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Abstract 

Despite numerous studies on the role of surface oxygen vacancies in oxidation reactions on 

metal-oxide supported Au catalysts, little is known on how bulk defects in the support mate-

rial affect their catalytic performance. Here we report results of a comprehensive study on the 

effect of bulk defects on the CO oxidation reaction on Au/TiO2 catalysts, combining 

quantitative information on the amount of surface and bulk defects from in-situ non-contact 

electrical conductivity measurements after pretreatment and during reaction with information 

on the electronic / chemical state of the Au nanoparticles (NPs) provided by in situ IR 

spectroscopy using CO as probe molecule, and kinetic measurements. Treating the catalyst in 

strongly reducing atmosphere (10% CO / 90% N2) at 400 °C results in a distinct increase in 

electrical conductivity, indicative of the formation of defects (oxygen vacancies), which are 

stable at 80 °C in N2. Long-term reaction measurements performed at 80 °C show a distinctly 

lower activity of the bulk reduced catalyst, which increases slowly with time on stream, which 

is directly correlated with the decreasing abundance of bulk defects. Furthermore, they allow 

to distinguish between bulk and surface defects. The detrimental effect of bulk defects on the 

CO oxidation activity is shown to originate from the lowered CO adsorption strength and 

hence very low COad coverage on the Au NPs due to electronic metal - support interactions 

(EMSIs) induced by the presence of TiO2 bulk defects, in good agreement with our recent 

proposal (Wang et al., ACS Catal. 7, 2339 (2016)). These conclusions are further supported 

by results of CO adsorption measurements performed at -20 °C. For reaction at -20 °C EMSIs 

lead to a promoting effect on the CO oxidation, pointing to a change in the dominant reaction 

mechanism, away from the Au-assisted Mars-van Krevelen mechanism dominant at 80 °C. 

The role of EMSIs in the CO oxidation reaction and its temperature dependence is discussed 

in detail. 
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1. Introduction 

Metal - support interactions are well known to play an important and often decisive role for 

the catalytic performance of supported metal catalysts, in particular for catalysts supported on 

reducible (oxide) supports.1-6 Tauster introduced the term strong metal - support interactions 

(SMSI),7 which according to his definition refers to a specific strongly bonding interaction 

between support and metal nanoparticles (NPs) that is created upon treating the catalyst in a 

reducing atmosphere. These interactions may result in a variety of effects such as masking 

parts of the metal surface, by overgrowth of the metal surface with the reduced oxide, the 

formation of specific contact zones with enhanced catalytic performance or spreading of the 

metal.1 They were attributed to the formation of less positively charged cations, such as Ti3+ 

in the case of TiO2, at the surface of the support upon reducing treatment and their specific 

interactions with the metal NPs. Recently, electronic interactions involving a distinct 

modification of the electronic properties of the metal NPs, in this case for Pt NPs on CeO2, 

were introduced as yet another type of SMSI.5,8 These electronic metal-support interactions 

(EMSIs) were demonstrated to significantly improve, e.g., the ability of a Pt/CeO2 catalyst to 

dissociate the O-H bonds in water in the water gas shift reaction to produce H2. 

While these examples refer to the direct bonding interaction at the interface, one may also 

envision that deeper lying defects, e.g., bulk vacancies in oxide supports, may affect the 

catalytic performance of a catalyst via electronic interactions. Freund and coworkers had 

shown, e.g., that the CO adsorption properties of very small Au NPs on a MgO film, 

depended sensitively on the thickness of the oxide film.9-11 They explained this by an 

increasing probability for electron transfer from the metal oxide support to the electronegative 

Au NPs with decreasing film thickness, the size of the Au NPs 9,10 and increasing film 

conductivity due to defects / doping.10,12,13 The influence of charging on the catalytic activity 
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of small supported metal clusters was convincingly demonstrated in previous studies on 

surface deposited mass selected metal clusters.14 

The possible influence of deeper lying bulk defects on the catalytic performance of supported 

metal catalysts, mediated via electronic metal – support interactions, is topic of an ongoing 

study in our laboratory, in which we aim at a fundamental understanding of such effects using 

oxide supported Au catalysts as model system. Here we report results of a comprehensive 

study on the influence of bulk defects in the CO oxidation reaction on Au/TiO2 catalysts, 

combining kinetic measurements with in situ IR spectroscopy and electrical conductivity 

measurements. The influence of bulk defects is identified by comparing the CO adsorption 

and reaction properties of a Au/TiO2 catalyst in the presence and absence of oxygen bulk 

vacancies, which were annihilated or created by pretreatment in a strongly oxidizing (O400, 

10% O2 / 90% N2) or strongly reducing (O400, 10% CO / 90% N2) atmosphere at 400 °C, 

respectively. To distinguish between bulk defect and surface vacancies and their re-oxidation, 

adsorption / reaction measurements were performed at two different temperatures, 80 °C and -

20 °C, where re-oxidation of bulk vacancies is slow but possible (80 °C) or essentially 

inhibited (-20 °C). First preliminary results of this study were reported recently.15 

Before presenting and discussing the results of our study, we will briefly summarize previous 

findings relevant for the understanding of this study. From their similarity with reducible 

oxides supported platinum group metal (PGM) catalysts, SMSI effects would be observed 

also for the corresponding supported Au catalysts such as TiO2. Previous studies found no 

indications for encapsulation of the Au NPs by a reduced oxide layer upon high temperature 

annealing in vacuum or under reducing atmospheres.3,16 It was proposed that the lack of such 

an encapsulation of the Au NPs in Au/TiO2 catalysts is due to the weaker interaction of Au 

with reduced TiO2-x compared to that of Pt. On the other hand, Tang et al. reported the 

observation of partial encapsulation of Au nanoparticles by the reduced support and a 
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pronounced stabilization of the metal nanoparticles against sintering for a Au nanoparticle 

catalyst supported on hydroxyapatite (HAP).17 

While little is known about the role of bulk oxygen vacancies, much more attention has been 

devoted to surface vacancies, whose role in the CO oxidation reaction was studied in detail. In 

a series of temporal analysis of products (TAP) reactor studies we provided convincing 

evidence that they participate in the CO oxidation reaction via a Au-assisted Mars – van 

Krevelen mechanism, involving the Au-assisted formation of surface lattice oxygen vacancies 

at the perimeter sites of the Au-TiO2 interface by reaction with adsorbed CO and the 

subsequent replenishment of these vacancies by reaction with molecular oxygen. This 

mechanism was proposed as dominant mechanism for CO oxidation on Au catalysts 

supported on reducible oxides at ambient temperature and above. 18-23 

Maeda et al. followed the electrical conductivity during CO oxidation on a Au/TiO2 catalyst 

pretreated in an oxidizing atmosphere.24 They observed a distinct increase in conductivity of 

the catalyst upon exposure to the reaction gas mixture (CO : O2 = 2 : 1, 50 mbar, 200 °C). A 

significantly higher increase was observed upon exposure to CO at 200 °C. In both cases, 

however, the authors claimed that vacancy formation was limited to the creation of surface 

vacancies. Based on these results they concluded that surface vacancies generated during the 

CO oxidation stabilize adsorbed O2 and thus activate O2 for the reaction.24  

A number of model studies performed on single crystal TiO2 or ultrathin TiO2 films decorated 

with Au nanoparticles reported that surface defects act as preferential nucleation sites for Au 

NP growth and stabilize them against sintering.25-30 Furthermore, from the red-shift of Au-

COad IR band absorption frequency and based on theoretical calculations they proposed an 

electron transfer from surface defect sites on reduced TiO2-x to the Au NPs, resulting in 

electron rich and often more active Au species. 27-30 Furthermore, Goodman concluded that by 

re-oxidizing previously reduced TiO2-x thin film substrates or highly disperse supports in 
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oxidizing atmospheres, the metal - support interaction can be reversed back to the original 

state after oxidizing pretreatment.31 

In the following we will, after a brief description of the Au/TiO2 catalyst and its pretreatment 

as well as the experimental set-ups and procedure, first describe results of ex situ catalyst 

characterization before and after reaction by transmission electron microscopy (TEM) and X-

ray photoelectron spectroscopy (XPS). Next we will present results of kinetic, in situ 

electrical conductivity measurements and in situ IR spectroscopy measurements on the 

influence of bulk defects on the CO oxidation and CO adsorption characteristics, which was 

identified by comparing the adsorption / reaction of two catalyst samples from the same 

batch. The two catalysts were pretreated differently, one in oxidizing and one in reducing 

atmosphere at elevated temperature. Overall, these results are expected to provide detailed 

insight in the role of bulk oxygen vacancies in the CO oxidation reaction on supported Au 

catalysts, and also into the nature of the reaction mechanism for CO oxidation on Au/TiO2 

catalysts at temperatures below 0 °C, which was proposed 19,32 to differ from the Au-assisted 

Mars-van Krevelen mechanism dominant for Au catalysts supported on reducible oxides 

above room temperature.18,20-23 The main conclusions derived from these results will finally 

be summarized.  

