
 1 

Identification of Single-Atom Active Sites in CO 

Oxidation Over Oxide-Supported Au Catalysts 

 

Christian Schilling1†, Marc Ziemba1†, Christian Hess1*, M. Verónica Ganduglia-Pirovano2* 

 

1Eduard-Zintl-Institut für Anorganische und Physikalische Chemie, Technische Universität 

Darmstadt, Alarich-Weiss-Str. 8, 64287 Darmstadt, Germany 

2Instituto de Catálisis y Petroleoquímica‒Consejo Superior de Investigaciones Científicas, 

Marie Curie 2, 28049 Madrid, Spain  

†Both authors contributed equally 

 

 

 

 

 

 

 

 

 

Keywords 

Single site catalysis, gold, CO oxidation, operando infrared spectroscopy, density functional 

theory 

License: CC BY-NC-ND 4.0 International - Creative Commons, Attribution, NonCommercial, NoDerivatives https://creativecommons.org/licenses/by-nc-nd/4.0/



 2 

Abstract 

Here we present a combined operando infrared spectroscopic and theoretical analysis of ceria-

supported gold catalysts during room temperature CO oxidation that identifies an active site for 

the reaction as a single gold site on the ceria support forming an Olattice–Au+–CO species. As 

monitored by operando infrared spectroscopy, the isolated Au+ gold site is either present as a 

result of the catalyst synthesis or formed under reaction conditions after CO adsorption at the 

perimeter of the Au–ceria interface. Our results provide new insights into the chemical nature 

of the active gold site and the reaction mechanism by detecting the formation of active and 

inhibiting species simultaneously. 
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1. Introduction 

Strongly interacting gold with an oxide support has aroused a great deal of attention as a catalyst 

since its discovery,1,2 owing to its high reactivity for a number of important reactions,3 such as 

CO oxidation,4 water–gas shift,5 acetylene hydrochlorination,6 and preferential oxidation of 

CO7. The use of reducible oxides, such as ceria (CeO2), as a support for Au catalysts, has been 

found to lead to highly active catalytic systems for numerous reactions, e.g., CO oxidation4 and 

water–gas shift5. However, despite extensive research on ceria-supported gold catalysts 

(Au/CeO2) in the past,8-15 even for a seemingly simple reaction such as CO oxidation, the nature 

of the active catalytic site as well as other important details of the reaction mechanism, such as 

the role of water/hydroxide, are still under debate.16-24  

Previous work on CO oxidation over ceria-supported Au nanoparticles has shown that 

the Au–oxide interfacial perimeter plays a major role25 and that the oxygen activation proceeds 

at the ceria support12 via peroxide formation at ceria defect sites13-15. On the other hand, there 

is controversy in the literature regarding whether the active gold sites are gold clusters or 

interfacial gold atoms, or isolated cationic gold ions, or a mixture of different sites.16 More 

recently, based on in situ X-ray absorption fine structure analysis, the metallic gold component 

in the ceria-supported Au clusters has been proposed to play a crucial role in the catalysis,18 in 

contrast to recent theoretical work reporting the formation of cationic gold ions17 or dimeric 

gold species26 as catalytically active sites, however, without providing experimental evidence 

for the existence of such species in either report. Previous calculations on Au1
27, Au3

28, Au13
29, 

and Au20
25 have predicted that oxidized gold species – in direct contact with the ceria support 

– are the preferred sites for CO adsorption. CO bound to oxidized gold species has also been 

reported for other oxides such as ZnO and TiO2.
30,31 Not long ago, the structural changes of 

Au(111) and Au ceria-supported small (~2 nm) gold clusters have been demonstrated by 

employing in situ STM32 and environmental transmission electron microscopy33 in the presence 

of CO at reduced pressures ( ~10-4 mbar). 
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In this contribution, we report on the identification and characterization of an active site 

in ceria-supported gold catalysts in CO oxidation. We show that infrared spectroscopy enables 

the monitoring of the active sites and inhibiting species as well as their formation behavior. 

Assignment of vibrational frequencies based on DFT calculations allows detailed insight into 

the active site of supported gold catalysts. In particular, our results provide clear evidence that 

isolated cationic Au+ in close interaction with the support are creating active Olattice–Au+–CO 

species during CO oxidation over ceria supported gold catalysts. 

