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Abstract 

To further our understanding of the role of trace impurities of the second metal in the catalytic 

performance of unsupported, nanoporous Au (NPG) catalysts, in particular for the activation 

of O2, we have prepared a NPG catalyst by electrochemical leaching of Cu from a AuCu alloy 

and investigated its behavior in the CO oxidation reaction. The structural and chemical 

properties of the as-prepared catalyst as well as that after reaction for 1000 min were 

characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS). The nature of the surface oxygen species and the oxygen 

storage capacity (OSC) were investigated and quantified by multi-pulse experiments in a 

temporal analysis of products (TAP) reactor. The catalytic behavior in the low-temperature 

CO oxidation reaction was evaluated both in a TAP reactor under dynamic vacuum conditions 

and in a conventional micro-reactor under atmospheric pressure.  We discuss implications of 

these results and of similar data obtained previously on a Ag-containing NPG catalyst on the 

reaction mechanism and on the role of the second metal in the reaction and its impact on the 

reaction characteristics.  
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1. Introduction 

In the past few decades, the excellent catalytic activities of nanosized gold have stimulated 

extensive research activities to elucidate the physical origin for this as well as for exploring its 

applications for various chemical transformations [1-4]. For low temperature CO oxidation on 

supported gold catalysts, the catalytic role of gold itself is usually convoluted with the 

influence of the support materials, in particular for reducible metal oxides [1-4]. More 

recently, a new class of unsupported nanoporous gold (NPG) catalysts with a ligament size of 

typically tens of nanometers has been reported to have up to comparable Au mass specific 

activities as its supported counterparts for CO oxidation under the same reaction conditions 

[5-9]. The NPG catalysts also exhibit a remarkably high activity and/or selectivity for many 

other reactions including the preferential oxidation of CO [10;11], the oxygen-assisted 

coupling of alcohols [12-14], methanol electro-oxidation [15;16], selective hydrogenation of 

unsaturated aldehydes [17;18] etc.. Ideally, the absence of support materials in the NPG 

catalysts and of the related interface regions provides the opportunity to examine the intrinsic 

catalytic properties of gold alone. Nevertheless, residual impurities existing in this type of 

materials and their potential influence on the catalytic activity has made the presumption of 

‘pure gold catalyst’ questionable and therefore requires careful examination. 

The NPG materials are usually prepared by selective leaching or etching of the less noble 

metals, typically Ag [5-7;12;19], from the corresponding Au alloys. Because of the Ag 

residues (≥ 1 at.%) in the as-prepared samples, which cannot be completely removed by de-

alloying, the nature of the active sites on the Ag-containing NPG catalysts for the low-

temperature CO oxidation is still under debate [7;9;11;20-28]. Some researchers have 

suggested that the high catalytic activity of NPG is attributed to a high density of under-

coordinated sites or defects such as atomic steps and kinks resulting from the high curvature 

of the internal surface of NPG materials [22;23]. The surface density of these defect sites on 
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NPG is estimated to be comparable to that of 3-5 nm Au nanoparticles [22;23]. Similarly, a 

recent work suggested that the 6-fold coordinated sites created by twinning defects in the fcc 

lattice of NPG prepared by dealloying Al2Au can significantly contribute to the catalytic 

activity towards CO oxidation [9;27;28]. Other studies indicated, however, that the residual 

Ag plays a critical role in the oxidation reactions [7;11;20;21;24-26;29]. Accordingly, pure 

gold was found to show an extremely low activity for activating molecular O2 for stable 

oxygen adsorption, which was related to a lower concentration of low-coordination surface 

active sites compared to small gold particles [30]. 

To examine the role of Ag in the catalytic activity of NPG, we have investigated the CO 

oxidation behavior of a series of Ag-containing NPG catalysts (denoted as NPG(Ag) hereafter) 

with different Ag contents [21]. Our results have unambiguously shown that there is an 

almost linear correlation between surface Ag concentration and the catalytic activity of the 

NPG catalysts in the low-temperature CO oxidation reaction [21]. Alternatively, one can 

compare the catalytic properties of a NPG(Ag) catalyst with a NPG catalyst containing a 

different residual less-noble metal, such as Cu, with a similar surface area and (surface) Cu 

composition as present in the NPG(Ag) catalysts. Preliminary results of such measurements, 

which were published previously [31], revealed a clear influence of the surface content of 

residual Cu species on both O2 adsorption and catalytic activity, similar to the role of Ag in 

the NPG(Ag) catalysts. 