2. Experimental Section 

2.1 Au/TiO2 catalyst and pretreatment 

For the experiments we used a commercially available Au/TiO2 catalyst (AUROliteTM, 

supplied by STREM Chemicals) prepared via deposition precipitation, with a Au loading of 

1.0 wt.%. Although the catalyst was already calcined before by the supplier, we pretreated it 

additionally in situ prior to all measurements in order to remove the majority of residual 

surface species such as hydrocarbons, moisture etc., which may have originated from 



 7

exposure to air. For that reason the Au/TiO2 catalyst was first dried in situ in a flow of 

20 Nml·min-1 N2 at 100 °C overnight (ca. 17 hours) in order to obtain a low and constant level 

of adsorbed water and OH-groups on the catalyst surface, followed by in situ pretreatment at 

400 °C for 30 min in either oxidizing (O400, 10% O2 / 90% N2, 20 Nml·min-1) or reducing 

(CO400, 10% CO / 90% N2, 20 Nml·min-1) atmosphere. After the respective pretreatment, the 

catalyst was cooled down to the desired reaction temperature in a flow of 20 Nml·min-1 N2. 

For pretreatment as well as for subsequent reaction high purity gases from Westfalen AG 

were used (CO 4.7, O2 5.0, N2 6.0). Additionally, all gases were passed through an in-line 

water filter (Agilent, CP17971) before entering the reactor to prevent further insertion of 

water, and thus adsorption and accumulation of water on the catalyst surface during 

pretreatment and / or reaction. 

2.2 Catalyst characterization 

The mean Au NP size and the Au particle size distribution after both pretreatments and after 

reaction were evaluated from transmission electron microscopy images (JEOL JEM 1400 and 

FEI Titan 80-300 microscopes). The Au/TiO2 catalyst samples were dispersed in ethanol 

(ultrasound bath) and drop casted to holey carbon films. From the evaluation of at least 600 

Au NPs for each sample, and assuming half-spherical Au NPs with 1.15·1015 Au atom·cm-2, 

the dispersion of Au NPs (DAu) was calculated according to: 

6
⁄

6
∑

∑
   (Eq. 1) 

Here vm is the volume occupied by an Au atom in the bulk metal, am is the area occupied by a 

surface atom, dVA is the volume-area mean diameter, di is the diameter of half-spherical 

particles, and ni is the number of particles with diameter di. 

The oxidation state of Au and Ti as well as their atomic ratios in the topmost layers of the 

Au/TiO2 catalyst, and in particular any differences therein after oxidizing or reducing 
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pretreatment, were monitored by ex situ X-ray Photoelectron Spectroscopy (XPS) 

measurements (PHI 5800 ESCA), using monochromatized Al-Kα radiation (1486.6 eV). The 

measurements were performed at an emission angle of 45° using analyser pass energies of 

93.9 and 29.35 eV for survey and detail spectra, respectively. Core level spectra of C 1s, O 

1s, Au 4f and Ti 2p were recorded. Shirley background subtraction and peak fitting were 

performed using the CasaXPS software. In order to correct for surface charging effects, the 

binding energies of all spectra were calibrated using the Ti 2p3/2 peak at a position of 

459.2 eV as reference.33 

The TiO2 support structure of the catalyst after different prereatments was characterized by X-

ray diffraction (XRD), performed on a Siemens D5000 and a STOE Stadi-P diffractometer 

using Cu Kα radiation (λ= 0.154 nm). The ratio of anatase/rutile phase was estimated by 

comparing the relative intensities of the diffraction peaks at 25.4° (anatase(101)) and 27.5° 

(rutile(110)). 

2.3 Kinetic measurements (CO oxidation)  

Catalytic activities of the Au/TiO2 catalysts for the continuous CO oxidation after in situ 

pretreatment were determined in a micro-reactor at atmospheric pressure. For direct access to 

the reaction kinetics and to obtain information on the deactivation of the catalysts with time 

on stream (TOS), isothermal measurements were performed under differential reaction 

conditions, with CO conversions (XCO, see Eq. 2) below 20%. To realize such low 

conversions, the catalysts were diluted with α-Al2O3, which under present reaction conditions 

is inactive for CO oxidation. A total of ca. 80 mg of the diluted catalysts, with dilutions of 

1:80 and 1:2, were used for measurements at 80 °C and -20 °C, respectively. From the CO 

conversion, the Au mass normalized reaction rates (RAu) were calculated according to Eq. 3. 

The CO conversion is determined either from the (relative) CO consumption or from the 

corresponding CO2 formation (Eq. 2): 
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,
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,
    (Eq. 2) 

,       (Eq. 3) 

Here mAu is the Au mass present in the catalyst bed and ,  and ,  are the molar flows 

of CO into / out of the reactor. Considering also the Au dispersion of the catalysts (DAu) 

obtained from TEM imaging, and the molar mass of Au (MAu), we also calculated turnover 

frequencies (TOFs), which represent the activity for CO oxidation normalized to the overall 

number of surface Au atoms of the Au NPs: 

      (Eq. 4) 

All measurements were performed with a total gas flow of 60 Nml·min-1 in a reaction 

atmosphere containing 1% CO, 1% O2, 98% N2. To achieve dry reaction conditions, all 

reaction gases were passed through an in-line water filter, and their water content was 

monitored by an in-line water sensor (Alpha-moisture, Model AMT) before entering the 

micro-reactor. This resulted in water contents of 0.2 ppm in the reaction gas feed. Hence, 

water accumulation on the catalyst surface, and any effects therefrom on the activity / stability 

of the catalyst can essentially be excluded. Influent and effluent gases were analyzed by on-

line gas chromatography with H2 as carrier gas (DANI, GC 86.10HT), with a time resolution 

of about 16 min. Since it takes at least 2-3 min to reach a stable gas phase composition in the 

reactor after starting the reaction by replacing N2 with the reactive gas mixture, the first 

sample of the reaction gas atmosphere was always collected 10 min after switching to the 

reaction gas mixture . The initial activity in all measurements thus refers to that after 10 min 

TOS. Although kinetic information in the first 10 min are lost in this approach, this procedure 

is mandatory in order to obtain a reproducible initial activity, which is essential for the 

determination of the catalysts deactivation with time on stream and for a reliable comparison 

between different measurements.  
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2.4 In situ electrical conductivity measurements: microwave cavity perturbation 

technique 

The contact-free electrical conductivity of Au/TiO2 was measured employing the microwave 

cavity perturbation technique.34-36 This measurement is based on the principle that the 

electromagnetic field inside a microwave cavity is modified by placing a sample therein, 

which causes a shift of the resonance frequency and a decrease of the quality factor.34 The 

complex permittivity ( ) describes this dielectric response of the sample. In the 

experiment we applied the Smith chart analysis and the transmission line theory to obtain the 

frequency and quality factor of the microwave cavity with and without Au/TiO2.37 The 

imaginary part of the complex permittivity  is calculated from the changes in the quality 

factor and is further related to the microwave conductivity	 , which is given in effective 

values. 

The measurements were performed in a cylindrical gold-plated S-band brass cavity. We used 

the first transverse magnetic mode (TM010) at an empty resonance frequency of about 

3.26 GHz. The plug-flow reactor was located in the electric field maximum and connected 

with a gas supply (Bronkhorst, El-Flow). The reactor tube was filled with Au/TiO2 (100 -

 200 μm sieve fraction) to a bed length of 4 mm, corresponding to a weight of 29 mg. A total 

gas flow of 20 ml·min-1 was applied. The measurement was started in pure N2 and the sample 

was heated to 100 °C with a heating rate of 25 °C/min and a dwell time of 90 min. Then, the 

temperature was increased to 400 °C and the pretreatment was performed in 5% O2 / 95% N2 

(O400) and 5% CO / 95% N2 (CO400), respectively. After this pretreatment the temperature 

was decreased to 80 °C with a cooling rate of 25 °C·min-1 and a dwell time of 60 min in N2. 

Afterwards, the catalyst was exposed to a reaction gas mixture of 1% CO, 1% O2 and 98% N2 

for 240 min. We analyzed the effluent gas flow with an online gas chromatograph (Agilent 

7890, equipped with a poraplot and a molecular sieve type column connected to a thermal 
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conductivity detector and a DB1 column connected to a flame ionization detector). From 

experimental reasons, these measurements were only possible at ambient temperature and 

above. Further details of the microwave cavity perturbation technique can be found in refs. 