 

 

2. Methods 

Catalyst preparation. Ceria nanoparticles were prepared by decomposition of Ce(NO3)3 ∙ 6 

H2O (99.5 %, Alfa Aesar) at 600°C for two periods of 12 h and were thoroughly characterized 

as described elsewhere.15,34 Please note that the ceria nanoparticles possess a termination in the 

(111) direction as well as stepped sites, as is evident from transmission electron microcopy data 

and in situ Raman spectra. Therefore, the experimental results are directly comparable to the 

DFT calculations employing (111)-oriented ceria slabs. Au/CeO2 samples with 0.5 wt% Au 

loading were synthesized via deposition precipitation from HAuCl4 ∙ 3 H2O (> 99.99 %, Sigma 

Aldrich). An ex situ characterization of the gold content and the oxidation state has already 

been carried out in earlier work by XP spectroscopy and is described there in more detail.15,34 

TEM studies have revealed the presence of a small number of larger gold particles (~10 nm).15 

However, as discussed previously, the catalytic activity of the Au/ceria catalyst is attributed to 

highly dispersed gold rather than the particles we observe in TEM.15 

 

Operando IR spectroscopy. We used diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) in a Vertex 70 (Bruker) to examine a 0.5 wt% Au/CeO2 catalyst 

exposed to reaction conditions. Gas phase infrared analysis was employed to quantitatively 
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monitor the conversion over the catalyst and can be directly correlated with the spectroscopic 

information gained from infrared spectroscopy at the catalyst (operando approach). For further 

details, refer to the Supporting Information and reference 42. 

 

Density functional theory (DFT). Density functional theory calculations were performed 

employing the VASP package (version 5.3.5 https://www.vasp.at) with the PBE functional 

adding an effective onsite Coulomb interaction parameter Ueff = 4.5 eV for the Ce 4f states 

(PBE+U/4.5 eV) and a hybrid DFT functional (HSE06). Vibrational analyses were performed 

by calculating the Hessian either analytically or with a finite differences approach. For further 

details, refer to the Supporting Information and reference 35. 

 

 

3. Results and Discussion 

Catalytic activity. The Au/CeO2 catalyst contains a gold loading of 0.5 wt% prepared by 

deposition precipitation onto polycrystalline CeO2 exhibiting a (111) termination (see 

Supporting Information for details of the synthesis and characterization). Figure 1 depicts the 

temporal evolution of the conversion over the 0.5 wt% Au/CeO2 catalyst during CO oxidation 

at 21°C for two different catalyst pretreatments (A and B in Figure 1A and 1B, respectively) 

prior to exposure to reaction conditions. Pretreatment A consists of equilibration in 25% O2/Ar 

flow for 1 h, whereas pretreatment B involves an outgassing step at 200°C (25% O2/Ar flow, 

1 h), leading to the removal of adsorbed water. After equilibration, the as–prepared catalyst 

starts to show activity after 5 min in reaction conditions, reaching maximum conversion after 

20 min, and then slowly declines to the steady–state conversion (~3%). In contrast, after 

outgassing at 200°C, the catalyst activates only slowly (2 h) without reaching steady–state 

conversion. This activation process continues after a regeneration phase in 25% O2/Ar for 1 h 

(Figure 1). The steady–state conversion of ~3% after equilibration is not reached even after 



 6 

exposure to reaction conditions for 3 h. Such a prolonged activation period has been observed 

previously for room temperature CO oxidation in dry reaction gas streams and has been 

assigned to the positive influence of water on the activation behavior of Au/CeO2 catalysts.36 

 

