different possible 

hollow sites are labeled in Figure 1 with a, b, c, d, e, f, g, h and i letters while the top 

sites are labeled with 1, 2, 3 and 4 numbers. The different bridge positions are not 

illustrated in Figure 1 but are, from now on, labeled with the letter b followed by the 

numbers of the two nearest-neighbor gold atoms, ordered with respect to the view from 

the right to the left and from the positions closer to the reader to those farther. 

 

3. Results and discussion 

The adsorption of atomic and molecular oxygen on the Au(321) surface was 

studied in a previous work49 aiming the determination of the most favorable adsorption 

positions as well as the energetics regarding O2 dissociation on the metallic surface. 

Atomic oxygen is preferentially adsorbed on a fcc hollow site nearby the step, labeled as 

hole “a” in Figure 1, with an adsorption energy of -0.16 eV calculated with respect to the 

clean slab and gas-phase molecular oxygen. All the other adsorption positions have 

positive energies and, hence, are unfavorable. The most stable adsorption position for 

molecular oxygen corresponds to a configuration with the molecular axis parallel to the 

(111) terrace and aligned with one of the bridge sites in the steps of the Au(321) surface 

(b1-2 in Figure 1). This configuration was found to be more favorable than the separated 

fragments by -0.17 eV. In the most favorable path for molecular oxygen dissociation, the 

O-O bond is cleaved nearby the step with one oxygen atom remaining in the upper (111) 

terrace (site “d” in Figure 1) while the other is adsorbed on the step (site “h” in Figure 1). 

The calculated electronic energy barrier for O2 dissociation on the Au(321) surface was 
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1.00 eV, much less than that computed for Au(111), 2.23 eV,42 suggesting that the 

former is much more active. 

In this work, the adsorption of CO and CO2 on the same Au(321) surface was 

studied. The adsorption energies on the different sites shown in Figure 1 were calculated 

as: 

COslabCOslabads,CO EEEE −−= − , (1) 

222 COslabCOslabads,CO EEEE −−= − . (2) 

Furthermore, it was also studied the co-adsorption of CO with atomic or with molecular 

oxygen on Au(321). The energies of co-adsorption were calculated as: 

2OCOslabO)(COslabOCOcoads,
2

1
EEEEE −−−= +−+ , (3) 

222 OCOslab)O(COslabOcoads,CO EEEEE −−−= +−+ . (4) 

In the equations above, the first term corresponds to the energy of the adsorbate-surface 

supermolecule. The other terms, Eslab, ECO, ECO2, and EO2, correspond to the energies of 

the clean Au(321) surface and of gaseous CO, CO2 and O2, respectively. Therefore, 

negative values of Eads (Ecoads) mean favorable adsorption (co-adsorption) energies. In the 

coming sub-sections it will be presented and discussed the results concerning the 

adsorption of CO and CO2 on the Au(321) surface as well as the results calculated for the 

CO molecule co-adsorbed and reacting with atomic or molecular oxygen. 

 

3.1. Adsorption of CO 

The interaction of the C-down carbon monoxide molecule with the Au(321) 

surface has been considered for all the sites shown in Figure 1. The optimal distances and 

the calculated energies with respect to the separated fragments are given in the 

Supporting Information while those corresponding to adsorption on the most favorable 

sites are summarized in Table 1. 

The preferred site for CO adsorption is on top of the gold atoms on the edges of 

the (111) terraces, i.e., those with labels “1” in Figure 1. The calculated interaction 

energy is -0.77 eV and the C-Au distance is 1.97 Å. The final optimized structure is 
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shown in Figure 2a. On the other top sites considered, adsorption is less stable than that 

occurring above atom “1”. Furthermore, CO adsorption on top of atoms “2” and “3” is 

also less favorable than on some bridge and three-hollow sites. In the case of positions 

“4” and “5”, CO adsorption is found to be unstable and upon the optimization procedure, 

the CO molecule ends interacting with atom “1”. 

In the cases of the bridge sites connecting atoms “1” and “2”, the calculated 

interaction energies are approximately -0.6 eV and the C-Au distances are ~2.1 Å. 

Interestingly, the three-hollow sites where atom “1” appears in one of the corners, i.e., 

sites “a”, “b” and “g” shown in Figure 1, are more stable than the other top and bridge 

sites considered where “1” is not present. This suggests that on the Au(321) surface, the 

low coordinated gold atoms at the edges of the (111) terraces have an important role in 

the stabilization of the adsorbed CO molecule. Adsorption on hollow sites “h” and “i” 

was not found since the CO molecule prefers to be attached to atom “1”and to hollow “f”, 

respectively. 

The C-O distance for adsorption on top is 1.15 Å and it changes to 1.17 Å in the 

cases of the bridge and hole sites. This variation of the C-O distance was also observed in 

previous works dealing with CO adsorption on gold clusters.40,44 

Finally, the adsorption of carbon monoxide on top sites but in O-down orientation 

was also studied but it was found to be always unfavorable (results given in the 

Supporting Information). 

