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Abstract: The adsorption energies and the activation energy barriers for a series of 

reactions catalyzed by gold surfaces and obtained theoretically through density functional 

theory (DFT) based calculations were considered to clarify the role of the low coordinated 

gold atoms and the role of doping in the catalytic activity of gold. The effect of the surface 

steps was introduced by comparison of the activation energy barriers and of the adsorption 

energies on flat gold surfaces such as the Au(111) surface with those on stepped surfaces  

such as the Au(321) or the Au(110) surfaces. It is concluded that the presence of low 

coordinated atoms on the latter surfaces increases the adsorption energies of the reactants 

and decreases the activation energy barriers. Furthermore, the increasing of the adsorption 

energy of the reaction products can lead to lower overall reaction rates in the presence of 

low gold coordinated atoms due to desorption limitations. On the other hand, the effect of 

doping gold surfaces with other transition metal atoms was analyzed using the dissociation 

reaction of molecular oxygen as a test case. The calculations showed that increasing the 

silver content in some gold surfaces was related to a considerable increment of the 

reactivity of bimetallic systems toward the oxygen dissociation. Importantly, that 

increment in the reactivity was enhanced by the presence of low coordinated atoms in the 

catalytic surface models considered. 
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1. Introduction 

Reactions on gold based catalysts have been intensely studied since the discovery at the end of the 

eighties that highly dispersed gold nanoparticles on a transition metal oxide support catalyze the 

oxidation of carbon monoxide, even at temperatures as low as −70 °C [1]. Due to the interesting 

practical applications of this reaction, a considerable number of studies focused in the study of metal 

based catalysts in the last years. For example, the improvements in the performance of the catalysts for 

this reaction can be used in the development of new CO sensors [2] or in the optimization of the direct 

methanol fuel cells (DMFC). In DMFCs employing a Pt-Ru/C substrate catalyst, CO appears as an 

intermediary that is strongly adsorbed on the platinum phase and, hence, it inhibits the oxidation of 

methanol. Very recently, CO elimination from the catalyst was successfully attained by the addition of 

gold nanoparticles [3,4]. On the other hand, it was found that gold cations supported on mordenite are 

inactive for the CO oxidation, being the reaction catalyzed at low temperature by gold clusters 

(diameter <2 nm) and at high temperature by gold nanoparticles [5]. Furthermore, unsupported gold 

may exhibit high catalytic activity for CO oxidation; this activity depends on its intrinsic structure 

(number and size of pores at nanometer scale), conferring a three-dimensional spongy morphology to 

the catalytic system [6–9].  

In summary, the activity of gold based catalysts for CO oxidation seems to be related to the 

irregularities of the metal particles or films as suggested by Chen and Goodman [10]. Furthermore, at a 

nanoscale level, the difference between the regions presenting these irregularities and the regions with 

flat facets relies in the presence or absence of low coordinated atoms, respectively. In other words, the 

enhancement of the reactivity for the reaction of CO oxidation caused by this type of irregularities on 

gold based catalysts is very probably related with the presence and concentration of low coordinated 

metal atoms on the catalytic systems [11,12]. In fact, previous results show the importance of gold low 

coordinated atoms in the reaction of CO oxidation on gold surfaces [13]. It was found that the oxidation 

of CO by molecular oxygen on the stepped Au(321) surface occurs through the formation of OCOO  

4-atoms species in the region of the surface step (low coordinated atoms) and their decomposition leads 

to the desorption of carbon dioxide. Interestingly, the formation of carbonates, surface species that 

were experimental detected [14,15], from co-adsorbed CO and O2 surface molecules was found to 

occur easily on the catalyst surface [13]. 

Another important reaction studied on gold-based catalysts is that of oxygen dissociation, a crucial 

step in many oxidation reactions including the oxidation of CO or methanol. In the oxidation of CO by 

O2, it is required the breaking of the O–O bond in the latter species and, according to this, several 

authors focused their works in the investigation of the oxygen deposition or in the investigation of the 

O2 dissociation on gold surfaces and gold nanoparticles [16–21]. In the case of the methanol oxidation 

on nanoporous gold [22], residual Ag on the catalyst was suggested to play an important role in the 

reaction performance, which was corroborated by theoretical work [23]. 