Catalyst behavior under reaction conditions. To explore the behavior of the catalyst under 

reaction conditions, we performed operando infrared spectroscopy during the course of the 

reactivity experiment in Figure 1 by recording spectra every minute. Exemplary operando 

infrared spectra during reaction (dashed lines in Figure 1) are depicted in Figure 2 (red spectra) 

showing an excerpt of the CO stretching mode region. The rotational–vibrational fine structure 

of CO can be resolved in the infrared spectra (1 cm-1 resolution), and thus gas-phase CO 

molecules, possessing a rotational–vibrational fine structure, are distinguished from vibrations 

of adsorbed CO, which do not possess a fine structure. On the bare ceria support (blue spectra) 

no adsorbed CO species are observed under reaction conditions, which were detected in the 

region 2154–2177 cm-1 in prior CO adsorption experiments by stabilization at lower 

temperatures and reduced pressures.37-40 After subtraction of the gas-phase spectrum from the 

spectrum of the Au/CeO2 catalyst, the residual signal can be de-convoluted into three distinct 

spectral regions at i) 2125–2130 cm-1 (present for all active samples), ii) 2160–2170 cm-1 

(present for all samples, but with a very different intensity), and at iii) 2090 cm-1 (low intensity, 

only present for the outgassed sample). 
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Figure 1: Conversion (CO oxidation) over a 0.5 wt% Au/CeO2 catalyst during two exposures 

to reaction conditions (2% CO, 10% O2, Ar) at 21°C after A) 25% O2/Ar flow for 1 h and B) 

25% O2/Ar flow at 200°C for 1 h. The dashed line indicates the time of the infrared 

spectroscopy measurement during reaction depicted in Figures 2 and 4 as well as in Figures S1 

and S2. 
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Figure 2: CO stretch frequency region of the operando infrared spectra under reaction 

conditions (red) after A) equilibration in 25% O2/Ar flow and B) outgassing in 25% O2/Ar at 

200°C for 1 h. Subtraction of the infrared spectrum of gas-phase CO over a bare CeO2 sample 

(no adsorbed CO, dark blue) yields the residual spectrum (green), which can be deconvoluted 

into three components at 2160–2170 cm-1, 2125–2130 cm-1, and 2090 cm-1. 
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Identification of active sites. For a detailed assignment of the experimentally observed CO 

stretch frequencies, the CO chemisorption and vibrational properties on model Au-CeO2 

catalysts consisting of single Au1 and Au4 gold clusters adsorbed on CeO2(111) surface were 

calculated employing DFT (Figure 3) with either PBE+U/4.5 eV or hybrid HSE06 exchange-

correlation functionals. The PBE+U/4.5 eV functional revealed comparable results 

independently of whether van der Waals (vdW) contributions were considered, and thus vdW 

contributions were not included in combination with HSE06 (see Supporting Information). All 

computational frameworks predict that the most stable Au1 site is an O–O bridge (Au@O–O 

bridge), in which the Au 6s electron is transferred to the ceria support (Au+), accompanied by 

the formation of a Ce3+ ion in a next nearest neighbor (NNN) cationic position to the Au atom 

(Figure 3D), in agreement with previous results.41-45,27,28  

With respect to ceria-supported Au4
 clusters, a pyramidal-shaped cluster has been 

predicted to be the most stable configuration for adsorption on either the stoichiometric 

CeO2(111)28,46 or the reduced CeO2-x(111) surfaces47. In the case of the CeO2(111) surface, two 

Ce3+ ions  resulting from the Au-ceria interaction  are located in nearest neighbor (NN) 

cationic positions to the Au4 cluster (Figure 3M); hence, we have adopted such a Ce3+ 

configuration for the Au4/CeO2(111)48,28 system with a pyramidal-shaped Au4 cluster in which 

the bottom three Au atoms  in direct contact with the ceria support  are charged positively 

(Au+0.67), whereas the gold atom at the top is practically not charged (Au0), see Table S3.28 

Thus, there is a rapid weakening of the Au-ceria interactions as clusters become three-

dimensional, in line with previous findings for other metals such as Ni.48,49 In this context, other 

Au4/CeO2(111) structures were also considered in which, for example, there are two Ce3+ ions 

in next-nearest cationic positions (NNN) to the Au4 cluster; however, all of these structures 

were found to be higher in energy and were not considered further. 

For Au1/CeO2(111), upon CO adsorption on the gold atom, the formation of Olattice–

Au+–CO species is observed (Table 1 and Table S3), regardless of the starting structure, the 
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charge state of gold, or the employed computational framework (see Supporting Information). 