Aiming at a more detailed understanding of the role of surface Cu species and the active 

oxygen species / reaction pathway over NPG(Cu) catalysts, we have continued these studies. 

In the present paper, we report results of a combined micro-reactor and temporal analysis of 

products (TAP) reactor study on the kinetics and transient reaction behavior of CO oxidation 

over a NPG(Cu) sample. First we briefly describe the experimental setup and procedures 

(section 2). The as-prepared sample was characterized by scanning electron microscopy 
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(SEM), powder X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 

(section 3.1). The capability of the NPG(Cu) catalyst to activate O2 for stable oxygen 

adsorption and to accumulate these active oxygen species (oxygen storage capacity - OSC) 

was determined by CO titration experiments performed in a TAP reactor after exposure of the 

samples to either O2 pulses or to an O2/N2 gas flow at atmospheric pressure (section 3.2). 

These measurements were performed both on the fresh NPG samples (before reaction) and on 

samples exposed to CO oxidation under atmospheric pressure for 1000 min. The CO 

oxidation activities of the catalysts were examined in the TAP reactor under vacuum 

conditions and in conventional micro-reactor measurements at atmospheric pressure (section 

3.3). SEM and XRD measurements on the NPG catalyst, performed after the reaction 

measurements, gained further insight into the structural stability of the NPG(Cu) catalysts. 

The results obtained on the NPG(Cu) catalyst are compared with those obtained for one of the 

reported NPG(Ag) catalysts and the implications on the physical origin for the catalytic 

activity of NPG materials are discussed (section 3.4). 

2. Experimental 

2.1. Nanoporous gold sample preparation 

As described previously [31;32], the Cu-containing nanoporous gold sample was prepared by 

electrochemical etching (dealloying) of a Au25Cu75 (at.%) alloy, which was produced by arc 

melting of high purity Au and Cu wires (Au 99.995% and Cu 99.99%, Chempur). Following 

the subsequent homogenization at 900°C for 4 days (sealed in a quartz tube), the alloy was 

quenched in water. The ingot was rolled to 0.2 mm thickness and annealed at 600°C for 2 h in 

vacuum for recovery. Dealloying was performed in 1 M HClO4 aqueous solution at a potential 

of 1.1 V with respect to a Ag/AgCl reference electrode, which was placed directly in the 1 M 

HClO4 electrolyte close to the sample, for approximately one day. The electrolyte was freshly 

prepared from 18.2 MΩ cm water and 70% HClO4 (Suprapur®, Merck KGaA). To minimize 
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copper contamination in the sample compartment, the coiled-Ag wire counter electrode (CE) 

and the reference electrode (RE) were separated from the main cell by placing them in a tube 

filled with the same solution and mounted with its opening close to the sample. Dealloying 

was stopped when the current fell to 10 μA and below. Subsequently, the cell was repeatedly 

rinsed with deionized water to remove traces of Cu ions in solution. The NPG(Cu) disks were 

crushed and gently ground into powder before use.  

2.2. Catalyst characterization 

The surface area of the as-prepared NPG(Cu) material was determined via the capacitance 

ratio method [33], yielding a value of 49 m2 g-1. The surface area of the NPG(Cu) sample after 

reaction (α) was estimated to be 9 m2 g-1 by assuming idealized, cylindrical ligaments with 

diameter D (the average crystallite size from X-ray diffraction (XRD) results) via the relation 

α = 4/ρD [34], where ρ is the mass density of gold (19.32 g cm-3). Note that applying this 

procedure the surface area before reaction was estimated to be around 60 m2 g-1, which is 

close to that measured by the capacitance ratio method (49 m2 g-1). XRD measurements were 

performed on a PANalytical MPD PRO instrument, using Cu-Ka radiation (λ = 0.154 nm). 