 

3.2. Adsorption of CO2  

In the present work, the adsorption of carbon dioxide was studied both for the molecule 

with its axis normal or parallel with respect to the Au(111) terraces on the Au(321) 

surface. The most stable configuration obtained from the several starting geometries 

considered (seven hollow, nine bridge and four top sites with data compiled in the 

Supporting Information) is depicted in Figure 2b. As expected, the most important 

conclusion is that CO2 interacts weakly with the Au(321) surface and, so, computed 

interaction energies with respect to the separated fragments are approximately zero. 

Consequently, the adsorbate to surface distances are large and the C-O bond lengths are 

equal to those calculated for gaseous CO2. Thus, if carbon dioxide is formed on the 

surface it will desorb easily.60 However, if the interaction energy is calculated with 

respect to the energies of CO and one-half of O2, in the gas-phase, the values of the 
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adsorption energies are in the range -3.2 eV to -3.3 eV. These values are 0.4 eV less 

negative than the RPBE interaction energy reported by Remediakis et al.15 for CO2 

adsorption on an Au10 cluster supported on TiO2. 

 

3.3. Co-adsorption of CO and O 

Considering that CO is preferentially adsorbed on sites closer to the step and in C-

down orientation, the study of the CO and O coadsorption was carried out by placing one 

CO molecule and one oxygen atom per unit cell on several different possible positions on 

the Au(321) surface. We found previously that the introduction of several adsorbed 

species on the Au(321) surface may lead to strong reconstructions of the surface and that 

these are only possible to be ascertained if several different starting positions are 

considered.48 Therefore, in the present study, 57 different initial positions for O+CO co-

adsorbed on the Au(321) surface were idealized. From these initial configurations, 34 

different structures where CO and O species appear on the surface were obtained. In the 

other 23 cases, some configurations lead to formation of CO2 (O,CO: hole “b”, b3-2; hole 

“b”, hole “a”; hole “a”, hole “c”; hole “a”, top “2”; hole “a”, b1-2; hole “b”, top “2”; hole 

“b”, b2-1; hole “h”, b1-2; and hole “h”, hole “f” ) while some other were optimized to the 

same final states obtained with different initial configurations. Energetic and structural 

data of selected configurations are reported in Table 2. Detailed results concerning the 

other configurations studied may be found in the Supporting Information. 

The most favorable configurations optimized for CO and O co-adsorbed on the 

Au(321) surface are characterized by the interaction of atomic oxygen and of the CO 

molecule with the surface atom “1”. These simultaneous interactions produce strong 

surface relaxation around atom “1”. For example, in the case of O and CO co-adsorbed 

on the hole “b” and top “1” sites, respectively, the interaction leads to an important 

elongation of the bond between surface atoms “2” and “1”. For O and CO co-adsorption 

on hole “h” and top “1” or on hole “g”- top “1” positions, the bond between atoms “4” 

and “1” is strongly enlarged. The final optimized structures for these three cases have 

interaction energies of -1.03 eV, -0.84 eV and -0.82 eV and are shown in Figures 3a, 3b 

and 3c, respectively. When these structures are compared with those where co-adsorption 

is not accompanied by surface deformation, the optimized O-Au and C-Au distances 

decrease from typical values of 2.0-2.2 Å to values of 2.0 Å for atomic oxygen and 1.9 Å 

for carbon monoxide. These shorter adsorbate to surface distances accompanied by larger 
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interaction energies similar to the results obtained previously when two oxygen atoms are 

co-adsorbed on the Au(321) surface.49 In the most favorable situation, the present PW91 

co-adsorption energy is approximately 0.4 eV more negative than the RPBE value 

reported by Remediakis et al.15 for CO and O co-adsorption on a Au10 cluster supported 

on a TiO2(110) substrate. 

Within the configurations without surface deformation, the most favorable 

situation (Figure 3d) is that where O and CO species are co-adsorbed on hole “d” and top 

“1” sites, respectively. The calculated adsorption energy is -0.72 eV, the C-Au distance is 

1.96 Å and the distance between the adsorbed oxygen atom and the nearest surface atom 

“2” is 2.15 Å. 

An inspection of the other configurations with CO and O co-adsorbed on the 

surface shows that the most favorable are those with CO adsorbed atop atom “1” or 

located at the edge of the (111) terrace, showing the importance of steps, or other surface 

irregularities with low-coordinated Au atoms, in the adsorption of CO and consequently, 

in the oxidation of CO by atomic oxygen. Finally, the optimized CO distances are 

identical to those reported in sub-section 3.1., i.e., ~1.15 Å if carbon monoxide is 

adsorbed on top of gold atoms and it varies between 1.16-1.17 Å if it is adsorbed on 

bridge or hollow sites.  