The CO molecule is adsorbed on top of the Au+ ion at O–O bridge sites in an almost upright 

position forming a linear Olattice–Au+–CO species (only slightly tilted for the Ce3+ localization 

in a NN position), with an adsorption energy of Eads,CO = 2.43 and 2.30 eV (HSE06) for the 

Au@O–O bridge structure with the Ce3+ in NNN and NN positions, respectively (Figures 3I 

and 3J, and Table S3). 

For CO adsorption on the Au4/CeO2(111) cluster, three different adsorption sites are 

possible:  

(i) On top of the gold atom at the apex of the pyramid (Autop) with an adsorption energy 

of Eads,CO = 0.77 eV (HSE06) and a linear upright adsorption geometry (Table 1 and Figure 

3N).  

(ii) On the gold atom in the base that has two Ce3+ in NN positions (Aubottom,1) with an 

adsorption energy of Eads,CO = 1.26 eV (HSE06). Interestingly, the Aubottom,1 atom, onto which 

CO is adsorbed, is abstracted from the Au4 cluster, forming a pseudo single Au site, i.e., an 

Olattice–Au+–CO species slightly separated from the remaining Au3 particle, that stays 

perpendicular to the surface (Table 1 and Figure 3O). The gold atom abstracted from the Au4 

cluster to form a Olattice–Au+–CO species (Figure 3I) has practically the same positive charge 

than true isolated species (Table S3). The abstraction of Au atoms from ceria-supported Au 

clusters upon CO adsorption at the Au–ceria interface has previously been reported.17,28  

(iii) On one of the gold atoms located between nearest neighboring Ce3+ and Ce4+ cations 

(Aubottom,2)
 with an adsorption energy of Eads,CO = 1.29 eV (HSE06). Aubottom,2 sites are also 

abstracted from the cluster upon CO adsorption (Table 1 and Figure 3P) and pseudo single Au 

sites are formed (Table S3). The corresponding Eads,CO values calculated with the PBE 

functional for the three distinct sites in the Au4 cluster (Table S1) compare well with those in 

the literature for either a Au4
28, a Au13

29 (the Au-CO species is not abstracted from the gold 

particle) or a Au20
17

 cluster supported on the CeO2(111) surface.  
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In addition, the adsorption of CO on the clean CeO2(111) surface was also modeled 

(Figure 3A): CO adsorbs linearly on the clean CeO2(111) surface on top of a Ce4+ ion with an 

adsorption energy of Eads,CO = 0.15 eV (HSE06), in agreement with previous studies.39,40    

For a thorough analysis of the calculated CO stretch vibrational frequency of CO 

adsorbed on the Au/CeO2 model systems, the stretch frequency of the isolated CO molecule 

(𝜈CO,gas) has also been calculated in order to determine the corresponding CO frequency shifts 

(∆𝜈CO,gas) upon adsorption (Table 1 and Supporting Information); the calculated gas-phase CO 

stretch frequency is 2236 cm-1 (HSE06) and the experimentally determined value is 2143 cm-1 

(Figure 2). Hence, the stretch frequency of CO adsorbed on the CeO2(111) surface (2251 cm-1, 

HSE06) corresponds to a blueshift of ∆𝜈CO,gas = +15 cm-1 with respect to isolated gas-phase 

CO. This value is in good agreement with the corresponding shift (∆𝜈CO,gas = +17  +27 cm-1) 

of the experimental band observed at 2160–2170 cm-1 (Figure 2) and thus this band is attributed 

to CO adsorbed on the ceria support [CO/CeO2(111)], in agreement with previous experimental 

results.37-40 In Table 1 the structures are sorted with respect to the value of the calculated CO 

stretch frequency, starting with the highest frequency value that was obtained for the 

CO/CeO2(111) system. All structures in which CO is adsorbed on gold exhibit a redshifted 

frequency with respect to the frequency of gas-phase CO (∆𝜈CO,gas < 0). For the Au1/CeO2(111) 

structure, which has an isolated Au1 atom adsorbed on the CeO2(111) surface [CO-

Au1/CeO2(111)], stretch frequencies of 2219 cm-1 and 2217 cm-1 (HSE06) are predicted for the 

structures with Ce3+ in NN and NNN sites to Au, respectively. These values correspond to a 

redshift of ∆𝜈CO,gas = 17 cm-1 and 19 cm-1, respectively. 