It is worth mentioning in this work the reactions of NOx oxidation or reduction. These types of 

reactions are vital in the elimination of NOx species from the automotive exhaust gas emissions due to 

the dramatic environmental problems caused by these gases [24]. This is of global concern and 

important efforts are being made to fulfill the pertinent normative implemented [25]. The catalytic 

reduction of these oxides to molecular nitrogen follows one of two generic schemes: Selective 
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Catalytic Reduction (SCR) [26] or NOx Storage-Reduction (NSR). The SCR scheme consists of the 

direct reduction of NOx species on the catalyst and it is habitually employed in stationary NOx sources, 

needing a reducing agent: urea, ammonia or hydrocarbons (from the fuel). In the NSR method the NOx 

species are reduced along two cycles where the combustion in the engine runs alternately over long 

oxygen-rich and short fuel-rich periods; in the oxygen-rich regime, the NOx species are oxidized to be 

captured and stored. Then, in the fuel-rich cycle, the NOx species are reduced to N2 on pure noble 

metal or bimetallic alloys including a noble metal [27,28]. In order to understand and to improve these 

processes a series of research works have been recently carried out, several of them focused on the NO 

oxidation [29–33] or the NO reduction on gold based catalysts [34–39]. From the results of these 

works, it can be suggested that the cleaving of the N–O bond is a crucial step in the NOx reduction to 

N2, especially at low and moderate temperatures. It was found that the reaction of NO dissociation on a 

stepped gold surface would be easier if atomic hydrogen was available on the catalyst surface. Surface 

hydrogen adatoms were found to react quite easily with NO and the N–O bond dissociation was much 

more facile in the case of hydrogenated species [40]. The hydrogen dissociation on the stepped Au(321) 

surface was found to be limited by a moderate activation energy barrier. The activation barrier can be 

visibly reduced on other gold based catalysts such as gold nanoparticles [41] or supported gold 

nanoparticles, e.g., Au13/TiO2 [42] and Aux/TiC [43,44]. Very recently, the oxidation of alcohols to 

aldehydes was found to be affected by the surface roughness which was modeled by the consideration 

of flat and stepped surfaces, rod and Au38 nanoparticle as gold catalysts models [45]. 

In the following, some of the most recent results attained by computational work on some 

heterogeneous reactions catalyzed by gold surfaces are reviewed, paying special attention to the effect 

of the low coordinated and doping atoms in the catalytic reactions. The work is organized as follows: 

results are reported and discussed in Section 2 while computational methods are described in detail in 

Section 3. Finally, the most important conclusions are summarized in Section 4. 

2. Results and Discussion 

The CO oxidation on gold based catalysts was intensely studied in the last years due to the practical 

applications of this reaction [2–4]. From the literature, it seems clear that the low coordinated gold 

atoms have to have a central role in the catalysis as is indicated by the fact that high dispersed gold 

nanoparticles catalyze the CO oxidation or by the fact that nanoparticles with diameters <2 nm catalyze 

the CO oxidation at low temperature and also by the fact that the nanoporous gold activity for this 

reaction depends on the number and size of the pores in the gold catalysts [1,5–9]. Following these 

experimental evidences a series of theoretical works tried to clarify the role of the low coordinated 

gold atoms in the CO oxidation, i.e., they aimed to understand the reaction mechanism for the CO 

oxidation on gold. 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) direct 

reaction with atomic oxygen, which needs a source of O atoms that can be for example the dissociation 

reaction of molecular oxygen.  

Liu et al. [46] studied these reaction mechanisms using DFT calculations, within the  

generalized-gradient approximation, GGA-PBE functional and ultrasoft pseudopotentials, and 

considered the Au(111), Au(211) and Au(221) surfaces as gold catalyst models. They found that the 
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Au(221) surface is the most reactive for the CO oxidation, with electronic energy barriers of 0.25 eV 

for direct reaction with oxygen adatoms and of 0.59 eV for the reaction with molecular oxygen. The 

electronic energy barrier for molecular oxygen dissociation was calculated to be 1.16 eV on the same 

Au(221) surface, which can be compared with the calculated values of 0.93 eV on the Au(211) surface 

and of 2.23 eV on the Au(111) surface, clearly identifying the positive effects of the presence of steps 

in the catalyst models into the dissociation of molecular oxygen. Similar activation energy barriers to 

those calculated by Liu et al. [46] for the stepped surfaces were found by us but considering the 

Au(321) surface as the catalyst model, which possesses a large amount of low coordinated atoms.  