34,36,38. 

2.5 In situ infrared spectroscopy (DRIFTS) measurements 

In situ infrared spectroscopy measurements were performed in a DRIFTS (Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy) configuration with a Nicolet 6700 

spectrometer, equipped with a MCT narrow band detector and a commercial in situ reaction 

cell unit from Harricks (HV-DR2). For sample preparation the sample holder of the reaction 

cell was first filled with pure α-Al2O3, on which a top layer (about 1 mm) of the diluted 

catalyst (ca. 40-50 mg, with dilutions of 1:10 and 1:2 for reactions at 80 °C and -20 °C, 

respectively) was placed. During pretreatment as well as during reaction all (reaction) gas 

mixtures were passed from top to bottom through the catalyst bed.  

Prior to the reaction measurements, background spectra were recorded on the freshly calcined 

catalysts at the reaction temperature in a flow of 60 Nml·min-1 pure N2. Typically, fast scan 

spectra (consisting of 20 scans with an overall acquisition time of 15 sec) were recorded at the 

beginning of the reaction (first 10 min), where significant changes on the catalyst surface 

including the formation of surface species are expected to occur. Afterwards, normal scan 

spectra (400 scans, overall acquisition time ca. 4 min per spectrum) were recorded to achieve 

a higher signal to noise ratio. The ratio between the single beam intensity measured during 

reaction (IR) and during the previously recorded background (IB) defines the relative diffuse 

reflectance (R, Eq. 5), which describes the IR absorption by the surface species formed during 

reaction. This relative diffuse reflectance was further evaluated in Kubelka-Munk units (Eq. 

6), which are linearly related to the adsorbate concentration.39,40  
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       (Eq. 5) 

     (Eq. 6) 

The CO oxidation measurements in the DRIFTS set-up were carried out under reaction 

conditions identical to those used in kinetic measurements (1% CO, 1% O2, 98% N2; 60 

Nml·min-1). This is an essential requirement for a direct comparison between the build-up of 

surface species during reaction as determined by DRIFTS and the catalytic activity evaluated 

in kinetic experiments (see above). However, it should be noted that in the DRIFTS 

measurements usually higher amounts of the Au/TiO2 catalyst had to be used in order to 

achieve a good signal to noise ratio in the absorption bands of adsorbed surface species. At 

80 °C, for example, about 5 mg of the Au/TiO2 catalyst had to be used in DRIFTS, while in 

kinetic measurements only ca. 1 mg of catalyst have been used (resulting in a steady-state CO 

conversion of about 10% in the latter experiments). This may result in non-differential 

reaction conditions for CO oxidation performed at 80 °C in the DRIFTS set-up, which may 

affect, e.g., the carbonate formation rate (from CO2 product molecules), but is expected to 

have little effect on the CO adsorption. For measurements at -20 °C, in contrast, a rather 

similar amount of catalyst (ca. 20 mg) was used in both set-ups. This is due to the lower 

activity of the catalyst under these conditions, requiring a higher amount of catalyst in the 

kinetic measurements.  

Considering that the position of the Au-COad absorption band is quite sensitive to the 

oxidation state of the Au species,41,42 the position of the CO absorption band during these 

measurements can be used to gain more insight into the electronic properties of Au NPs. This 

approach was applied during reaction (CO adsorption in the presence of O2) as well as during 

CO adsorption measurements (COad in the absence of O2, see below), similar to our approach 

in previous studies.15,43 For the CO adsorption experiments, the catalyst was cooled down 

after in situ pretreatment to the desired adsorption temperature (80 °C or -20 °C), at which the 
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gas feed was switched from pure N2 (60 Nml·min-1) to the CO adsorption gas mixture (1% 

CO, 99% N2, 60 Nml·min-1). The evolution of the Au-COad (and the Ti-COad) absorption band 

was monitored by DRIFTS with time on stream until it reached steady-state.  

In all spectra presented throughout this study, contributions of the gas phase CO signal were 

already removed by subtracting a spectrum recorded on pure α-Al2O3 in CO containing 

atmosphere at the respective temperature from the region of gas phase CO (2040-2240 cm-1) 

in the spectra recorded during reaction. 

3. Results and discussion 

3.1 Catalyst characterization 

Au particle size (TEM) 

From transmission electron microscopy (TEM) images of the Au/TiO2 catalyst recorded 

directly after pretreatment, which are illustrated in Figure 1, it is evident that there are no 

significant differences in the Au particle sizes after the two pretreatments, O400 and CO400, 

as we had already demonstrated previously.15 Based on the corresponding particle size 

distributions (see Figure 1a), the average Au particle diameters were determined to be 2.6±0.8 

nm and 2.4±0.9 nm for the O400 and CO400 pretreated samples, respectively. Assuming half-

spherical Au particles and 1.15·1015 Au atom·cm-2, this corresponds to Au dispersions of 36% 

and 37% after O400 and CO400 pretreatment, respectively. Moreover, we also observed no 

significant differences in the Au particle shapes after both pretreatments, which has been 

examined by additional HR-TEM images (see also Figure 1). These results are in good 

agreement with those reported recently by Saavedra et al., who used the same  



 14

 

Figure 1: Au particle size distributions and representative high resolution and overview 

TEM images of the Au/TiO2 catalyst pretreated at 400 °C in oxidizing (O400, 

10% O2 / 90% N2) or reducing (CO400, 10% CO / 90% N2) atmosphere (a) 

before and (b) after CO oxidation at 80 °C for 1000 min.  

commercial Au/TiO2 catalyst (AUROliteTM from STREM Chemicals) and also pretreated the 

catalyst either in an oxidizing (20% O2) or in a reducing (20% H2) atmosphere. Applying a 

combined infrared and Temkin analysis,44 these authors concluded that there is no difference 

in the Au particle size after different pretreatments (up to 16 h at 350 °C).45 Here it should be 

noted that the catalyst has already been calcined by the manufacturer before and that therefore 

Au NPs were already present on the fresh catalyst before our pretreatment. In addition, we 

also measured the Au particle sizes after CO oxidation at 80 °C for 1000 min for both 
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pretreatments, showing no distinct deviations to the samples measured directly after 

pretreatment (see Figure 1b). From these results, we can exclude that changes / differences in 

the Au particle size and shape contribute significantly to any differences in the catalytic 

behavior of the Au/TiO2 catalysts after oxidizing and reducing pretreatment or changes 

therein during the CO oxidation reaction (at 80 °C). 

Au and Ti oxidation state (XPS) 

To check whether there is an overgrowth of the Au NPs by reduced TiO2-x species and / or a 

change in the Au oxidation state due to metal-support interactions induced by the strongly 

reducing pretreatment at elevated temperature (CO400), as it has previously been reported for 

strong metal-support interactions (SMSIs) in platinum group metal/TiO2 (PGM/TiO2) 

catalysts,1,46,47 we also performed ex situ XPS measurements on the Au/TiO2 catalysts after 

the different pretreatments. The measured spectra for the Au 4f, Ti 2p, C 1s and O 1s signals 

on an as received catalyst, after oxidizing (O400), and after reducing (CO400) pretreatment 

are shown in Figure 2.  

From these spectra it is obvious that there are essentially no differences between the samples 

after different pretreatments. In all cases, the binding energy of the Au 4f7/2 electrons is 

constant at 84.0 eV, which is characteristic for metallic Au0 species.33,48 At the same time 

there are minor contributions from oxidized Au species, which appear at a higher binding 

energy of 85.9 eV.48,49 The relative amount of the latter species differs, however, between the 

untreated, oxidized and reduced catalysts, yielding relative amounts of 6.6%, 9.9%, and 6.4%, 

respectively. Overall, the rather small amounts are in the limits of the accuracy of the fitting 

procedure. The higher Au3+ amount observed on the O400 pretreated sample may indicate 

some (surface) oxidation during this pretreatment, in agreement with findings of an 

irreversible oxide formation upon O400 pretreatment concluded in earlier TAP reactor 

studies,18,50 Besides, we did not detect any significant contributions from Ti oxidation states 
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other than Ti4+,51 and also the atomic ratio of Au:Ti was essentially identical for the as 

received sample and for the two differently pretreated samples. The latter results seem to 

indicate that there is neither an  

 

Figure 2: XP spectra of the Au 4f, C 1s, Ti 2p, and O 1s signals obtained on Au/TiO2 

catalysts as received (untreated) and after oxidizing (O400, 10% O2 / 90% N2) 

or reducing (CO400, 10% CO / 90% N2) pretreatment.  
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encapsulation of the Au NPs by reduced TiO2-x species (which would have resulted in a lower 

Au:Ti ratio), nor detectable changes in the Au or Ti oxidation state upon reducing 

pretreatment (CO400).   