 

3.4. Co-adsorption of CO and O2  

Thirty different initial configurations for carbon monoxide and molecular oxygen 

co-adsorbed on the Au(321) surface were considered. Knowing that the oxygen molecule 

is adsorbed weakly on this gold surface,49 and that CO is preferentially adsorbed at the 

edges of the (111) terraces, the selected configurations benefit the higher adsorption 

energy of the latter, i.e., they have the CO molecule positioned nearby the  minimum in 

the potential energy surface. Some of the initial configurations lead to the formation of a 

carbonate species on the surface or to the formation of a four atoms compound, similar to 

the peroxy-acetate organic group, adsorbed on the bridges that form the step. Adsorption 

energies calculated with eq. 4 as well as geometrical details for selected configurations 

are given in Table 3. Results calculated for all the configurations studied may be found in 

the Supporting Information. 

Since the oxygen molecule is weakly adsorbed on the Au(321) surface, the 

optimized configurations for co-adsorbed CO and O2 are 0.25 eV less stable than 
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adsorbed OCOO and 2.77 eV less stable than adsorbed CO3 species. The formation of the 

adsorbed carbonate species, shown in Figure 4c, is explained by its high stability on the 

Au(321) surface, Eads= -3.53 eV, and also to the fact that the initial positions of the CO 

and O2 molecules were too close and destabilizing. It should be noted that it is not meant 

that the reaction leading to the formation of the adsorbed carbonate species proceeds 

without energy barrier. During the optimization procedure, the carbon atom of the CO 

molecule with its axis normal to the terrace and above hole “a” interacts directly with the 

O-O bond of the O2 molecule placed horizontally on b1-2. This reaction needs the 

cleavage of the O-O bond which on the steps of the Au(321) surface costs ~1.0 eV but on 

the (111) terraces is relatively costly, ~2.2 eV.42,49 This reaction competes with the 

reaction leading to the formation of CO2 and this finding is in agreement with the 

experimental observation of adsorbed carbonate species on the active sites of gold 

catalysts during CO oxidation24-27, which was suggested to slow down the reaction of CO 

oxidation. 

The four atoms compound, similar to the peroxy-acetate organic group, adsorbed 

on the bridges that form the step, is formed without electronic energy barrier if CO and 

O2 are already adsorbed on the gold surface. The two configurations obtained are 

depicted in Figures 4a and 4b. The four atoms compound obtained in this work resembles 

a metastable state found by Liu and co-workers when studying with the PBE exchange-

correlation functional and with the DZP basis set the CO oxidation on stepped Au(211) 

and Au(221) surfaces and on Au strips deposited on different ZrO2 supports.19,42 In the 

present study, the absence of a transition state structure has been checked by calculations 

employing the cNEB approach. Several possible directions were tested either starting 

from the adsorbed OCOO species or from CO adsorbed on top “1” or top “2” sites with 

the O2 molecule above neighboring positions. Nevertheless, it should be emphasized here 

that their transition state structures were obtained for adsorbed CO interacting with 

gaseous O2, in the cases of the pure metallic surfaces, and for CO adsorbed on the Au 

strips interacting with O2 adsorbed on the oxide support, in the case of supported gold 

strips. These cases are not exactly the same situations as those we are reporting here. 

In the most stable structure optimized for separated CO and O2 fragments on the 

Au(321) surface, CO is located 1.99 Å above atom “1” and O2 is placed nearby sites “2” 

and b3-2. The O-Au distances to atoms “2” and “3” are 2.36 Å and 2.68 Å, respectively, 

while the O-O distance is 1.28 Å. A deeper analysis of the other less stable optimized 

configurations which are given as Supporting Information shows that the O2 molecule is 
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always weakly adsorbed on the surface with O-O and O-Au distances similar to those 

obtained in a recent study devoted to the adsorption of O and O2 species on the same 

Au(321) surface.49 The O-O distances vary in the range 1.24-1.30 Å and the O-Au 

distances are greater than 2.5 Å. The influence of the co-adsorbed O2 molecule on the 

geometry of carbon monoxide is negligible and the C-O and C-Au distances have values 

similar to those reported in sub-section 3.1. The calculated interaction energy for the 

most stable configuration optimized for co-adsorbed CO and O2 molecules is -0.76 eV. 

This value is almost 1 eV less negative than the RPBE energy of co-adsorption computed 

by Remediakis et al.15 on a rutile-supported Au10 cluster. The larger co-adsorption energy 

calculated in the case of the supported gold particle is probably due to a stronger 

interaction between the oxygen molecule and the metal oxide supports, but it may be also 

influenced by the choice of different DFT approaches.15,19  

 

3.5. Reaction profile for the CO oxidation on the Au(321) 

Carbon monoxide may suffer oxidation to CO2 by reaction with an oxygen atom 

adsorbed on the surface and formed by previous dissociation of molecular oxygen, or by 

direct reaction with molecular oxygen.42 Previously, we found that the dissociation of 

molecular oxygen on the Au(321) surface presents a moderately high energetic electronic 

barrier of ~1 eV. The energy required to break the O-O bond of molecular oxygen is an 

obstacle for the CO + O reaction since the preferred dissociation path for the dissociation 

reaction is nearby the steps which are the places where the CO molecules are also 

preferentially adsorbed. Therefore, it is possible to suggest that the preference of the CO 

molecules for such sites “poisons” the catalyst. Nevertheless, the reaction of CO + O2 

producing CO2 leaves an oxygen atom on the catalyst60 and, therefore, the adsorbed CO 

molecules poisons only the reaction of dissociation of O2 and not the reaction between 

carbon monoxide and atomic oxygen. 