As mentioned above, upon CO adsorption onto either the Aubottom,1 (two NN Ce3+) or 

Aubottom,2 (one NN Ce3+) atoms at the base of the pyramidal Au4 nanoparticle, pseudo-single 

Olattice–Au+–CO species are formed. The corresponding calculated CO stretch frequencies are 

2215 cm-1 and 2214 cm-1 (HSE06) for the Aubottom,1 and Aubottom,2 sites, respectively, which are 
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slightly redshifted (25 cm-1) compared to that of a (true) isolated Au site [CO-Au1/CeO2(111)]. 

In contrast, adsorption on top of the Au atom at the apex of the Au4 cluster (Autop) revealed a 

stretch frequency of 2199 cm-1 (HSE06), i.e., ∆𝜈CO,gas = 37 cm-1. Summarizing, based on the 

DFT calculations, the observed CO stretch frequency at 21252130 cm-1 (Figure 2) is attributed 

to CO adsorbed onto gold species in direct contact with the CeO2 support, i.e., a Olattice-Au+-

CO species. Note that, based on 13CO experiments, the presence of a Ce3+ related electronic 

transition can be ruled out (see Supporting Information, Figure S1).50 The CO-related feature at 

21602170 cm-1 is attributed to CO adsorbed on the ceria support, and that at 2090 cm-1 to CO 

adsorbed on-top of a gold atom of 3D Au clusters which are not in direct contact with the 

support. 
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Figure 3: Structural model of A) CO adsorbed to CeO2(111), B) adsorbed hydrogen carbonate 

on CeO2-x(111) with Ce3+ in NNN position, Au adsorbed on-top of O (Au+@O) with Ce3+ in C) 

NN and D) NNN position, E) Au0@O, F) Au0 adsorbed in Ce-Ce bridge position, Au+ in O-O 

bridge with Ce3+ in G) NN, and H) NNN position. CO adsorbed on Au1/CeO2(111) structures, 

i.e., CO-Au@O with Ce3+ in I) NN and J) NNN position. Au adsorbed on the CeO2-x(111) 

surface with Ce3+ in K) NN and L) NNN position. M) Stable Au4/CeO2(111) structure, CO 
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adsorbed on N) Autop, O) Aubottom,1, and P) Aubottom,2 positions in Au4/CeO2(111). Q) Au3
2+/Au 

adsorbed on CeO2-x(111). R) Au-CO, S) CO in the gas phase. 

 

 

Insight into the reaction mechanism. In general, the operando infrared spectra of the 

Au/CeO2 catalyst for CO oxidation can be divided into the carbonate region (8001800 cm-1), 

the carbonyl region (20002300 cm-1) discussed in detail above, and the OH stretching region 

(>3000 cm-1). In the carbonate region, CO3 carbonates (mainly bidentate: 988, 1298, and 1575 

cm-1), COOH hydrogen carbonates (1023, 1218, 1393, 1620, and 3619 cm-1), and HCOO 

formates37,38,51-53 are identified on the catalyst sample, with a strong increase of hydrogen 

carbonate under reaction conditions after outgassing at 200°C (Figure 4 and Supporting 

Information). Bidentate carbonates, largely removed by the outgassing treatment, accumulate 

on the surface with increasing activity of the catalyst, in agreement with the literature.53 The 

assignment of these bands is based on a comparison of theory and experiment from previous 

studies52 and on isotope exchange experiments using 13CO (Figure S2) and the corresponding 

DFT calculations (see Table S1), as described in detail in the Supporting Information. 
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Figure 4: Operando diffuse reflectance infrared spectra (carbonate, CO region) of a 0.5 wt% 

Au/CeO2 catalyst in 25% O2 at 21°C recorded directly after equilibration in 25% O2 

(pretreatment A, red), after ~30 min in reaction conditions (2% CO, 10% O2, orange), directly 

after 1 h at 200°C in 25% O2 (pretreatment B, black), and after ~30 min in reaction conditions 

(grey). Please note that spectra are offset for clarity. 