The average crystallite sizes were calculated from the Au(111) diffraction peaks by using the 

Scherrer equation D = Κ λ / β cosθ, where K = 0.89 is the Scherrer’s constant, λ the wave 

length of the X-rays and β the FWHM. Note that this is an empirical relation, we will use the 

term apparent ligament size for the value derived from DScherrer, and use this for the 

characterization of samples after the catalytic reaction, which cannot be characterized by the 

capacitance ratio method. 

The surface morphology, microstructure and the Cu bulk concentration of the resulting 

samples were determined by scanning electron microscopy (SEM) and energy dispersive X-

ray spectroscopy (EDX), respectively. X-ray photoelectron spectroscopy (XPS) data were 
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recorded on a PHI 5800 ESCA system (Physical Electronics) using monochromatic Al-Kα 

radiation. The binding energies of Au(4f) and Cu(2p) were calibrated with reference to the 

standard C(1s) peak (284.6 eV). The Au and Cu surface concentrations were calculated from 

the measured intensities of the Au(4f) and Cu(2p) signals using tabulated sensitivity factors, 

respectively, which assumes a constant composition of the topmost few layers. 

2.3 Catalytic activities measured in the flow reactor 

The catalytic activity of the NPG(Cu) catalyst for CO oxidation was measured in a micro-

reactor with a length of 300 mm and an inner diameter of 4 mm at atmospheric pressure at 

temperatures of 30 - 150°C, without applying any pretreatment prior to the measurements. 

The catalyst was diluted with α-Al2O3 in order to obtain differential reaction conditions, 

resulting in conversions of below 15% of the reactants during the catalytic measurements. The 

temperature of the catalyst bed is measured by a thermal couple attached to the outer wall of 

the reactor, centered along the catalyst bed. The flow rate of reactant gas was 60 Nml min-1 (1% 

CO, 1% O2, rest N2), and both influent and effluent gases were analyzed by on-line gas 

chromatography (Chrompack CP9001). For further details on the set-up and the evaluation 

see refs. [35;36].  

2.4 TAP reactor measurements 

The pulse experiments were carried out in a home-built TAP reactor [37], which is largely 

based on the TAP-2 approach of Gleaves et al. [38]. In short, piezo-electric pulse valves were 

used to generate gas pulses of typically ~1×1016 molecules per pulse. For all measurements 

presented, these pulses contained 50% Ar as an internal standard to enable quantitative 

evaluation on an absolute scale. The gas pulses were directed into a quartz tube micro-reactor 

with a length of 90 mm and an inner diameter of 4 mm. The catalyst bed was located in its 

central part and was fixed by two stainless steel sieves (Haver & Boecker OHG, transmission 
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25%). For all measurements, we used a three-zone catalyst bed containing 2 mg of NPG(Cu) 

catalyst diluted with 20 mg SiO2 as central zone and two layers of SiO2 as outer zones (total 

mass 150 mg), except for the simultaneous pulse experiment in Fig. 7, where only 0.6 mg Au 

was used. All pulse experiments were performed at 30°C reaction temperature to lower the 

temperature-induced ligament growth during reaction [6;19]. Also here, the catalyst was used 

as received, with no additional pre-treatment prior to the measurements. After passing through 

the reactor, the gas pulses are analyzed by a quadrupole mass spectrometer (QMG 700, 

Pfeiffer) located behind the reactor tube in the analysis chamber. The consumption of CO and 

O2 in the respective pulses was calculated from the missing mass spectrometric intensity in 

the pulses compared to the intensity after saturation, which is equivalent to the initial intensity. 

The formation of CO2 could be determined directly from the CO2 pulse intensity. The reactor 

can be separated from the ultrahigh vacuum (UHV) system by a differentially pumped gate 

valve and connected directly to an adjustable roughing pump. 

The ability of the NPG(Cu) catalyst for active oxygen adsorption, given by the amount of 

stable adsorbed active oxygen that can be reversibly deposited from interaction with O2 and 

reacted away by CO pulses (oxygen storage capacity – OSC), was determined by multi-pulse 

experiments performed at 30°C. In these measurements, the fresh catalyst was first reduced 

by a sequence of CO/Ar pulses, until the CO2 formation was below the detection limit. 