The reaction paths for the reaction between carbon monoxide and atomic oxygen 

on the Au(321) surface considered as initial structures the configurations shown in Figure 

5. 

In the configurations with surface deformation, Figures 3a-c, the reaction leading 

to the production of gaseous carbon dioxide proceeds via the TS structures shown in 

Figure 5. In the case of the most stable reconstructed configuration, Figure 3a, the 
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reaction occurs along the b1-2 site with a concomitant decrease of the length of the bridge 

connecting atoms “2” and “1” from 3.49 Å to 3.21 Å as shown in Figure 5a. The O---CO 

and Au---CO distances in the TS are 2.48 Å and 2.05 Å, respectively. Interestingly, the 

nearest-neighbor Au---O distance is slightly reduced due to the decrease of the number of 

Au atoms to which the oxygen atom is bonded. The calculated electronic energy barrier 

from configuration in Figure 3a is 0.75 eV and the imaginary frequency is 48 cm-1. 

Considering as starting structures the configurations shown in Figures 3b and 3c, the 

reaction between carbon monoxide and atomic oxygen proceeds via the TS structures 

shown in Figures 5b and 5c, with calculated electronic energy barriers of 0.01 and 0.02 

eV, respectively. These DFT based and ZPE uncorrected energetic differences must be 

treated with caution. The vibrational frequencies associated with these two TS states are 

65 cm-1 and 81 cm-1, respectively. The O---CO distances in the initial states are of about 

3.0-3.1 Å and are reduced to ~2.4 Å in the TS states. In the three situations above, the 

reaction of CO with atomic oxygen proceeds with the restoration of the unreconstructed 

Au(321) surface. 

In the case of the reaction of carbon monoxide and atomic oxygen on the slab 

without surface deformation, i.e., starting from the configuration in Figure 3d, the 

oxidation reaction proceeds via the structure shown in Figure 5d. The calculated energy 

barrier is 0.24 eV, with a O---CO distance of 2.38 Å, and the corresponding imaginary 

frequency is 150 cm-1. The TS structure connecting the configuration shown in Figure 3d 

and gaseous carbon dioxide above the Au(321) surface resembles the TS structure 

calculated for the diffusion of atomic oxygen from hollow site d to hollow site b, for 

which a electronic energy barrier of 0.48 eV has to be surpassed. Considering the energy 

of the unreconstructed configuration shown in Fig. 3d, the reaction path leading to the 

formation of gaseous CO2 is exothermic by 2.60 eV. 

Importantly, from the discussion above, it seems that some structures with 

intercalated oxygen atoms, e.g., configurations shown in Figures 3b and 3c, are important 

in the course of the oxidation of CO, by stabilizing the reactants and by lowering the 

energy barriers. Very recently, the presence of a thin RhO2 oxide film on the 

Pt25Rh75(100) surface was found to be related with an increase in CO2 production in the 

interface between these regions;61 Thus, since we have found very recently some very 

stable configurations with up to 4 intercalated oxygen atoms on the same unit cell used 
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here to model the Au(321) surface,48 the role of the intercalated oxygen atoms in the 

reaction of oxidation of CO is something that we would like to address in the near future. 

The direct reaction was studied from OCOO four atoms species adsorbed on the 

edges of step, i.e., sites b1-2 and b2-1, since these configurations are ~0.3 eV more stable 

than those with separated CO and O2 fragments. The reaction of OCOO towards CO2 and 

O species occurring on the Au(321) surface is characterized by two similar transition 

states with electronic energy barriers of 0.56 eV in the case of the site b1-2 and of 0.58 eV 

in the case of the site b2-1. The computed single imaginary frequencies have values of 842 

cm-1 and 836 cm-1, respectively. In these transition states, the C-O distance is 1.25-1.26 Å 

while the O-O distance is 1.77 Å (Figures 6a and 6b). The products of the reaction after 

the cleavage of the OCO-O bond are shown in Figure 6c. The resulting oxygen atom 

stays adsorbed on the hollow site “a” while the CO2 molecule appears at a large distance 

from the metal surface suggesting immediate desorption. Considering the energy of the 

four atoms compounds and the energy of the final state the reaction is exothermic by 2.44 

eV and 2.42 eV for the reaction involving the four atoms compound adsorbed on b1-2 and 

b2-1 sites respectively. Interestingly, the two reaction paths have similar energetic cost 

which contrasts with the 0.2 eV difference for the reaction of dissociation of molecular 

oxygen occurring also on b1-2 and b2-1 sites.49 A profile of the reaction above the b2-1 site 

is given in Figure 7. 