In the case of the CO oxidation [13] and of the O2 dissociation on Au(321) [20], the activation  

energy barriers for the most favorable reaction paths were calculated to be ~0.6 eV in the case of the 

CO + O2 → CO2 + O reaction, 0 eV in the case of the CO + O → CO2 reaction and 1.0 eV in the case 

of the O2 → O + O reaction; in these three situations, the oxygen atom is adsorbed on the catalyst 

surface. Interestingly, the CO + O2 → CO2 + O reaction on the three stepped Au surfaces evolve 

through an OCOO four atoms compound. Activation energy barriers lower than 0.4 eV were obtained by 

Lopez and Nørskov [47], using the RPBE exchange-correlation functional and ultrasoft pseudopotentials, 

for the same reactions but on an isolated Au10 cluster that was considered as a model for a small gold 

nanoparticle. Lopez and Nørskov [47] concluded that the main factor for the enhanced activity of the 

gold particles when compared to the activity of extended gold surfaces was the increased number of 

low coordinated Au atoms associated with a large fraction of corner sites. Similar conclusions were 

extracted by Chen et al. [48] from their study of the CO oxidation on the larger Au29 nanoparticle. 

Therefore, collecting the information from all these research works we can conclude that the CO 

oxidation reaction occurs on gold based catalysts more easily in the presence of low coordinated gold 

atoms, which are available both at the steps of the infinite periodic surfaces or at the junction of the 

different facets in the gold nanoparticles. A similar picture can be drawn for the oxygen dissociation 

reaction or for the alcohols oxidation reactions [45]. 

In the case of the oxygen dissociation reaction, it is found that the low coordinated atoms 

considerably decrease the activation energy barrier for this reaction: the barrier of 2.23 eV calculated 

for the flat Au(111) surface [46] is strongly reduced to 1.16 eV on the Au(221) surface [46], to 0.93 eV 

on the Au(211) surface [46], to 1.00 eV on the Au(321) surface [20] and even to lower values if the 

reaction is considered on gold nanoparticles [21]. However, these activation energy barriers are quite 

high to confer a superior activity to some gold based catalytic systems as the nanoporous gold used in 

the methanol oxidation [22]; in fact, the authors attributed the high performance of this catalytic 

system to the presence of residual silver on the nanoporous gold. Following this experimental evidence 

we carried out a systematic work to check how the doping with silver atoms affects the catalytic 

activity of extended gold surfaces for the O2 dissociation [23]. We found that increasing the silver 

content of the gold surfaces significantly affects the catalyst activity for the O2 dissociation (please see 

Figure 1 which illustrates the effect of the Au(111) surface doping in the catalytic activity). The pure 

gold surfaces as the Au(111), Au(110) or Au(321) present activation energy barriers for the O2 

dissociation of 1.93 eV [23], of 0.85 eV [23], and of 1.00 eV [20], respectively. The activation energy 

barrier decreases up to a value of 1.27 eV in the case of the flat Au(111) surface doping and even up to 

a value of 0.86 eV considering silver rows deposited on the Au(111) surface. In the case of the doped 

Au(110) surface, the activation energy barrier decreases up to a value of 0.59 eV which is very close to 
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the calculated value for the activation energy barrier on the pure Ag(110) surface, e.g., 0.52 eV [23]. In 

the case of the Au(321) surface, possessing atoms in the step region with coordination numbers lower 

than those in the Au(110) surface, the doping with silver atoms decreases the activation energy barrier 

up to 0.89 eV [23]. Therefore, it seems that the catalytic activity for the O2 dissociation of the gold 

surfaces doped with silver atoms may be enhanced by the presence of low coordinated atoms leading 

to high reactivity catalytic systems toward this dissociation reaction. 