Subsequently, the catalyst was exposed either to a sequence of O2/Ar pulses or to a 

continuous flow of 10% O2/N2 with a gas flow of 20 NmL min-1 at atmospheric pressure (at 

30°C). Then the amount of stable adsorbed oxygen species active for CO oxidation was 

titrated by a sequence of CO/Ar pulses under vacuum conditions. Since the oxygen uptake 

was too little to be evaluated directly from the missing intensity in the O2 pulses, we 

determined this from the total CO2 formation during the CO/Ar pulses. The process of oxygen 

deposition and reactive removal by CO was repeated at least three times for each case in order 
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to check the reversibility of the active oxygen formation. To examine the catalytic activity in 

the TAP reactor, the samples were exposed to simultaneous pulses of CO/Ar and O2/Ar. For 

both measurements, the resulting CO:O2 ratio was 1:1 and, hence, there was an excess of 

oxygen relative to stoichiometric reaction conditions. The measurements with simultaneous 

pulses were used for comparison with the catalytic activity measured in the micro-reactor. 

Prior to these measurements it was checked that the gas mixing unit and the gas pipes 

containing the reaction mixture as well as the reactor and the dilution materials were inert, no 

conversion of CO or O2 was found under these conditions in control experiments. 

To identify oxygen species present on the surface before and after the reaction, we also per-

formed temperature programmed desorption (TPD) measurements in the TAP reactor. The 

measurements started directly after reaction, heating the catalyst from 30°C to 600°C with a 

heating rate of 25°C min-1. The gaseous desorption / decomposition products were transported 

by diffusion into the analysis chamber, where the effluent gases were detected by the mass 

spectrometer. 

3. Results and Discussion 

3.1 Characterization of the NPG(Cu) catalyst 

The as-prepared NPG(Cu) sample shows a sponge-like morphology with ligament diameters 

of below 10 nm (Fig. 1a). Severe coarsening of the porous structure occurred after exposure to 

CO oxidation reaction mixtures at 30ºC for 1000 min (Fig. 1b). This coarsening of the catalyst 

structure is further confirmed by XRD measurements, which show a significant sharpening of 

the Au diffraction peaks after reaction (see Fig. 2). No diffraction peaks characteristic of Cu-

containing phases (metallic copper or copper oxides) could be detected in the samples, neither 

before nor after reaction. Using the Scherrer equation and assuming that the ligaments are 

single-crystalline, the apparent ligament sizes of the sample NPG(Cu) were determined to be 
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3.4 and 22 nm before and after reaction (Table 1), respectively. Note that lattice defects / 

lattice strain could also contribute to the width of the diffraction peaks and the defect structure 

of the NPG material [39;40] which may not be neglected especially for the fresh sample. 

Nevertheless, the broadening of the XRD profiles may still be used as an indicator of structure 

size, assuming that the width of the Bragg reflections indicates a low crystalline coherence on 

a length-scale in the order of DScherrer. A reaction-induced coarsening of NPG catalyst in CO 

oxidation has also been observed on the Ag-containing NPG samples that were derived from 

AuAg alloys in our previous study [21] and also by Xu et al. [19].  

The Au(4f) spectra recorded on the fresh NPG(Cu) sample (see Fig. 3a) clearly indicate the 

existence of  Au3+ (Au2O3) species, reflected by a second peak at a BE of 85.9 eV, which 

accounts for ~38% of the total Au(4f) intensity. Metallic Au0 gives rise to a peak at 84.2 eV. 

After reaction, the doublet of the Au3+ shoulders in the Au(4f) spectrum completely 

disappeared. Obviously, the surface Au oxide species are reduced under reaction conditions. 