The calculated electronic energy barrier for the reaction of oxidation on the 

Au(321) surface is 0.2-0.4 eV higher than the PBE/DZP electronic barriers recently 

computed on zirconia-supported gold strips.19 Despite the consideration of different 

exchange-correlation functionals and basis sets, there are significant differences between 

the present study and others reported previously either for stepped gold surfaces or for 

supported gold particles.19,42 In those works, the formation of the OCOO species from 

CO and O2 needs to surmount a larger energy barrier than that calculated for the 

formation of CO2 and O from OCOO, with a single-exception, that is for a gold strip 

adsorbed on the t-ZrO2{302} support. In the latter case, the energy required to form the 

four atom species from carbon monoxide and molecular oxygen is only 0.08 eV while 

that for the cleavage of the OCO-O bond needs 0.33 eV. For example, on the other 

studied stepped gold surfaces, the oxidation of CO on the Au(211) and on the Au(221) 

surfaces by direct reaction with O2 and producing the metastable OCOO state has energy 

barriers of 0.68 eV and 0.59 eV, respectively, while the dissociation of the OCOO 
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species towards the CO2 + O products has barriers of 0.43 eV and 0.42 eV, 

respectively.42 

 

3.6. Analysis of the electronic structure during CO oxidation 

The electronic structures of the adsorbed species and of the surface atoms “1” and 

“2” were analyzed for several selected stationary points thought to be important for the 

elucidation of the reaction of CO oxidation on the Au(321) surface. The analysis of the 

projected density of states (p-DOS) was performed for the most stable configurations on 

the Au(321) surface of CO and CO2, of co-adsorbed CO and O species and also of the 

four atoms compound.  

The p-DOS for the free CO molecule is shown in panel a of Figure 8 and it was 

obtained with the CO molecule 4 Å above site “1”. As it can be seen from comparison 

with the p-DOS of the clean metal surface shown in panel e, when the CO molecule is 

placed at 4 Å from the Au(321) surface, the bands due to the metal atoms are unchanged 

showing that there is not interaction. Upon adsorption on the most stable site on the 

Au(321) surface, i.e., above top “1”, there is a visible shift of the CO bands (panel b in 

Figure 8) to more negative energies. Mainly, the chemical bond is the result of the 

overlap between the 5σ CO occupied orbital and the unoccupied 2* CO orbital with the 

gold states.62-63 Nevertheless, as it is visible in panel b, there is also some overlap 

between the molecular orbital 1  of CO and the surface states. As a consequence, there 

is a broadening of the 2* (rightmost band in panel b), the shift of the 5σ band to more 

negative energies is larger than that of the 1  band and, consequently, the 5σ states 

appear on the left of the 1  states. Furthermore, the center of the d-band of the metal is 

also moved slightly to more negative energy. Globally, the picture is identical to that 

found for CO adsorbed on top sites of the Au(111) surface.64 

In panels c and d of Figure 8, it is plotted the p-DOS for CO2 positioned 4 Å 

above site “1” and at the optimal distance on the Au(321) surface, respectively. Since 

carbon dioxide interacts weakly with the gold surface under study, the p-DOS figures are 

almost the same for both cases. In fact, only a very light shift for more negative values is 

observed. 
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The p-DOS for CO and O species co-adsorbed on the Au(321) surface is shown in 

panel l of Figure 8. The p-DOS for the co-adsorbed CO and O species is identical to the 

sum of those obtained for an isolated oxygen atom adsorbed on a hollow site (panel i) 

and for CO adsorbed on a top site (panel b) and, hence, electronic changes due to 

cooperative co-adsorption seems to be absent in the most stable unreconstructed 

configuration optimized for CO and O on the Au(321) surface. 

The evolution of the p-DOS along the oxidation of carbon monoxide by 

molecular oxygen starting from the four atom species adsorbed on the Au(321) surface is 

shown in panels f, g and h for OCOO initially adsorbed on b1-2 and j, k and h for OCOO 

initially adsorbed on b2-1, respectively. Similar but not identical p-DOS bands are 

obtained being the most important difference found for the oxygen states appearing at 5 

eV. Nevertheless, albeit less noticeable, there are other important differences in the p-

DOS upon the reaction of oxidation of CO by O2. The proximity of several atoms in the 

case of the adsorbed OCOO four atoms species increases slightly the energy of the 2s 

states of the oxygen atom nearest to the surface. Furthermore, the center of the d-band is 

moved slightly to lower energies when the CO and O2 molecules are close to each other, 

i.e., in the cases of the adsorbed OCOO species and also of the TS structure. This shows 

the role of the surface atoms in the oxidation reaction. Finally, in panel h, it is shown that 

the p-DOS for the products of the catalytic reaction, i.e., CO2 and an adsorbed O atom, is 

similar to the sum of the p-DOS shown in panels d and i, respectively, for the separated 

CO2 and O species adsorbed on the Au(321) surface. 