TiO2 support structure (XRD) 

The XRD patterns and the ratios of anatase : rutile phases of the different samples (see Figure 

S1 and Table S1 in the Supporting Information) did not show any significant differences. 

Hence, there are essentially no changes in the structure of the TiO2 support (P25) upon 

different pretreatments (O400, CO400). 

3.2 Influence of TiO2 bulk defects on the catalytic performance at 80 °C 

3.2.1 Kinetic and in situ DRIFTS measurements 

Next we determined the catalytic activity of the Au/TiO2 catalyst for the CO oxidation after in 

situ pretreatment in oxidizing (O400: 10% O2 / 90% N2) and reducing (CO400: 10% CO / 

90% N2) atmosphere under differential reaction conditions at a reaction temperature of 80 °C. 

As we have already reported recently,15 the catalyst is initially much more active after O400 

pretreatment: After O400 and CO400, the initial TOFs for the CO oxidation on Au/TiO2 are 

4.1 s-1 and 1.7 s-1, respectively (see Figure 3). For the pre-oxidized sample, this high initial 

activity decreases moderately in the first 400 min, by ca. 15%, followed by a rather slow 

deactivation in the next 4000 min, until reaching a steady-state situation with a TOF of 3.0 s-1 

after 5000-6000 min time on stream (with a total deactivation of ca. 26%). This deactivation 

with time on stream is a general characteristic of oxidatively pretreated Au/TiO2 

catalysts,52,53, though the extent of deactivation may differ for different catalysts and 

depending on the reaction conditions. It is generally accepted that the deactivation mainly 

results from the formation and accumulation of reaction inhibiting surface carbonate species 
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on the catalysts surface rather than from sintering of Au NPs under present reaction 

conditions.45,52,53  

For the sample after CO400 pretreatment, in contrast, the activity is initially rather low and 

steadily increases with time on stream. This increase resembles an activation process, which 

results in an about two-fold higher TOF after 6000 min reaction as compared to the initial 

activity (2.9 s-1 and 1.7 s-1, respectively). Such an activation period during the CO oxidation 

on supported Au catalysts has rarely been reported, most probably due to the fact that most 

  

Figure 3: Turn over frequencies (TOFs) for CO oxidation (1% CO, 1% O2, 98% N2) on 

Au/TiO2 at 80 °C after in situ pretreatment at 400 °C in oxidizing (O400: 10% 

O2 / 90% N2) or reducing (CO400: 10% CO / 90% N2) atmosphere.  

studies used oxidizing pretreatment procedures. Therefore we repeated the kinetic 

measurement after CO400 pretreatment several times under identical reaction conditions, 

always starting with a freshly pretreated catalyst, which confirmed the trends discussed above. 

The absolute activity, however, varied by about 40% between individual measurements (see 

Supporting Information, Figure S2). Possible reasons for these discrepancies are discussed 

below and in the Supporting Information. Apart from these deviations in the absolute rates, 

the general trend of an initially low CO oxidation activity directly after CO400 pretreatment 
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and its slow increase with time on stream during the following 1000 min reaction (and longer) 

is thus fully reproducible. 

A similar catalytic behavior with an initial increase of the CO oxidation activity has already 

been reported before for reaction at 25 °C by Cunningham et al. (1% CO in air) and by Gupta 

et al. (10% CO, 5% O2, rest He) for a vacuum annealed Au/TiO2 catalyst and for a previously 

reduced Au/Fe2O3 catalyst, respectively.54,55 In both studies the activity for CO oxidation was 

rather low in the reduced form of the catalysts, right after the formation of defects in the 

support material (either due to vacuum annealing at elevated temperature or due to 

pretreatment in H2), and increased with time on stream. The time dependence of the increase 

in CO oxidation activity with TOS of these two catalysts differed, however, significantly: 

while a continuous increase in activity was observed even after 150 h reaction on the Au/TiO2 

catalyst, the activity of Au/Fe2O3 reached steady-state already after 100 min. Nevertheless, the 

above authors consistently assigned this behavior to changes in the oxidation state of the 

support material, which is re-oxidized during the reaction due to the presence of O2 in the 

reaction atmosphere.54,55 It should be noted here that the authors did not distinguish between 

bulk and surface vacancies. In contrast, as discussed previously,15 we concluded based on 

indirect evidence that the lower CO oxidation activity directly after CO400 originates from 

the presence of TiO2 bulk defects, which result in a modification of the electronic properties 

of the Au NPs due to electronic metal-support interactions (EMSIs).15 Returning to the 

present data, variations in the Au particle size, size distribution and particle shapes can be 

excluded as main reason for the differences in the initial activity and the temporal evolution 

of the reaction rates after pretreatment by O400 and CO400. As described above (Figure 1), 

there are essentially no differences in the Au particle sizes or in the Au particle shapes for the 

differently pretreated samples, neither in the initial nor in the final period of the reaction. 
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To obtain more information on the physical origin of the lower activity of the reduced 

catalysts we monitored the evolution of surface species on Au/TiO2 during CO oxidation and 

during CO adsorption, in the absence of O2 in the reaction gas, after oxidizing and reducing 

pretreatment by in situ IR spectroscopy (DRIFTS) measurements. Spectra recorded during 

CO oxidation are presented in Figure 4, while CO adsorption in the absence of O2 follows in 

the spectra shown in Figure 5. We had already shown previously that adsorbed CO gives rise 

to slightly asymmetric peaks with their maximum at 2119 cm-1 (O400) and 2116 – 2119 cm-1 

(CO400), where in the former case the intensity hardly varied with time, while in the latter 

case it initially started with a rather low intensity but slowly increased and slightly blue-

shifted with time on stream. In the CO adsorption experiments, in the absence of O2, the 

differences are even more pronounced, since for the CO400 pretreated catalyst there was no 

indication for adsorbed CO, while for the O400 catalyst the COad related peak decreases in 

intensity with time on stream, and red-shifts from 2114 to 2112 cm-1.  

We attribute the lower COad coverage on the reductively pretreated catalyst under present 

reaction / adsorption conditions, reaching up to the complete absence of measurable CO 

adsorption, to a lower CO adsorption energy in the presence of TiO2 bulk defects, which is at 

least partly responsible also for the lower CO oxidation activity of these catalysts (see also 15). 

This would explain also the decrease in COad band intensity during CO adsorption on the 

O400 pretreated sample, which is due to the creation of surface or surface near defects during 

exposure to CO. Unfortunately it was not possible to obtain detailed information on the 

electronic properties of the Au NPs at 80 °C directly after CO400 pretreatment, which in 

principle can be derived from the position of the absorption band of COad on the Au NPs by 

CO adsorption measurements, since CO adsorption on the CO400 pretreated catalyst was 

below detection under these conditions. This is different for reaction at -20 °C, where COad 

coverages on the Au NPs are much higher due to the slower CO desorption. Therefore, 
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physical effects responsible for the lower COad coverage / lower activity of the CO400 

pretreated catalyst will be discussed in more detail in section 3.3. 

Similar to the kinetic experiments, also the DRIFTS measurements on CO400 pretreated 

samples were repeated several times to confirm these astonishing findings, and also in order 

to find possible explanations for the variations in the absolute rates observed in the initial 

period of the reaction in the kinetic measurements (see Figure S2). These measurements  

   

Figure 4: Sequence of DRIFT spectra representing a) the adsorbed CO species, and b) 

the build-up of surface carbonate-like species, recorded during CO oxidation 

(1% CO, 1% O2, 98% N2) at 80 °C on a Au/TiO2 catalyst pretreated at 400 °C 

in oxidizing (O400, 10% O2 / 90% N2) or reducing (CO400, 10% CO / 90% 

N2) atmospheres.  
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revealed that the COad coverage on the Au NPs is always lower than that on an O400 

pretreated catalyst, but with some scatter in the extent, which seems to correlate with their 

variation in activity (see Figure S3). Most likely, the absolute amount of bulk defect 

formation during the CO400 reducing pretreatment is not that well reproducible, leading to 

differences in the COad coverage / adsorption strength and consequently in the activity.  

Spectra recorded during reaction at 80 °C clearly indicate the build-up of carbonate-like 

surface species during CO oxidation. Interestingly, the type and the amount of surface 

carbonate species are almost identical for the differently pretreated catalysts (see Figure 4). In 

both cases, significant amounts of carbonate-like species are formed right in the beginning of 

the CO oxidation reaction, within the first 1 min after introduction of the reaction gas mixture. 