Furthermore, the main Au(4f7/2) peak shifted to a lower BE of 83.8 eV. The down-shift of the 

main peaks can originate from the reduction of slightly oxidized Au species (e.g. Au+ with a 

BE 0.6 eV higher than that of Au0 [41;42]) and/or from the significant growth of the ligament 

size during reaction, from ca. 3.4 nm to ca. 22 nm, as described above. It has been reported 

that BE shifts of 0.5–0.9 eV relative to the bulk Au0 value could be obtained as final state 

effects in small Au clusters [43;44]. With increasing particle size, the Au(4f) peak would shift 

back to the metallic Au0 position. In view of the relatively large average Au particle size (3.4 

nm) for the fresh sample, however, larger contributions from final state effects are considered 

to be less likely and thus the higher BE of 84.2 eV of the main peak for the sample before 

reaction is assigned to contributions from positively charged gold species (Auδ+).  

Cu (2p) XP spectra were also recorded before and after reaction to check for the presence of 

residual Cu and its chemical state(s). The as-prepared NPG(Cu) sample comprises two 
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components in the BE ranges of 933–934 eV (Cu 2p3/2) and 953–954 eV (Cu 2p1/2), 

respectively, with a spin-orbit coupling energy gap of ca. 20 eV. Both of these peaks are 

accompanied by distinct satellite peaks at 942 and 962 eV. These features are characteristic of 

the CuO phase [45-47], which, however, cannot be detected by XRD technique. This can at 

least partly be explained by the rather low amount of this component, furthermore it indicates 

that residual Cu is not present as crystalline particles in the sample after leaching (see above). 

The satellite peaks disappeared after exposure to reaction conditions and the main peak 

shifted to a lower BE, from 933.5 eV to 931.3 eV, indicating the formation of metallic copper 

or Cu+ species [45;47;48]. Due to the presence of the dominant Au(4d5/2) peak at 335.0 eV, 

we cannot distinguish between these two species from their Cu LMM Auger peaks at 335.0 

eV (Cu0) or 337.5 eV (Cu+), respectively. Note that the CuO peaks are still visible in the Cu 

(2p) spectrum after reaction, although their intensities are much weaker (see Fig. 3b). 

Quantitative evaluation of the XPS data revealed a Cu concentration of 4.7 at.% in the near 

surface region accessible to XPS. This value is essentially identical to the bulk concentration 

of 4.6 at.% determined by EDX. After reaction, the near surface Cu concentration had 

increased significantly to 8.5 at.%. This increase closely resembles the behavior of Ag in a 

series of NPG catalysts derived from AuAg alloys, where we also found an enrichment of 

residual Ag at the surface during the reaction (see also table 1) [21]. This fits well to recent 

findings that for an as-prepared NPG(Ag) the residual Ag is largely present as small clusters 

below the surface, whereas after ligament coarsening the Ag is more located at the surface 

growth [49].  

3.2 Surface oxygen species and oxygen storage capacity (OSC) of the NPG(Cu) catalyst 

To gain further information on the nature and amount of the oxide species, we performed an 

O2-TPD experiment on the catalyst before and after reaction. Figure 4 shows the desorption 

curves of O2 (m/z = 32) obtained from the as-prepared sample and that after exposure to 
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reaction conditions for 2 min and 30 min. The fresh NPG(Cu) catalyst exhibits a pronounced 

O2 desorption peak with a maximum at 330ºC, which has previously been assigned to 

(recombinative) desorption of atomic oxygen species chemisorbed on Au sites or to 

decomposition of an Au oxide [31]. The distinct O2 desorption peak completely disappeared 

after exposure to a flow of reaction gas mixture for 30 min. An additional TPD experiment 

showed that the low-temperature desorption peak has almost completely disappeared already 

upon reaction for only 2 min, with the peak area being less than 2% of that for the fresh 

sample, and the desorption peak shifted to ca. 290°C. Hence, the surface atomic oxygen 

species present after NPG preparation are rapidly depleted under reaction conditions.  

To study the capability of the NPG(Cu) catalyst for O2 activation (definition see above) and 

storage of active oxygen, we performed multi-pulse experiments in a TAP reactor, exposing 

the catalyst first to a sequence of O2/Ar pulses for oxygen deposition and then to a sequence 

of CO/Ar pulses for reactive removal of the Oad species (Oad titration). These pulse 

measurements were performed after removal of the pre-existing surface oxygen with CO 

pulses, as described already in our previous work [20]. The oxygen uptake increased almost 

proportionally with the number of O2 pulses (see Fig. 5), from 0.09×1018 O atoms gAu
-1 after 

400 pulses via 0.13×1018 O atoms gAu
-1 after 1000 pulses, 0.24×1018 O atoms gAu

-1 after 2000 

pulses to finally 0.41×1018 O atoms gAu
-1 after 4000 pulses (OSCs see Table 2).  