 

4. Final remarks 

The calculated energies of activation, Ea, for the reactions of dissociation of 

molecular oxygen,49 and of CO oxidation by co-adsorbed atomic oxygen or molecular 

oxygen are the following: 

 

O2* → 2 O* Ea ~ 1.0 eV; (5) 

CO* + O* → CO2(g) Ea ~ 0.0 eV; (6) 

CO* + O2* → CO2(g) + O* (via OCOO*) Ea ~ 0.6 eV, (7) 
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which lead to the subsequent conclusions. The reaction of oxygen dissociation on the 

Au(321) surface will be slow and, therefore, CO will initially be oxidized by molecular 

oxygen as described by reaction (7). The latter reaction generates O*, which makes 

reaction (6) viable. So, both oxidation reactions are important to the overall mechanism. 

Importantly, these low barriers for oxidation require various low-coordinated adsorption 

sites and strong reconstruction. In fact, the presence of low-coordinated Au atoms are 

associated with the surface reconstruction induced by the adsorbed species that seem to 

have an important role in the lower energy barriers for the surface reactions described 

above when compared with calculated data for surfaces where low-coordinated atoms are 

absent. Finally, we would like to emphasize that the surface model used in the present 

study resembles much closer the real catalysts since it includes a rather high 

heterogeneity of adsorption sites – surface positions in the middle of terraces, nearby 

kinks or steps – than other surfaces with lower Miller-indices. 

 

5. Conclusions 

The interaction of the CO, CO2, CO+O and CO+O2
 with the Au(321) surface has 

been studied using a periodic supercell approach and carrying out spin polarized DFT 

calculations within the GGA/PW91 exchange-correlation functional.  

Carbon monoxide is preferentially adsorbed, in C-down fashion, above the 

outermost surface atom and at the edges of the (111) terraces. The calculated adsorption 

energy on the kink sites is -0.77 eV and the distance of the carbon atom to the gold atom 

is 1.97 Å. The corresponding C-O bond length is 1.15 Å and this value increases up to 

1.17 Å on positions where the interaction is weaker. Importantly, adsorption on bridge or 

hollow sites nearby the step is more favorable than adsorption on top of gold atoms in the 

middle of the terraces. In fact, bridge sites along the step are also very stable sites for CO 

adsorption. The preference for adsorption on the kink sites is still unchanged even in the 

presence of co-adsorbed atomic or molecular oxygen. Calculated co-adsorption energies 

are -1.03 eV and -0.76 eV, respectively. 

The co-adsorption of a CO molecule and an oxygen atom on the unit cell used in 

this study leads to the formation of three highly stable structures. The calculated 

interaction energy for the most stable situation is -1.03 eV and it is the result of the 
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simultaneous interaction of the O atom and the CO molecule with the outermost atom on 

the surface which is the one with the lowest coordination. The strong interaction enlarges 

the distance between the outermost gold atom on the surface and the neighboring metal 

atoms. In the most stable configuration without surface deformation, carbon monoxide is 

adsorbed on the most favorable adsorption site refereed above and the oxygen atom is 

adsorbed on a hollow site in the middle of the terrace. The calculated co-adsorption 

energy is -0.72 eV. 

The co-adsorption of CO and molecular oxygen yields three types of 

configurations on the Au(321) surface. These may be: separated co-adsorbed CO and 

molecular oxygen species; or, if they are placed at small distance, a four atoms 

compound adsorbed on the bridges forming the step or an adsorbed carbonate species 

appear upon the optimization procedure. The formation of these structures is 

thermodynamically favorable with respect to the energies of CO and O2 in the gas-phase. 

The calculated interaction energy for adsorbed OCOO is -1.03 eV while for adsorbed 

CO3 it is -3.53 eV. 

The main product of the oxidation of CO, i.e., carbon dioxide, does not adsorb on 

the Au(321) surface since all tested configurations resulted in interaction energies of 

approximately zero eV. 

The study of the reaction of CO oxidation by molecular or atomic oxygen on the 

Au(321) surface shows that the latter occurs almost without energy cost, in the regions 

nearby the step, on a reconstructed surface with an intercalated oxygen atom. 

Considering the final and initial positions for this reaction, the oxidation reaction is 

exothermic by -2.60 eV. The CO oxidation by direct reaction with molecular oxygen was 

studied using as initial states the OCOO compounds adsorbed on bridge sites nearby the 

step. Two very similar transition state structures were obtained with electronic energy 

barriers of 0.56 and 0.58 eV. Contrasting to previous results obtained for the dissociation 

of molecular oxygen on the same sites, the identical reaction barriers calculated for CO 

oxidation by molecular oxygen show that the reaction is equally favorable across the two 

bridges at the edges of the (111) terraces. Furthermore, it is suggested that the pre-

dissociation of the molecular oxygen on the Au(321) surface for the CO oxidation is 

energetically less favorable than the direct reaction with molecular oxygen. The CO 

oxidation on the Au(321) surface by molecular oxygen is thermodynamic favorable by 