 

 

Moreover, the infrared spectra of the as–prepared (broad band between 3000 and 3500 

cm-1 as well as a band at 3694 cm-1) and outgassed catalysts show the presence of adsorbed 

water; the amount of water is significantly decreased in the case of the outgassed sample 

(Figures S2 and S3). This behavior indicates that catalyst pretreatment leading to water removal 

influences the catalyst behavior, as well be discussed below.  
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To determine potential active gold sites, the temporal behavior of the spectroscopically 

observed species with respect to the catalyst conversion was studied based on conversion– 

intensity plots (Figure 5). Figure 5A shows a positive correlation of the band intensity at 

21252130 cm-1 with the conversion values for both treatments at the initial stage of the 

reaction, providing direct experimental evidence for CO adsorption at the active site; as the 

concentration of the active CO species increases, so does the conversion. Actually, as stated 

above, based on our DFT results, the observed CO stretching frequency at 2125–2130 cm-1 is 

assigned to CO adsorbed at an isolated gold ion in direct contact with the CeO2(111) surface, 

thus forming Olattice–Au+–CO species. The calculated frequencies for CO at pseudo–single sites, 

i.e., gold ions slightly abstracted from a gold cluster17,28 are predicted to be separated by <6 cm-

1 from the frequency of a true single site and thus are experimentally not distinguishable: both 

true and pseudo Au1 sites are possible active sites. Thus, by combining operando infrared 

spectroscopy with DFT calculations, the gold active sites for CO oxidation over ceria–

supported gold catalysts can be directly observed and identified as isolated Au+ for the first 

time. As shown in Figure 5A, at a later stage, the conversion and band intensity at 2125-

2130 cm-1 are not correlated anymore. Thus, when approaching the steady state other aspects 

of the reaction start to gain importance, which will be the focus of future studies.  

We note that the rate-determining step in the CO oxidation reaction over non-

hydroxylated ceria-supported gold nanoparticles has been predicted to be the formation of 

COOlatt species, i.e., the abstraction of a lattice oxygen by CO17,27,28 the activation energy for 

such a Mars-van-Krevelen mechanism is generally expected to be quite large. However, 

DFT+U calculations predict values such as 0.86 eV for reaction over Au1 single atoms27, 

0.77 eV over an abstracted atom from a Au20 cluster17, and 0.68 eV over a very flexible Au3 

cluster28. These values of the activation energy, which are lower than expected, are in agreement 

with the fact that the CO oxidation reaction is facilitated over ceria-supported gold 

nanoparticles, as observed previously by experiment,18 although our results now reveal that the 
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cationic gold active site is formed under reaction conditions at (or separated from) the Au-ceria 

interface. Thus by directly probing Olattice–Au+–CO species prior to the rate-determining step, 

we can resolve apparent differences in the literature regarding the nature of the active gold site.  

As shown in Figure 5A, for both pretreatment procedures, initially a direct relationship 

is observed, but with different proportionality factors (indicated by the black and red dashed 

lines). For pretreatment A (red, as–prepared) there is initially a fast activation and later a slow 

deactivation. In contrast, outgassing pretreatment B (black) results in an activation, that is slow, 

but finally approaches the same level of conversion (~3%) as for pretreatment A. Interestingly, 

for both pretreatments deviations from the linearity are observed at a similar CO intensity 

(~1.25) indicating changes in the reaction mechanism at higher CO coverages. Please note that 

the infrared intensities finally approach each other, indicating the same ‘final’ concentrations 

for both experiments (see blue circle for the operation window). Thus, our results strongly 

suggest, that owing to catalyst structural changes in the presence of the reaction mixture, the 

catalyst properties approach a common (steady-state) behavior, independent of the initial state. 

To elucidate further details of the reaction mechanism, the intensity of the band assigned 

to CO adsorbed on CeO2(111) at 21602170 cm-1 37-40 (Figure 5B) and also of the hydrogen 

carbonate species at 1218 cm-1 (Figure 5C)50,37,38 were correlated with the catalysts’ conversion. 