Figure 1. Increase of the activity of Au(111) surface towards the reaction of O2 dissociation 

by doping with Ag atoms (Reproduced from [23] by permission of The Royal Society  

of Chemistry). 
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The reactions involving the NOx species reactions on gold surface have also been considered in 

previous computational studies. The NOx oxidation is very important in the oxygen rich cycle of the 

NSR process [27,28] and the NOx reduction to N2 is very important in the SCR process [26] and in the  

fuel-rich cycle of the NSR process [27,28]. Experimental work employing molecular beam scattering 

techniques on the reaction of NO oxidation by atomic oxygen on the Au(111) surface suggested that 

the production of NO2 was limited by the NO lifetime on the catalytic surface and predicted an 

activation energy barrier of 0.21 ± 0.02 eV for the NO oxidation by atomic oxygen and an adsorption 

energy of 0.4 eV for the isolated NO surface species [33]. Easy formation of NO2 was suggested by the 

computational work of Torres et al. [31] who predicted that, on the Au(111) surface, the reaction of 

NO oxidation would occur without activation energy barrier and concluded also that discrepancies 

between theoretical and experimental work were due to the presence of defects on the surface.  

Zhang et al. [32] suggested a different picture, i.e., discrepancies between theoretical and experimental 

data had to be related with the surface coverage and not with the presence of surface defects. Another 

computational work devoted to the NO oxidation by molecular or atomic oxygen on the Au(111) 

surface by Fajín et al. is found in the literature [49]. The same authors also performed computational 

work for the same reaction but on the stepped Au(321) surface [50]. A direct comparison of the 

calculated data in the two latter studies can be done since they considered the same computational 

methodology. The main conclusion taken from these two works is that the NO oxidation by molecular 

oxygen has lower activation energy barriers on the Au(321) surface due to the presence of low gold 

coordinated atoms (Figure 2). Nevertheless, the overall reaction rate must be slower on the Au(321) 
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surface due to the limitations in the NO2 desorption from this surface. Therefore, in some cases the 

presence of low gold coordinated atoms can be negative for the overall reaction rate due to the strong 

adsorption of some reaction products and concomitant limitations in their desorption. 

Figure 2. Comparison of the NO + O (+O2) reaction profiles on the Au(111) and on the 

Au(321) surfaces. Straight line represents the most favorable reaction path for NO2 

formation. The data corresponding to the NO oxidation on the Au(321) and on the Au(111) 

surfaces were taken from [49] and [50], respectively, with permission from Elsevier while 

data corresponding to the reaction of oxygen dissociation was taken from [20]. All energies 

are given in eV. 
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Figure 3. Global reaction profiles for the NO dissociation on the Au(321) surface with or 

without the presence of hydrogen atoms (Reprinted with permission from [40]. Copyright 

(2009) American Chemical Society). The insert shows the reaction energy profile for the 

dissociation of molecular hydrogen on the Au(321) surface. 

 

The cleavage of the N–O bond in the NO species is very relevant, for instance in the reactions 

involving the reduction of this species to gaseous N2. In the experimental study of NO reduction with 

CO on Au/TiO2 to yield N2, the NCO species was found to be an important intermediate at moderate 

temperatures, evidencing previous N–O bond break [34,35]. In fact, this step was also considered to be 

crucial for the same reaction on other catalytic systems based on gold, such as Au/α-Al2O3 [51] or as 

Au/NaY supported catalysts [52]. However, computational work shows that the N–O bond break is 

very difficult on gold surfaces, even on those presenting low-coordinated Au atoms such as the stepped 

Au(321) surface [40]. The calculations show that the cleaving of the N–O bond is blocked by a high 

activation energy barrier of ~3.5 eV. Considering experimental works in which it was suggested that the 

inclusion of hydrogen in the catalytic system would activate the dissociation of the N–O bond [52,53], 

we have studied, by means of density functional theory, several possible reactions for the NO 

dissociation in the presence of hydrogen adatoms. It was found that the hydrogen was indeed able to 

promote the decrease of the activation energy barrier for the cleavage of the N–O bond. As can be seen 

in Figure 3, the reactions involving the hydrogenated species have moderate activation energy barriers. 