2.41 eV when compared with the energy of the OCOO adsorbed species. 
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Finally, the present work supports the importance that low coordinated gold 

atoms, such as the outermost Au atom in the case of the Au(321) surface, have on the 

catalysis by gold surfaces, particles or thin-films.  
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Figure 1. Possible adsorption sites on Au(321) surface, looking the surface from the top 

(a) or in the direction of the steps (b). a, b, c, d, e, f, g, h and i correspond to hollow 

positions and 1, 2, 3, 4 and 5 to the top positions. The unit cell and the cell vectors are 

shown in (c). 
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Figure 2. Most stable adsorption positions for a) CO and b) CO2 adsorbed on the 

Au(321) surface witch it is represented by the top layer. Interatomic distances are given 

in Å and several atoms were removed to turn the figures clearer.  
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Figure 3. Selected structures for co-adsorbed CO and O on the (a-c) reconstructed and 

(d) unreconstructed Au(321) surface. (a) shows a configuration with co-adsorbed species 

nearby atom 1 with the elongation of b2-1 and b4-1 while (b) and (c) show reconstructed 

configurations configurations with the co-adsorbed species nearby atom 1 with cleavage 

of b4-1. Interatomic distances are given in Å and several atoms were removed to turn the 

figures clearer.  
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Figure 4. Selected structures for co-adsorbed CO and O2 on the Au(321) surface. (a) 

four atoms OCOO compound adsorbed on b2-1 ; (b) OCOO compound adsorbed on b1-2 

and (c) carbonate adsorbed on b1-2. Interatomic distances are given in Å and several 

atoms were removed to turn the figures clearer. 
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Figure 5. Transition state (TS) structures for the reaction between CO and O on the Au(321) 

surface. (a) - (d) illustrate the TS structures obtained from the starting configurations shown 

in Figs. 3a - 3d, respectively. Interatomic distances are given in Å and several atoms were 

removed to turn the figures clearer.  

2

1

4 3

1

11

22

3

3

2
4

3

2.03Å

3.21Å

2.05Å

2.14Å

3.02Å

4

5

5 5

1.15Å

2.48Å
3.14Å

5

2.77Å

2

1

4 3

1

11

22

3

3

2
4

3

2.03Å

3.21Å

2.05Å

2.14Å

3.02Å

4

5

5 5

1.15Å

2.48Å
3.14Å

5

2.77Å

 

2

1

2
1

2

1.91Å

3.65Å

3

2

4

3

1

3

3

1.15Å

5

4

3.08Å

4

4

1

5

5

51.99Å

2.17Å

2.39Å
3.32Å

2.37Å

3.65Å

2

1

2
1

2

1.91Å

3.65Å

3

2

4

3

1

3

3

1.15Å

5

4

3.08Å

4

4

1

5

5

51.99Å

2.17Å

2.39Å
3.32Å

2.37Å

3.65Å

 

(a) (b) 

2

1

21

2.38Å

1.16Å

3

2

4

3

1

3

3

3.68Å

5

4
1.91Å

4

4

1

5

5

5

1.97Å
2.07Å

3.91Å

3.66Å

3.41Å

2

1

21

2.38Å

1.16Å

3

2

4

3

1

3

3

3.68Å

5

4
1.91Å

4

4

1

5

5

5

1.97Å
2.07Å

3.91Å

3.66Å

3.41Å

 

2 1
4

4

1

1

12 2

3

3

2

3

2.10Å

2.01Å

2.12Å

1.15Å
4

3

4

5 5

5 52.87Å

3.04Å

3.11Å

2.38Å

2.80Å

3.10Å

2 1
4

4

1

1

12 2

3

3

2

3

2.10Å

2.01Å

2.12Å

1.15Å
4

3

4

5 5

5 52.87Å

3.04Å

3.11Å

2.38Å

2.80Å

3.10Å

 

(c) (d) 



27 

 

Figure 6. Transition state (TS) structures for the OCOO → CO2 + O reaction on the 

Au(321) surface starting from the initial OCOO compound adsorbed on b2-1 (a) on b1-2 

(b). The final state for the OCOO dissociation is shown in (c). Interatomic distances are 

given in Å and several atoms were removed to turn the figures clearer. 
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Figure 7. Reaction profile for the CO oxidation by direct reaction with molecular oxygen 

on the b2-1 site. The variation of the energy (eV) and the C-O and O-O distances (Å) 

during the process are included. IS, TS and FS stand for the initial, transition and final 

states, respectively. Red(dark), white(clear) and yellow(grey) balls are used for oxygen, 

carbon and gold atoms, respectively. 
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Figure 8. Density of states for: a) free CO molecule; b) CO adsorbed on top “1”; c) free 