Moreover, we also compared the effect of O2 pulsing with that of continuous exposure to O2 

at atmospheric pressure in a flow of 10% O2/N2 (20 Nml min-1, 30°C) after reduction by CO 

pulses (Fig. 5). Exposure of the NPG(Cu) catalyst to a O2 gas flow for 30 min gave rise to an 

oxygen uptake of 1.01×1019 O atoms gAu
-1, about 42 times higher than that obtained by 

interaction with 2000 pulses of O2. Accordingly, the effective probability for active oxygen 

formation (effective sticking coefficient for dissociative O2 adsorption), which we define as 

the fraction of activated oxygen in the total amount of dosed O2 (O2 molecules passing 
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through the catalyst bed), can be estimated to be around 6.3×10-6 (total exposure 1.32 mol O2 

gAu
-1) (see Table 2). The oxygen uptake can be further enhanced to 1.87×1019 O atoms gAu

-1 

and 3.57×1019 O atoms gAu
-1 by prolonging the exposure time to 120 min and 300 min, 

respectively (see Fig. 5 and Table 2). The influence of the O2 dosing amount on the OSC of 

NPG(Cu) closely resembles that for the NPG(Ag) catalyst [20]. Interestingly, the OSC of the 

NPG(Cu) catalyst is about 5 times lower than that of the Ag-containing NPG sample [20] 

when measured by O2 pulsing under the same experimental conditions, but comparable or 

even higher than that of the NPG(Ag) sample upon exposure to a continuous O2 gas flow.  

Before discussing these differences in the oxygen uptake of NPG(Cu) and NPG(Ag) samples, 

we will first comment on the much higher oxygen uptake and thus O2 activation under 

continuous flow conditions than in the TAP reactor measurements. The much higher OSC 

values in the former case may first of all be due to the large differences in the effective 

exposure, while the contact times of the O2 molecules with the catalyst bed seem to be rather 

similar in both cases. Under present experimental conditions, they can be estimated to about 

0.1 – 0.2 s, both under continuous flow and under pulse conditions (for details see the 

Supporting Information). As illustrated in Fig. 5, the total exposures differ strongly in both 

types of measurements, considering that for 2000 O2/Ar pulses about 1019 O2 molecules are 

passing through the catalyst bed, while in the continuous flow measurements this amounts to 

almost 1.6×1021 O2 molecules for 30 min under present conditions, which is by a factor of 160 

higher than in the above pulse measurement. The much higher exposure under flow 

conditions increases the total number of collisions of O2 with the catalyst, thus leading to a 

higher amount active oxygen deposition even for the same adsorption probability per collision 

(see Fig, 5). Considering the different O2 partial pressures we can estimate the number of 

collisions of O2 molecules in the pulse experiments to 2.2×1021 collisions per pulse or 

4.4×1024 per 2000 pulses (Knudsen diffusion, for details see refs. [25;38] and Supporting 
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Information), while under continuous flow conditions at atmospheric pressure (10% O2 in N2, 

convective flow) the number of collisions for 30 min exposure is about 2.8×1026, i.e., by 

almost two orders of magnitude higher (see Table 2). 

For comparison with NPG(Ag) we calculate the effective initial sticking coefficient Seff, in the 

initial 400 pulses, which is given by the probability that the O2 molecules entering the catalyst 

bed will be adsorbed and form stable adsorbed oxygen species. For the first 400 pulses, the 

number of adsorbed oxygen atoms per g Au is about 0.09×1018, which corresponds to a total 

number of 0.18×1015 adsorbed O atoms for 2 mg catalyst in the bed. Since exposure to 400 

pulses corresponds to 2×1018 O2 molecules, the effective sticking coefficient is 0.45×10-4. 