The most prominent absorption bands were detected at 1618 cm-1 and 1558 cm-1, which have 

been assigned to the νδ(OH) bending mode of adsorbed water and the νs(CO) stretching 

vibration of bidentate carbonates.52,56-59 After both pretreatments the coverage of these species 

steadily increases with TOS. It is widely accepted that the formation and accumulation of 

surface carbonate species, most probably located on the support material and in part also at 

the Au-TiO2 interface, is responsible for the deactivation of Au/TiO2 catalyst during CO 

oxidation, as evidenced by several in situ IR spectroscopy studies.45,52,60-62 From the 

comparison of their absorption intensities and the very similar temporal evolution after both 

pretreatments we conclude that the reducing pretreatment in CO/N2, and thus the presence of 

bulk defects in TiO2 has no distinct impact on the formation of these surface carbonate 

species. Accordingly, also for the CO400 catalyst a deactivation with time on stream would 

have been expected, similar to the decreasing activity observed after pretreatment in O2/N2 

(see Figure 3). This deactivation is, however, superimposed by the increasing activity with 

TOS due to the replenishment of bulk oxygen vacancies during reaction. Once all these 

vacancies are replenished, and the catalyst is fully oxidized again (after about 6000 min 
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reaction), a steady-state situation with an almost identical activity compared to that after O400 

is obtained. Considering that this represents the deactivated state of the Au/TiO2 catalyst, it is 

obvious that also the catalyst sample after CO400 experienced a similar deactivation 

behavior, although this is not observed in kinetic measurements due to the more pronounced 

activation effects due to the replenishment of bulk oxygen vacancies in the TiO2 support.  

 

Figure 5: Sequence of DRIFT spectra in the COad region, recorded during CO adsorption 

(1% CO, 99% N2) at 80 °C on a Au/TiO2 catalyst, pretreated at 400 °C in 

oxidizing (O400, 10% O2 / 90% N2) or reducing (CO400, 10% CO / 90% N2) 

atmospheres.  
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10 min results in reactive removal of surface lattice oxygen and hence in the formation of 

surface lattice oxygen vacancies, but there are no data on the formation of bulk lattice 

defects.32 To unambiguously demonstrate that there is indeed a higher amount of bulk defects 

after reducing pretreatment at elevated temperature (CO400), we additionally also measured 

the electrical conductivity directly after both pretreatments. These measurements were 

performed by the contact-free microwave cavity perturbation technique, which allows to 

determine the conductivity in situ in a non-contact mode.34,35 This conductivity is measured as 

a bulk property since the microwaves pervade the complete sample.34,63,64 Assuming an 

essentially constant mobility of the charge carriers, changes in the conductivity provide 

information on changes in the amount of those charge carriers. The results of these 

measurements are summarized in Figures 6 and 7. The microwave conductivities before, 

during, and after both pretreatments are illustrated in Figure 6, and variations during 

subsequent CO oxidation (6 h) are shown in Figure 7. Starting with the drying procedure,  

 

Figure 6: Microwave conductivity of Au/TiO2 before, during and after pretreatment at 

400 °C in oxidizing (O400: 5% O2 / 95% N2) or reducing (CO400: 5% CO / 

95% N2) atmosphere.  
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while keeping the catalyst in N2 at 100 °C, there are essentially no differences between both 

samples, and the microwave conductivities are rather similar (1.8×10-3 S·cm-1 and 0.7×10-3 

S·cm-1) before CO400 and O400 pretreatment, respectively.  

In the drying procedure the Au/TiO2 catalyst is expected to be fully oxidized, with no or 

almost no bulk and surface defects.65 During the following heating process to the temperature 

used for pretreatment (400 °C) in N2, there is a sharp increase in the electrical conductivity up 

to about 0.13 S·cm-1 for both samples. This increase in conductivity may (in part) be simply 

explained by the temperature increase, considering that semiconductors in general show an 

increasing conductivity with temperature. Another contribution may come from desorption of 

adsorbed water / hydroxyl groups involving lattice oxygen during the heating procedure. Such 

species are still present on the catalyst surface at the beginning of the pretreatment / heating 

(despite the previous drying procedure). This desorption results in the formation of surface 

oxygen vacancies, which finally result in the observed increase in the microwave conductivity. 

Subsequently, for the Au/TiO2 catalyst exposed to an oxidizing atmosphere during 

pretreatment, the conductivity decreases immediately once the catalyst is exposed to O2/N2 

and, hence, re-oxidized. The conductivity is close to zero within several minutes in O2/N2 

atmosphere, even at 400 °C (2.1×10-3 S·cm-1, see Figure 6). During exposure to CO/N2, in 

contrast, the microwave conductivity is about 0.12 S cm-1 during the whole period of the 

pretreatment, and decreases only by about 30% once the catalyst is cooled down to reaction 

temperature (80 °C) in a flow of pure N2. At the end of the pretreatment procedures, which 

represent the starting point for the subsequent CO oxidation, the electrical conductivity after 

CO400 is 7.6×10-2 S·cm-1, and thus more than two orders of magnitude higher compared to 

the Au/TiO2 catalyst after O400 (0.02×10-2 S·cm-1). Assuming again a constant (negligible 

changes) charge carrier mobility, this higher conductivity goes along with a significant 
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increase in the number of charge carriers, confirming that oxygen bulk defects in TiO2 are 

indeed formed during CO400, but not during O400. 

Upon switching from N2 to reaction atmosphere (1% CO, 1% O2, balance N2), there are 

almost no changes for the Au/TiO2 catalyst pretreated in oxygen (O400), except for a 

continuous, slight increase in conductivity to about 0.09×10-2 S·cm-1 after 6 h CO oxidation 

(Figure 7).  

For the CO400 pretreated sample, in contrast, the conductivity decreases with time on stream, 

namely from 7.6×10-2 S·cm-1 to 1.4×10-2 S·cm-1. The decay is very rapid in the initial phase  

 

Figure 7: Microwave  conductivity of Au/TiO2 during the CO oxidation (1% CO, 1% O2, 

98% N2) at 80 °C after pretreatment in oxidizing (O400: 5% O2 / 95% N2) or 

reducing (CO400: 5% CO / 95% N2) atmosphere, respectively.  
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pretreated in CO400 (see Figure 7). We consider this, however, to be an artifact, probably due 
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rather fast process and is thus expected to occur on the timescale of seconds (see above and 

refs. 15,18). Even after this sharp decrease, however, the microwave conductivity on the CO400 

pretreated catalyst sample is still a factor of about 70 higher than that after O400 pretreatment 

at the same reaction time. Moreover, as expected for a slow replenishment of bulk defects (on 

the time scale of minutes and hours, due to the slow oxygen diffusion in bulk TiO2 under 

present reaction conditions),66,67 there is only a very slow decrease in conductivity within the 

next 6 h time on stream. At that point the conductivity is 0.8×10-2 S·cm-1, and thus still about 

10 times higher compared to that of the oxidatively pretreated sample after 6 hours CO 

oxidation (see Figure 7). This is in agreement with the findings from kinetic measurements 

performed under identical reaction conditions described above (see Figure 3), in which the 

activities of the two samples are clearly different after 6 h on stream and only approach 

similar values after 100 h on stream. 

Overall, these results on the electrical conductivity, which is related to changes in the number 

of charge carriers present in the Au/TiO2 catalyst, in particular surface and bulk oxygen 

vacancies in TiO2, clearly demonstrate that such defect sites are formed during pretreatment 

in CO/N2 (CO400). Moreover, a significant number of those defect sites is still present during 

the subsequent CO oxidation reaction and are replenished only slowly. Considering that both, 

CO oxidation activity and CO adsorption strength on the Au NPs are lowered after CO400, 

and only increase slowly with time on stream (see Figure 3), these findings clearly confirm 

our earlier proposal that the latter changes are related to the presence of TiO2 bulk defects and 

changes therein.15  

3.3 Influence of TiO2 bulk defects on the catalytic performance at -20 °C 

In previous studies we had demonstrated that the dominant reaction pathway for CO oxidation 

on Au/TiO2 catalysts changes with reaction temperature, and is different for reaction in the 
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temperature regimes below or above about 0 °C, respectively.32 From several experimental 

and theoretical studies there is convincing evidence that for room temperature and higher a 