CO2 molecule; d) CO2 interacting with the Au(321) surface; e) clean Au (321) surface; f) 

four atoms compound on b1-2; g) transition state along b1-2; h) final state; i) an oxygen 

atom adsorbed on hole “a”; j) four atoms compound on b2-1; k) transition state along b2-1; 

and l) CO + O co-adsoportion. In panel e, dotted, dashed and solid lines represent the 

metal s, p and d states, respectively while in the rest of the panels, dotted line represents 

the gold states (s,p,d), dashed line represents the carbon states (s,p) and solid line 

represents the oxygen states (s,p). Only the states of the two outermost gold atoms, those 

forming the zig-zag step are considered. Arbitrary units are used for Y axis.  
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Table 1.  Most favorable adsorption energies (eV) and distances (Å) between the carbon 

atom (the oxygen atom) and nearest-neighbor gold atoms for CO adsorbed on the 

Au(321) surface.a  

Adsorption on surface cavities Adsorption directly above Au atoms 

Position Eads C-Au distances Position Eads C-Au distance 

hole “a” -0.49 2.14 (1); 2.13(2); 2.90(3) top “1” -0.77  1.97(1) 

hole “b” -0.53  2.14(1); 2.12(2); 3.07(3) top “2” -0.42  2.00(2) 

hole “g” -0.49  2.11(1); 2.17(2); 3.56(4); 3.63(5)    

Adsorption on surface bridges 

Position Eads C-Au distances Position Eads C-Au distances 

b1-2 -0.60 2.12(1); 2.13(2) b2-1 -0.61 2.12(1); 2.12(2) 

a Numbers in italic and inside parenthesis are labels for surface gold atoms, c.f., Figure 1. 

The CO distance is 1.15 Å for the adsorption on top and 1.17 Å for the adsorption on 

bridge and hole sites. 
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Table 2. Most favorable coadsorption energies (eV) and distances (Å) between carbon 

and oxygen atoms (atomic oxygen) to the nearest gold atom for CO+O co-adsorption on 

the Au(321) surface.a  

Positionb 

O-CO 
Ecoads

 
Distancesc 

O-Au; C-Au 

hole “b”- top “1” -1.03 1.97(1); 1.89(1)d 

hole “h”- top “1” -0.84 1.97(1); 1.90(1)e 

hole “g”- top “1” -0.82 1.96(1); 1.90(1)f 

hole “d”- top “1” -0.72 2.15(2); 1.96(1)g 

aNumbers in italic and inside parenthesis are labels for surface gold atoms, c.f., Figure 1. The CO 

distance is ~ 1.15 Å for all the adsorptions on top and between 1.16-1.17 for the adsorption on 

bridge and top sites. 

b The notation is as follows: the first term corresponds to the position of the oxygen atom (atomic 

oxygen) and the second term corresponds to the position of the carbon atom. 

c Distances from the carbon and oxygen (atomic oxygen) atoms to the nearest gold atom. 

d This structure is shown in Figure 3a. 

e This structure is shown in Figure 3b. 

f This structure is shown in Figure 3c. 

g This structure is shown in Figure 3d. 
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Table 3. Most favorable coadsorption energies (eV) and distances (Å) for CO+O2 co-

adsorption on the Au(321) surface.a  

Positionb 

Oa-Ob                   CO 

 

Eco-ads
 

Distancesc 

O-O; Oa-Au; Ob-Au 

Distancesd 

C-O; C-Au1-2 

top “2”- b3-2 top “1” -0.76 1.30; 2.36(2); 2.68(3) 1.15; 1.99(1) 

b2-3 top “1” -0.73 1.26; 3.16(2); 2.83(3) 1.15; 1.99(1) 

top “1”- b4-3 top “2” -0.63 1.29; 2.31(1); 2.77(3) 1.15; 2.01(2) 

top “1”- b1-2 top “2” -0.64 1.30; 2.20(1); 3.06(1) 1.16; 2.10(2) 

top “1”- step top “2” -0.63 1.27; 2.30(1); 3.10(1) 1.15; 2.02(2) 

top “2”- b2-1
 top “1” -0.66 1.28; 2.36(2); 3.60(1) 1.15; 1.97(1) 

OCOO compound on b1-2 -1.01 dC-Au(1)= 2.08; dO-Au(2)= 2.16e 

OCOO compound on b2-1 -1.03 dC-Au(2)= 2.13; dO-Au(1)= 2.10e 

Carbonate on b1-2 -3.53 dO-Au(1)= 2.11; dO-Au(2)= 2.16e 

aNumbers in italic and inside parenthesis are labels for surface gold atoms, c.f., Figure 1.  

b The notation is as follows: the terms in the first column correspond to the atomic positions of 

the oxygen molecule while those in the second column correspond to the position of the carbon 

atom of C-down carbon monoxide.  

c Interatomic distance in molecular oxygen and distances between oxygen and nearest gold 

atoms. 

d Interatomic distance in CO and distances between carbon and nearest gold atoms. 

e These structures are shown in Figure 4a (OCOO on b2-1), Figure 4b (OCOO on b1-2) and Figure 

4c (carbonate). 
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