Therefore, N–O bond break seems to be feasible on gold surfaces. In these reactions, the surface H 

species can be formed by H2 dissociation, which has a moderate activation energy barrier (0.56 eV,  

cf. Figure 3) on the Au(321) surface [40] or lower barriers in the cases of gold nanoparticles or 

supported gold nanoparticles based catalysts [41–44]. This last example shows that in some cases, the 

presence of low gold coordinated atoms is not enough for catalysis but that gold can be active if 
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adequate promoters able to considerably decrease the activation energy barriers are present on the 

catalyst surface. 

3. Experimental Section  

In all the calculations, the VASP 4.6.3 computer code [54–56] and the GGA-PW91 functional 

proposed by Perdew et al. [57] were used. The projected augmented-wave (PAW) method used by 

Blöch [58] and further implemented by Kresse and Joubert [59] 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. The cutoff used to cut the plane wave expansion was set to 415 eV, value which was 

considered enough for a correct convergence of the calculations. Furthermore, the positions of the ions 

were relaxed using the conjugate-gradient algorithm and different Monkhorst-Pack k-points grids  

(5 × 5 × 1 or 7 × 7 × 1) were used to set the points where the electronic density is calculated. The 

electronic energetic barriers for the different reactions were obtained using the climbing-image nudged 

elastic band (cNEB) [60,61] or the dimer methods [62]. The computation of a single imaginary 

frequency ensured that the structures located with the cNEB or dimer approaches were true 

transition states. 

The infinite gold surfaces and of their interactions with all the adsorbed species (reactants, 

intermediates, transition states and products) were modeled using a three-dimensional periodic-slab 

approach as usually done with calculations employing the VASP code. The positions of the gold atoms 

in the gold slabs used to simulate the infinite surfaces by its repetition, following the approach 

mentioned above, were obtained cutting the bulk along the Miller indices desired with the CRYSTAL 

98 computer code [63]. Further, a vacuum region of 10 Å thick was introduced between repeated cells 

in the z direction in order to build the surfaces. 

4. Conclusions 

The role of the low coordinated gold atoms in the catalysis of reactions such as the CO oxidation, 

O2 dissociation, NO oxidation or NO dissociation was reviewed. This was done by a comparison of 

calculated adsorption energies and of activation energy barriers for these reactions on flat and on 

stepped gold surfaces. The experimental evidences that the presence of low coordinated gold atoms is 

crucial for the catalysis of several reactions by gold based catalysts were corroborated by computational 

works on several different gold surface models. These calculations were able to give an atomic level 

picture of the catalytic processes. The reactions of CO oxidation and of O2 dissociation are highly 

affected by the presence of low coordinated gold atoms. However, the activation of the O2 dissociation 

by the low coordinated gold atoms is not enough to explain the high activity of some gold catalytic 

systems such as the nanoporous gold for the methanol oxidation. Based on very recent computational 

work, the extraordinary activity of the nanoporous gold catalyst was found to be associated with a 

combination of two factors, namely, the presence of low Au coordinated atoms and the presence of 

silver atoms (doping). Interestingly, computational work showed also that the effect of low coordinated 

gold atoms in catalysis is not always evident as exemplified by the comparison of the reaction of NO 

oxidation on extended gold surfaces; in the case of the Au(321) surface, possessing low-coordinated 

atoms, the desorption of the product of reaction (NO2) is problematic due to its strong adsorption with 
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the low coordinated atoms. Furthermore, in the case of the NO dissociation reaction, the presence of 

low coordinated gold atoms is not enough to decrease the activation energy barrier to the extent that 

the reaction becomes feasible but the presence of a promoter, e.g., H adatoms, is what is needed for the 

reaction to take place. 

In summary, the importance of the low coordinated gold atoms in the catalysis of simple reactions 

on gold based catalysts was shown. In some cases this effect can be negative due to the strong 

adsorption of the reaction products on these low coordinated gold atoms which will eventually poison 

the reactions. In other situations, a combination of low-coordinated atoms and some other effects,  

e.g., presence of doping atoms or presence of promoters, is crucial for catalysis. 
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