Considering that at this point about 1% of the available surface sites are occupied, this should 

still be close to the initial sticking coefficient, which is supported also by the fact that this 

value changes only little for the different pulse experiments presented here (see Fig. 5).  

For comparison with Surface Science type experiments, where the sticking probability is 

given per collision, we have to calculate the number of collisions of an O2 molecule on the 

way through the catalyst bed. This can be calculated by integrating the collision rate over time 

(for details see ref. [25;38] and Supporting Information). Given the pulse size of O2 (0.5×1016) 

and the temperature (30°C) in this study, the number of collisions of each O2 molecule with 

the surface can be estimated to be ca. 0.43 × 106 (see Supporting Information). The effective 

initial single collision sticking coefficient of O2 on the NPG(Cu) catalyst s0,sc in the initial 400 

pulses can thus be estimated to be  

S0,sc = 0.45×10-4 / (0.43×106) ≈ 1.0×10-10.  

This value is by several orders of magnitude lower than that on single-crystal Cu(110) surface, 

which is around 5×10-2 [50]. On the other hand, comparing with the NPG(Ag)-2 catalyst, 

under similar adsorption conditions, it also lower, but only by a factor of 4  (S0,sc  ≈ 0.4×10-9). 

As mentioned earlier, although the OSCs of NPG(Cu) is much lower than that of NPG(Ag) 
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under pulse conditions, the OSC becomes comparable to or even higher on NPG(Cu) relative 

to NPG(Ag) during continuous O2 exposure at atmospheric pressure. The plot of the OSC 

against the O2 dose (see Fig. 5) shows an almost linear dependence for the NPG(Cu) catalyst 

in a log-log plot, while for NPG(Ag) the deviations at ambient pressure are much more 

pronounced. This fact reflects that the effective dissociation probability is almost independent 

on the pressure on the NPG(Cu) catalyst, whereas this is not the case on NPG(Ag). The 

reason behind this difference is not yet clear. 

We further investigated the stability of the active oxygen species on the NPG(Cu) catalyst by 

varying the delay time between O2 and subsequent CO pulses. As shown in Figure 6, there 

was little variation in the amount of active oxygen species on the surface when increasing the 

delay time from 4 s to up to 1000 s, indicating that the desorption of adsorbed active oxygen 

from the NPG(Cu) surface is very slow at 30°C. The high stability of these species points to 

atomic oxygen as active oxygen species. Similar results were obtained also for the NPG(Ag) 

catalyst and interpreted in the same way [20]. 

3.3 Catalytic activity of the NPG(Cu) catalyst 

The catalytic activity of the NPG(Cu) catalyst for CO oxidation was first measured by 

simultaneous pulses of CO/Ar and O2/Ar in the TAP reactor under UHV conditions, starting 

with a fresh catalyst. As illustrated in Fig. 7, the CO uptake, which is quantitatively 

comparable to the amount of CO2 formation, decreased continuously and eventually was 

below detection levels (< 1% of the initial activity) after ca. 1500 pulses for 0.6 mg of the 

NPG(Cu) catalyst. During that time, no measurable O2 consumption could be detected during 

the pulse reaction. Apparently, in this experiment CO oxidation proceeds via a non-catalytic 

process, by reaction of CO molecules with active oxygen species that were already present on 

the fresh NPG(Cu) catalyst. Similar results have also been obtained previously on the 

NPG(Ag) catalyst [20] and explained by its poor ability for O2 activation [20]. 
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In the following experiment, we determined the activity of the NPG(Cu) catalyst in a 

conventional micro-reactor at atmospheric pressure. Figure 8 shows the CO oxidation activity 

of the NPG(Cu) catalyst and its development with time on stream in a standard reaction 

mixture (1% CO, 1% O2, rest N2) at 30°C. For the catalyst without pretreatment and reaction 

in an unfiltered gas stream (no water filter), the activity initially increases steadily for ~2 h, 

followed by a continuous decay without reaching a steady state. The activity after 1000 min 

on stream is 3.0×10-5 molCO2 s-1 gAu
-1. A similar reaction behavior was observed in our 

previous work for the NPG(Ag) catalysts under the same reaction conditions [21]. Wittstock 

et al. also reported an activation period of approximately 2-3 h at 80°C for a NPG(Ag) disk 

catalyst, finally reaching either a plateau or, more often, passing through an activity maximum 

after which the CO2 production decreased again [7]. In their study, the pristine NPG catalysts 

were not active for CO oxidation at room temperature. Those authors suggested that the 

activation phase may be related to the removal of moisture adsorbed in the pores or 

contaminants stemming from the leaching process, but a definitive reason could not be given 

in that work.  