Au-assisted Mars-van Krevelen mechanism dominates the overall reaction.18,22,24 In this 

mechanism, TiO2 surface lattice oxygen at the perimeter of the Au-TiO2 interface represents 

the active oxygen species for CO oxidation, which is continuously removed and replenished 

upon interaction with CO and O2, respectively. For reaction at lower temperatures, however, 

the removal of TiO2 surface lattice oxygen by CO is strongly inhibited, indicating that this 

surface reaction is an activated process. This was explicitly demonstrated by the strongly 

reduced or even completely inhibited removal of TiO2 surface lattice oxygen in Au/TiO2 

catalysts upon reaction with CO, and thus an inhibited TiO2 surface reduction at reaction 

temperatures of -20 °C and -90 °C.32 We tentatively suggest that under these conditions, in the 

range of low temperatures, the mechanism proposed by Green et al., involving the formation 

of a molecular adsorbed [CO···O2] intermediate at the perimeter sites and their subsequent 

reactive decomposition to CO2 and Oad, becomes increasingly dominant.68 It should also be 

noted that under these conditions, the continuous reaction on Au/TiO2 is strongly hindered by 

adsorption of product CO2, which strongly interacts with the Au/TiO2 catalyst, resulting in a 

self-poisoning effect.69 We therefore proposed that the desorption of CO2,ad is the rate limiting 

step for CO oxidation on Au/TiO2 at reaction temperatures below -20 °C. Finally, the much 

lower activity of Au/TiO2 compared to Au/Mg(OH)2 at reaction temperatures below 0 °C, 

which is in complete contrast to their behavior above room temperature, lead us to the 

conclusion that there is a change of support effects with temperature.69 

Accordingly, the influence of TiO2 bulk defects on the catalytic performance may also be 

fundamentally different at lower reaction temperatures. For that reason, we next measured and 

compared the CO oxidation activity of Au/TiO2 at -20 °C (section 3.3.1) after pretreatment in 
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oxidizing (O400) and reducing (CO400) atmosphere, and complemented this by in situ IR 

spectroscopy (DRIFTS) measurements under identical reaction conditions (section 3.3.2).  

3.3.1 CO oxidation activity at -20 °C 

Figure 8 illustrates the temporal evolution of the catalytic activity on the differently pretreated 

Au/TiO2 catalysts for CO oxidation at a reaction temperature of -20 °C. Unlike the catalytic 

behavior at 80 °C, the initial activity of the catalyst after CO400 pretreatment at -20 °C is 

significantly higher compared to that after O400 pretreatment (TOF values of 0.22 s-1 and  

   

Figure 8: a) Turn over frequencies (TOFs) and b) relative activities during the CO 

oxidation (1% CO, 1% O2, 98% N2) at -20 °C on Au/TiO2 after in situ 

pretreatment at 400°C in oxidizing (black: O400, 10% O2 / 90% N2) or 

reducing (red: CO400, 10% CO / 90% N2) atmosphere. 
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0.12 s-1, respectively). Hence, in this case TiO2 bulk defects have a positive influence on the 

catalytic activity, contrasting the behavior for reaction at 80 °C. Moreover, also the temporal 

evolution of the activity at -20 °C after CO400 is completely different from that at 80 °C after 

the same pretreatment. Instead of an activation with TOS we here observe a continuous 

decrease in activity, as it has been observed after oxidizing pretreatment (O400) at 80°C. This 

deactivation continues for at least 1000 min, and results in steady-state TOF values of 0.12 s-1. 

The same reaction behavior is observed for the Au/TiO2 catalyst pretreated in oxygen, which 

also shows a continuous decrease in activity with time on stream at -20 °C, and even an 

almost identical extent of deactivation throughout the reaction (57% deactivation, see Figure 

8b). The resulting reaction rates (in TOFs) after 1000 min CO oxidation are 0.05 s-1 for the 

O400 catalyst (initial value 0.12 s-1) and 0.12 s-1 for the CO400 catalyst (initial value 0.22 s-1), 

respectively. The fact that both samples end up with a relative activity of 43% compared to its 

highest (initial) activity, points to a similar mechanism for the catalyst deactivation under 

these conditions (see also our discussion on deactivation at 80 °C above). This will be 

discussed in more detail below (section 3.3.2). 

Following our above line of arguments, where we assigned the differences in activity at 80 °C 

after the two pretreatments to the absence / presence of TiO2 bulk defects, we expect that the 

higher activity after CO400 at -20 °C also originates from the formation of such defects 

during pretreatment. In this case, however, they have a positive impact on the catalytic 

activity. Furthermore, it is plausible to conclude that at -20 °C oxygen bulk diffusion in TiO2 

is strongly hindered and, hence, even slower compared to that at a reaction temperature of 80 

°C, for which it took already about 6000 min until the catalyst reached its fully oxidized state 

again (see above, Figure 3). For that reason, one would expect that at -20 °C the catalyst 

maintains its strongly reduced state throughout the 1000 min reaction. This fits well to our 
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observation that the differences in activity after both pretreatments do not get smaller during 

the CO oxidation reaction, but stay essentially constant.  

It is also interesting to note that, different from the present findings for the STREM Au/TiO2 

catalyst, we observed no deactivation at all for CO oxidation at -20 °C on a similarly 

prepared, homemade Au/TiO2 catalyst under the same reaction conditions,69 although both 

catalysts were prepared by deposition precipitation, with a similar mean Au particle size of ca. 

2.5 nm, but differed in Au loading and pretreatment. 

3.3.2 Formation of surface species during reaction at -20 °C 

More insight into modifications of the catalyst surface during reaction is gained from in situ 

IR measurements, which may also provide further information on the origin of the beneficial 

effect of bulk defects on the CO oxidation activity of Au/TiO2 at -20 °C. First, we will focus 

on the temporal evolution of the CO2 band on the two differently pretreated catalysts during 

CO oxidation at -20 °C, which is illustrated in Figure 9a. In contrast to the IR spectra 

recorded during CO oxidation at room temperature and higher, e.g., at 80 °C,52 we did not 

observe the typical feature of gas phase CO2, which is characterized by its P- and R-branch 

and originates from the simultaneous vibrational and rotational excitation of the CO2 

molecule. Instead, for reaction at -20 °C we mainly find adsorbed CO2 product species, which 

are characterized by a single IR absorption band at 2347 cm-1
, for which rotation is strongly 

hindered. This fully agrees with our recent findings, where we demonstrated the presence of 

CO2,ad / absence of CO2,g on a similar type Au/TiO2 catalyst at this low temperature.69 Note 

that according to the kinetic measurements also CO2,g is formed during the reaction, but its 

rather low concentration (ca. 200 ppm, calculated from the kinetic measurement) would result 

in a very weak CO2,g IR doublet signal, which is buried beneath the intense CO2,ad band and 

can be hardly resolved by DRIFTS measurements. 
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Figure 9: Sequence of DRIFT spectra illustrating the evolution of a) CO2 and b) 

carbonate surface species during the CO oxidation reaction (1% CO, 1% O2, 

98% N2) at -20 °C on Au/TiO2 catalyst pretreated at 400 °C in oxidizing 

(black: O400, 10% O2 / 90% N2) or reducing (red: CO400, 10% CO / 90% N2) 

atmosphere, respectively. 

Similar to the activities, the coverage of adsorbed CO2,ad species (based on the absorption 
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pretreated sample. Furthermore, for both catalysts the CO2,ad band intensity decreases with 

TOS at a similar pace relative to their initial (maximum) coverage in the beginning of the 

reaction. Overall, there is a rather good correlation between the time dependence of the CO2 

band intensity and the catalytic activity determined in the kinetic measurements (see Figure 
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CO2,ad from the TiO2 support is rather slow and appears to be the rate-limiting step for the 

catalytic CO oxidation below 0 °C. A similar proposal was put forward also by Chang et al.70. 

Based on the close relation between the coverage of adsorbed CO2 species and activity for 

continuous CO2,g formation this seems to hold true also for the present case, for reaction on 

both the O400 and the CO400 catalyst at -20 °C. 

 

Figure 10: Temporal evolution of the integrated total (a) and relative (b) IR band 

intensities of CO2,ad as well as the absolute and relative CO2 formation rates 

(from Figure 8) during the CO oxidation reaction (1% CO, 1% O2, 98% N2) at 

-20 °C on Au/TiO2 catalyst pretreated at 400 °C in oxidizing (black: O400, 

10% O2 / 90% N2) or reducing (red: CO400, 10% CO / 90% N2) atmosphere, 

respectively. 
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To verify that fundamental aspects of the reaction and deactivation behavior of the two 

catalysts are identical for reaction at -20 °C, with the CO400 catalyst only being more reactive, 

we performed CO2 desorption experiments on the differently pretreated STREM Au/TiO2 

catalysts, using the same procedure as described previously.69 After running the CO oxidation 

reaction at -20 °C for 120 min, the reaction gas was switched from CO/O2/N2 to a gas stream 

containing N2 only, keeping the catalyst at a constant temperature of -20 °C in order to follow 

the isothermal desorption of CO2 (see supporting information, Figure S4). For the O400 

pretreated catalyst, 74% of the CO2,ad band intensity was lost after 10 min TOS of N2 purging, 

and rather similar results were obtained also for the CO400 pretreated STREM Au/TiO2 

catalyst. Apparently, the presence of TiO2 bulk defects has no measurable impact on the 

interaction between CO2 and the catalyst surface, confirming our conclusions derived from 

the similar reaction and deactivation behavior.  