Interestingly, for both species, an inverse conversion vs. intensity relationship was found. This 

behavior strongly suggests that these species act as inhibitors for CO oxidation over Au/CeO2 

catalysts and thus, in their presence, a lowered turnover frequency per active species is 

expected. This interpretation is consistent with the observation, that under the reaction 

conditions described above bare ceria did not give any noticeable CO oxidation activity. 

As a consequence of the reaction of CO with lattice oxygen, an oxygen vacancy is 

created. As has been previously proposed16, the supply of oxygen occurs by adsorption of 

molecular oxygen on the oxygen vacancy resulting in the formation of a peroxide species. In 

the further course of the catalytic cycle the outer oxygen of the peroxide species undergoes 
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reaction with CO, while the second oxygen fills the oxygen vacancy, closing the catalytic 

cycle,17 fully consistent with previous operando experiments showing the consumption of 

peroxide.14 In this context, the inhibiting effect of the adsorption of CO on the bare support may 

be explained by the adsorption either on the clean CeO2(111) surface, where further reaction, 

e.g. with residual OH, has been associated with a high barrier (1.05 eV, DFT+U),54 or on 

oxygen vacancies on the ceria support, thereby blocking sites accessible to adsorption of 

molecular oxygen. However, compared to the low adsorption energy of CO at surface oxygen 

vacancies (0.4 eV, 2157 cm-1, DFT+U),40 the adsorption of oxygen as peroxide species is more 

favorable (1.9 to 2.0 eV, DFT+U),55-57,34 and therefore oxygen can successfully displace CO 

(Figure 5B). Note also that the calculated CO stretch frequencies for the clean and reduced 

surfaces39 are both consistent with the range of observed frequencies (21602170 cm-1) 

differing only by ~12 cm-1, hence they are not expected to be distinguishable in our experiment. 

Previously, CO adsorbed on single-crystalline and defective CeO2(111) has been detected at 

2054 and 2063 cm-1, respectively.40,58  

As shown in Fig. 5C, the situation is different for hydrogen carbonate species, which 

also show an inhibiting effect, but are bound much more strongly to the surface than CO 

(1.6 eV, see Table S1) and can therefore not be displaced by oxygen that easily. Note that the 

inhibition of the reaction by the adsorption of CO on the ceria support has not been reported in 

the literature.47,34,59 Also, for both inhibiting species their respective concentrations approach a 

common operation window (indicated by the blue circles in Figure 5), independent of the initial 

pretreatment. This behavior resembles the behavior observed for the active sites (Figure 5A) 

and highlights the structural changes of the catalyst in the presence of the gas mixture. Figure 

6 summarizes the key features of the proposed mechanism for room temperature CO oxidation 

over Au/CeO2 catalysts without participation of water and/or surface hydroxyl groups. For 

clarity, only the reaction pathway mediated by pseudo–single sites is shown. A crucial step in 

the catalytic cycle is the formation of CO2 via Olattice-Au+-CO species. As a result of the reaction, 
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Au is formed as confirmed by Wang et al. for Au20.17 As indicated in Figure 6, the oxygen 

vacancy created by the oxidation of CO is refilled by gas phase oxygen, while the second 

oxygen undergoes reaction with CO (see discussion above). 

Based on the activity results shown in Figure 1, we conclude that the presence of water 

facilitates the oxidation of CO, e.g. by catalyzing the reaction between CO and hydroxyl groups 

via formation of a carboxyl intermediate followed by subsequent CO2 and water formation, as 

proposed both experimentally and theoretically.38,59,60 Changes in the hydroxyl region (Figure 

S4) do not show a direct relation to the activity of the catalyst and may result from changes in 

the coordination of surface water, in agreement with previous studies on CO oxidation over 

Au/TiO2 catalysts.68 In light of these studies, adsorbed water molecules, rather than support 

hydroxyl groups, may supply OH for carboxyl formation, followed by its deprotonation to yield 

CO2. 