DRIFT spectra illustrating the build-up of surface carbonate species on the two differently 

pretreated catalysts during the CO oxidation reaction at -20 °C are shown in Figure 9b. In 

general, the coverages of surface carbonate species increase with time on stream on both 

samples during reaction. Furthermore, both the types as well as the amount of surface 

carbonate species formed on the two samples seem to be identical. Hence, similar to the 

observation at 80 °C (see Figure 4), also at -20 °C the presence of bulk defects seems to have 

no influence on the formation of surface carbonate species during CO oxidation. Noted that in 

addition to the bands observed for reaction at 80 °C, several new bands were observed here. 

Following the assignments in previous IR studies,57-59,71,72 we associate the additional bands at 

1643 cm-1, 1423 cm-1 and 1223 cm-1 to bicarbonate species, and the bands at 1681 cm-1 and 

1591 cm-1 to bridged and bidentate carbonates. The main findings from Figure 9 are as 

follows: while the build-up of surface bicarbonate species stops in the early stages of the 

reaction, after ca. 10 min to 30 min on stream, the coverage of the two types of carbonates 
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continuously increases with TOS. Specifically, the amount of bidentate carbonates increases 

significantly on both the CO400 and the O400 pretreated samples with time on stream, by ca. 

40% from 10 min to 120 min (see Figure S5), which agrees well with the ca. 30 - 40% 

deactivation of the catalyst determined in kinetic measurements in the same time span under 

these conditions (see Figure 8). From 120 min to 480 min, the coverage of bidentate 

carbonates slowly increases by another 20%, which again fits to the slower deactivation of the 

catalyst in this time range (see Figure S5). Therefore, we tentatively propose that in addition 

to self-poisoning by adsorbed CO2, also for reaction at -20 °C the build-up of bidentate 

carbonate species contributes to the deactivation of the catalyst, blocking either directly the 

active sites or the diffusion of active CO or O2 species to these active sites.  

Finally, we investigated the influence of bulk defects on the electronic / chemical properties 

of the Au NPs using adsorbed CO as probe molecule in the presence (reaction condition) and 

absence (CO titration) of O2 at -20 °C (see Figure 11). As mentioned above, this refers  

 

Figure 11: Sequence of DRIFT spectra representing adsorbed CO species (COad), 

recorded during CO oxidation (1% CO, 1% O2, 98% N2) and CO adsorption 

(1% CO, balance N2) at -20 °C on Au/TiO2 catalysts pretreated at 400 °C in 

oxidizing (O400, 10% O2 / 90% N2) or reducing (CO400, 10% CO / 90% N2) 

atmosphere. Note that the gas phase CO signal is already subtracted. 
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particularly to the questions of whether there is evidence for i) a reduced accessibility of the 

Au NP surface, e.g., due to partial overgrowth by TiOx on the CO400 pretreated sample, and 

for ii) differences in the Au-CO interactions. The latter would be indicated by differences in 

the adsorption strength and by shifts in the CO vibrational band. For adsorption / reaction at 

80 °C this information was available only to a limited extent, since measurable CO adsorption 

on the CO400 pretreated Au/TiO2 catalyst was only observed after partial re-oxidation, during 

the CO oxidation reaction.15 Exposure of the O400 pretreated sample to a reaction gas 

mixture yields a sharp band at 2181 cm-1 which is associated with CO adsorbed on 

coordinatively unsaturated Ti4+ site,41,68 and a broad signal with a pronounced maximum and 

a shoulder on its higher frequency side in the Au-COad region, in the range between 2150 and 

2075 cm-1. Here two bands can be resolved after peak deconvolution using Lorentz functions 

(see Figure S6), which are positioned at 2109 cm-1 and 2124 cm-1, respectively. The band at 

2109 cm-1 is generally assigned to CO adsorbed on metallic Au (denoted as Au0),42 the higher 

wavenumber signal (2124 cm-1) was attributed to CO adsorbed on electron-deficient / 

positively charged Auδ+-CO sites.42 Those latter sites may either be located at the perimeter of 

the Au-TiO2 interface (perimeter sites) involving Au-O-Ti bonds,73-75 or they may be related 

to co-adsorption of oxygen species.41 Except for a very small increase of the intensity of this 

band in the first 10 min of the reaction, the intensity of all three bands in the COad region 

remained essentially constant during the whole time of the reaction, from 1 min to 480 min 

TOS. It is worth to note that the COad band at 2124 cm-1 was not observed during CO 

adsorption / CO oxidation at 80 °C. Most simply, this may be due to a too low steady-state 

COad coverage on these sites at 80 °C under these conditions. The appearance of this Auδ+-CO 

band under reaction conditions at -20 °C indicates a higher local coverage of CO molecules 

on these sites. 
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In the CO adsorption measurement on the O400 pretreated Au/TiO2 catalyst, during catalyst 

exposure to 1% CO/N2 at -20 °C, the spectrum shows a much less pronounced shoulder at 

2124 cm-1 (see the blue spectrum in Figure 11). Obviously, the Auδ+-CO sites are much less 

populated under these conditions. After peak deconvolution (see Figure S6), one can still 

resolve a contribution from this band, but it is much smaller than during reaction. Based on 

the lower intensity of this band in the absence of O2 it is most probably at least partly due to 

coadsorbed oxygen, though contributions from perimeter sites, arising from a slight removal 

of surface lattice oxygen at the Au perimeter sites during CO adsorption at -20 °C, cannot be 

fully excluded.  

Similar but less intense COad related bands were observed during CO oxidation at -20 °C on 

the CO400 pretreated sample. With time on stream, the coverage of both Au-COad and Ti4+-

COad increased slowly. Following the above line of arguments, this increase with time on 

stream can be attributed to a slow re-oxidation of the catalyst, which as expected for bulk 

vacancy re-oxidation is rather slow at this low temperature. For comparison we note that even 

for reaction at 80 °C complete re-oxidation of bulk defects takes about 100 h under present 

reaction conditions (see Figure 3). In contrast, as we found recently, re-oxidation of surface 

oxygen vacancies by reaction with O2 in the gas phase at -20 °C can occur very fast and 

essentially on the same time scale as re-oxidation at 80 °C. 

Before discussing these results in more detail, we will first characterize CO adsorption at -

20 °C on the CO400 pretreated catalyst. As shown in Figure 11 (blue spectrum), the Au0-CO 

band was red-shifted to 2104 cm-1. In addition, a set of new bands in the lower frequency 

region from 2077 cm-1 to 2009 cm-1 was observed. According to earlier studies, these bands 

can be assigned to CO adsorbed on negatively charged Au species (Auδ-), which result from 

electron donation from the defect rich TiO2 support to the Au NPs.41-43,62,76-78 It is important 

to note that these negatively charged Auδ- species were neither detected for CO adsorption on 
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the fully oxidized catalyst (O400 pretreated) at -20 °C, in the absence of O2 in the gas phase, 

nor under reaction conditions, in the presence of O2, independent of the pretreatment. This 

means, that these Auδ- species cannot be (solely) related to bulk defects, but must require the 

presence of surface and near surface defects, which are rapidly re-oxidized upon interaction 

with the reaction gas mixture. On the other hand, we found that the Auδ- species can also be 

formed on the fully oxidized catalyst at -20 °C, when the contact time of the catalyst with a 

CO atmosphere is sufficiently long, e.g., more than 60 min. Since bulk defect formation is 

essentially inhibited under these conditions, this means that these Auδ- species result from 

charge transfer from surface defects or near surface defects, which can still be formed at a low 

rate at this temperature, as was demonstrated recently by EPR measurements.32 Finally we 

would like to note that we observed the formation of a very weak band of adsorbed CO2 

during exposure to CO (see Figure S7), which most likely is due to reaction either with 

surface lattice oxygen (see above) or with traces of O2 in the reaction cell. 

The above results first of all confirm the weaker bonding of CO to the Au NPs in the presence 

of bulk defects, considering that significant amounts of CO can adsorb on the CO400 catalyst 

at -20 °C, while at 80 °C CO adsorption is essentially inhibited. In that case the absence of 

CO adsorption at 80 °C cannot be solely explained by surface blocking, e.g., by overgrowth 

by a TiOx layer, but must at least partly be due to weaker COad bonding on the Au NPs. This 

confirms our previous proposal that for the CO400 pretreated catalyst the interaction of CO 

with the Au NPs is strongly modified by electronic effects, by electronic metal-support 

interactions (EMSIs), induced by the presence of bulk defects.15 Interestingly, the resulting 

shift in C-O frequency (for CO adsorption) is rather weak, from 2109 (O400) to 2104 cm-1 

(CO400). 

The presence of bulk defects seems to have much less impact on the CO adsorption and CO 

adsorption energy on the TiO2 support, which is indicated by the comparable intensities of the 
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Ti4+-COad bands on the samples after oxidizing and reducing pretreatment, respectively. This 

closely resembles our findings for CO2 adsorption on the TiO2 support, which was also little 

affected by the presence of bulk defects. 

Finally, it should be noted that along with the Auδ--COad species, we also observed a tiny 

signal at 2124 cm-1 during the CO adsorption measurement at -20 °C. Since the co-existence 

of Auδ+ and Auδ- species tends to be unlikely, the signal at 2124 cm-1 observed during CO 

titration on the pre-reduced catalyst could possibly be attributed to CO adsorbed on Ti3+ 

surface species, whose presence was indicated by previous IR 79-81 and EPR 32,82-84 

measurements on reduced TiO2.  

Correlating the findings from the in situ IR measurements with the trends in the CO oxidation 

activity leads to the following results. First of all for reaction at 80 °C the presence of bulk 

defects is clearly related to a distinct lowering of the activity. This is at least partly caused by 

a lower COad coverage on the Au NPs due to a lowering of the CO adsorption energy, which 

in turn is caused by a distinct modification of the electronic / chemical properties of the Au 

NPs due to electronic metal - support interactions caused by the bulk defects. Hence, the 

extensive data present here fully confirm our recent proposal.15  

Chen and Goodman had proposed that negatively charged Au species (Auδ-) are crucial for a 

high CO oxidation activity, specifically for the activation of O2 by electron transfer forming 

superoxo-like species.28,85,86The results presented above clearly indicate that Auδ--COad 

species characterized by COad bands in the range 2077 cm-1 and below are not present under 

reaction conditions, independent of the pretreatment, and that the presence of bulk defects 

results in a weaker CO bonding, going along with a lower CO oxidation activity at 80 °C. 

Also for adsorption / reaction at -20 °C, the COad coverage on the Au NPs is significantly 

lower on the CO400 than on the O400 pretreated catalyst. In this case, however, the electronic 
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modification of the Au NPs due to the TiO2 bulk defect induced EMSIs have a positive effect 

on the CO oxidation activity, in contrast to the behavior at 80 °C, where the effect was 

opposite. Partly this can be explained by the much lower effects of the COad coverage under 

these conditions. Now also CO adsorption on Ti4+ sites is significant and has to be considered. 

At this temperature, COad species are still considered to be mobile on the surface,68 populating 

different adsorption sites according to thermodynamic equilibrium, In that case, both Au-CO 

and Ti4+-CO species can be considered as reservoir, which can reach the active sites such as 

perimeter sites and react. Considering the much higher number of Ti4+ sites and the 

comparable population of these sites on both catalysts, the differences in total COad coverage 

on the O400 and CO400 catalysts are much less pronounced for reaction at -20 °C than at 

80 °C. In this case the effect of the lower CO adsorption strength on the Au NPs after CO400 

pretreatment has much less impact on the reaction at low temperatures than at higher 

temperatures. This would not explain, however, a higher activity of the CO400 pretreated 

Au/TiO2 catalyst compared to the O400 one. The latter requires a change in the rate limiting 

step or, more likely, in the dominant reaction mechanism for CO oxidation when going from 

80 °C to -20 °C, in addition to the COad coverage effects. This fits perfectly to our previous 

conclusion of temperature dependent change in the dominant reaction pathway at 

temperatures in the range of 0 °C, from a Au-assisted Mars – van Krevelen mechanism above 

that level to a mechanism with a different type of oxygen activation, possibly by reaction 

between adsorbed O2 and COad at perimeter sites, as it had been shown by Green et al. for 

reaction at much lower temperatures, in the range of 110 K – 130 K.68  

Overall, we expect that similar electronic interactions can at least in principle operate also on 

other Au catalysts supported on reducible oxides and also on other oxide supported noble 

metal catalysts, and also in other catalytic reactions. For more active noble metals it has to be 

considered however, that in most cases the reaction will proceed via a Langmuir-
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Hinshelwood mechanism, where, e.g., coverage effects may be more complicated. 

Furthermore, continuous effects during the reaction can only be expected if bulk vacancies 

persist during the reaction, which either requires very low reaction temperatures to kinetically 

block replenishment of bulk vacancies or, more realistically, reducing reaction conditions, as 

experienced, e.g., in hydrogenation reactions. This will be topic of future studies. 

4 Conclusions 

Aiming at a detailed understanding of the role of electronic metal-support interactions in the 

CO oxidation reaction on metal oxide supported Au catalysts and its temperature dependence, 

we have investigated the interaction of CO and the CO oxidation with / on a Au/TiO2 catalyst 

in the presence and absence of TiO2 bulk oxygen vacancies at reaction temperatures of 80 °C 

and -20 °C. TiO2 bulk defects were generated by pretreatment in strongly reducing 

atmosphere at elevated temperature. The adsorption / reaction properties of these catalysts 

were compared with those of similar catalysts pretreated in an oxidizing atmosphere. 

Combining kinetic measurements with detailed catalyst characterizations, including its 

electrical conductivity under reaction conditions and in situ DRIFTS measurements, we arrive 

at the following conclusions: 

i) In situ electrical conductivity measurements show that reducing pretreatment (CO400) 

leads to a distinct increase in electrical conductivity and, assuming about constant charge 

carrier mobilities, in the number of charge carriers, most probably TiO2 bulk defects. The 

conductivity is stable in N2 at 80 °C, while upon exposure to the reaction atmosphere at 

that temperature it first decreases rapidly, followed by a slow further decay. The latter is 

attributed to the slow removal of charge carriers, i.e., defect sites, which are only slowly 

oxidized under reaction conditions, despite the net oxidizing reaction atmosphere. This 

directly indicates that these defects sites are not at the surface of the catalyst, but in the 
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bulk of the TiO2 support. The initial rapid decay in contrast is associated with oxidation 

of surface vacancies. 

ii) Electronic metal-support interactions (EMSIs) induced by the presence of TiO2 bulk 

defects have a negative impact on the CO oxidation activity at 80°C, which at least partly 

originates from a lower CO adsorption strength and hence drastically reduced steady-state 

COad coverage on the electron rich Au NPs in the presence of bulk defects. 

iii) At an adsorption / reaction temperature of -20 °C, EMSIs induced by the presence of bulk 

oxygen vacancies also lower the CO adsorption strength on the Au NPs. In contrast to 

reaction at 80 °C, however, they promote the CO oxidation reaction. We attribute this 

mainly to a combination of a drastically increased coverage of mobile COad species on 

the CO400 catalyst, both on the Au NPs, but in particular on the Ti4+ sites of the support. 

The coverage of the latter species is significantly less affected by TiO2 bulk defects than 

that on the NPs. Considering, however, that the total COad coverage at -20 °C is still 

higher on the O400 than on the CO400 catalyst, though much less markedly than at 80 

°C, and that the Au-assisted Mars – van Krevelen mechanism is little active at this 

temperature, we tentatively propose that the presence of bulk defects results also in an 

enhanced activation of molecular oxygen due to the extra charges on the Au NPs, most 

likely at perimeter sites. 

On the other hand, bulk defects have essentially no effect a) on the CO2,ad desorption rate 

from the support, which was proposed to be the rate limiting step for CO oxidation on 

Au/TiO2 catalysts at low temperatures ( -20 °C), and (b) on the deactivation of the 

catalyst under these conditions. The latter was shown to result from the build-up of 

bidentate carbonate species during reaction, both at 80 °C and at -20 °C.  

Finally, if surface defects are present as well, the negative charge on the Au NPs can be 

sufficient to result in a distinct red-shift of the COad related band to wave numbers in the 
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range of 2000 – 2077 cm-1. In contrast to the slow removal of effects related to bulk 

defects, these bands and hence the increased negative charge on the Au NPs decay 

immediately in the presence of O2 in the reaction gas, i.e., upon re-oxidation of (near) 

surface oxygen vacancies. 

In summary, we could show that bulk defects have a distinct effect on the CO oxidation 

behavior of Au/TiO2 catalysts, which may differ also depending on the temperature. Such 

kind of effects are proposed to be of general validity for Au catalysts supported on (bulk) 

reducible metal oxides. However, they will not be operative under ‘normal’ reaction 

conditions, for reaction above room temperature, in the presence of an oxidizing reaction 

atmosphere and after oxidizing pretreatment, because under these conditions the steady-state 

concentration of bulk oxygen vacancies is in most cases negligible.  
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