 

 

4. Conclusion  

In conclusion, cationic gold is evidenced to be an active site of the Au/CeO2 catalyst for CO 

oxidation reactions by using vibrational spectroscopy in conjunction with DFT calculations, 

which provide a robust foundation for the spectroscopic assignment. The power of this 

approach is that we could “see” the active Olattice–Au+–CO species. While the experimental 

frequencies are consistent with the calculated values for CO adsorbed on both single isolated 

Au+ sites and pseudo–single sites, i.e., a gold ion slightly abstracted from a gold cluster, exhibits 

a lower activation energy in the rate determining step, according to earlier theoretical work.25 

Depending on pretreatment, different reaction / activation regimes were observed providing 

new insight into the mode of operation of Au/CeO2 catalysts during CO oxidation. Higher CO 

conversion is observed for the as–prepared catalyst, where the inhibiting species, namely, CO 

adsorbed on the ceria support and hydrogen carbonates, are rare, whereas high concentrations 
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of these species result in a lower CO conversion, as in the case of the outgassed catalyst. 

Nevertheless, independent of the pretreatment history, the catalysts approach the same catalytic 

behavior, but after different times, as is apparent from the conversion–intensity plots, 

highlighting the structural changes of the catalyst in the presence of the reaction mixture.  
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Figure 5: A) The intensity of CO adsorbed on Au/CeO2(111) (2125 – 2130 cm-1) is initially correlated with the conversion of the Au/CeO2 catalyst 

for pretreatment A (equilibration in 25% O2, red) and pretreatment B (1 h at 200°C in 25% O2, black). The dashed lines are a rough interpolation 

indicating an initial relation between the adsorbed species and the conversion (active site). The black line refers to a high and the red line to a lower 

concentration of adsorbed CO and carbonate species. The intensity of the band assigned to B) adsorbed CO on the CeO2(111) surface (2160–2170 

cm-1) and to C) hydrogen carbonate adsorbed on CeO2(111) (1218 cm-1) is correlated to the conversion of the Au/CeO2 catalyst. The dashed lines in 

B) and C) show the indirect relation between the adsorbed species and the conversion (inhibiting species). The blue circle is the steady state (operation 

window) that is approached from two sides for the two pretreatment procedures.  
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Figure 6: Proposed mechanism for the room temperature CO oxidation over Au/CeO2 catalysts. For clarity, only the reaction pathway mediated by 

pseudo–single sites is shown. For details see text. 
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Table 1: Summary of the calculated and experimental CO stretch frequency (𝜈CO) with respect to the gas phase (𝛥𝜈CO,gas) employing the PBE+U/4.5 

eV and HSE06 functionals. CO adsorption on CeO2(111), Au1/CeO2(111), and Au4/CeO2(111) is considered. For Au1/CeO2(111) two Ce3+ 

configurations, and for Au4/CeO2(111) three non-equivalent CO adsorption sites (top, bottom1, and bottom2), are considered.  

 

Structure      x         

Ce3+ config. 

CO ads. site 

CO/CeO2(111) 

x 

 

Cetop 

CO (gas) CO-

Au1/CeO2(111) 

1Ce3+ NNa  

Autop 

CO-

Au1/CeO2(111) 

1Ce3+ NNNa 

 Autop 

CO-

Au4/CeO2(111) 

2Ce3+ NNa 

Aubottom,1 

CO-

Au4/CeO2(111) 

1Ce3+ NNa 

Aubottom,2 

CO-

Au4/CeO2(111) 

 

Autop 

Structure 

        

PBE+U/4.5 eV 

Eads,CO [eV] 0.19  2.41 2.51 1.37 1.40 0.92 

𝜈CO [cm-1] 2126 2122 2095 2092 2086 2086 2070 

𝛥𝜈 CO,gas[cm-

1] 

+4.3 0 27.3 30.4 35.6 35.4 52.4 

HSE06 

Eads,CO [eV] 0.15  2.30 2.43 1.26 1.29 0.77 

𝜈CO [cm-1] 2251 2236 2219 2217 2215 2214 2199 

𝛥𝜈CO,gas [cm-

1] 

+15.0 0 16.3 18.5 21.0 21.8 36.3 

Experimental 

𝜈CO [cm-1] 21602170 2143 2130  2125 2090 

𝛥𝜈 CO,gas [cm-

1] 

+17  +27 0 13  18 53 

a number of neighboring Ce3+ ions to the Olattice–Au+–CO species
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