To check whether such moisture effects exist for the NPG(Cu) catalyst, we performed similar 

measurements on a catalyst which had been dried before reaction. The catalyst was dried for 

15 h in a flow of pure N2 (20 Nml min-1) at 30ºC, which was passed through a water filter. 

Subsequently, the catalyst was exposed to a dry reaction gas mixture, which was also passed 

over a water filter. The temporal evolution of the reaction rate is included in Fig. 8. After an 

initial activation period of about 5 h the catalyst maintained a very stable reaction rate of ~5.5 

×10-5 molCO2 s-1 gAu
-1 over additional 700 min on stream, which is almost double as high as 

the initial activity (see Fig. 8a). This result is in distinct contrast to our findings for NPG(Ag) 

catalysts, where the characteristic behavior of the activity, with an initial activation and 

subsequent deactivation, was maintained also for reaction under dry conditions, after drying 
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pretreatment and reaction in a dry feed gas, but with lower reaction rates over the entire time 

of the experiment [21]. To further clarify whether the pronounced difference between ‘dry’ 

and ‘normal’ reaction conditions for the NPG(Cu) catalyst arises from the drying pretreatment 

of the catalyst or from the use of the water filter in the reaction gas line, we performed a 

control experiment where the NPG(Cu) catalyst was not dried initially, but where we used 

dried reaction gases. As shown in Fig. 8, the general trend of the activity is comparable to that 

obtained for the dry catalyst, only with a slightly higher activity (steady-state reaction rate 6.2 

×10-5 molCO2 s-1 gAu
-1). Apparently, the residual water content in the NPG(Cu) catalyst, 

without additional drying treatment, is not sufficient to modify the catalytic activity and 

stability of the NPG(Cu) catalyst over longer times, it additionally requires the continuous 

supply with residual water vapor with the reaction gas. The continuous deactivation of the 

catalyst in the unfiltered feed gas may be attributed to the increasing blocking of active sites 

by adsorption of water molecules on the catalyst surface. A considerable influence of 

moisture, beneficial at low concentration below 200 ppm and detrimental at higher 

concentrations (> 6000 ppm), has also been found for CO oxidation on supported Au/TiO2 

catalysts previously [51-53]. In addition, these results clearly demonstrate that the initial 

activation phase of the NPG(Cu) catalyst is not affected by drying the catalyst and/or the 

reaction gases. Based on the results of the structural characterization (see above), we 

tentatively attribute the initial increase in activity of the NPG(Cu) catalyst to a structural 

rearrangement of the NPG surface, which is possibly induced by the removal of the pre-

existing surface oxide species on the fresh sample, and Cu surface segregation.  

The stable activity of the NPG(Cu) catalyst after 1000 min on stream (5.5 ×10-5 molCO s-1 gAu
-

1) under dry conditions is close to that of the most active NPG(Ag)-2 catalyst (7.5 ×10-5 molCO 

s-1 gAu
-1) reported previously [21] under similar reaction conditions (drying pretreatment, with 

water filter). If we assume that all surface Au atoms contribute to the reaction, the steady-state 
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activity of the NPG(Cu) catalyst corresponds to a turnover-frequency (TOF) of 0.4 s-1 under 

present reaction conditions. Considering that the two NPG catalysts have comparable surface 

areas (9 vs. 10 m2 g-1) at steady-state, but that the latter contains a much higher surface Ag 

content under these conditions (30.0 at.%) compared to the Cu surface content of the NPG(Cu) 

catalyst (8.5 at.%), the activity based on the number of foreign surface atoms (TOFCu) is about 

3 times higher for the NPG(Cu) catalyst (3.7 s-1) than for the NPG(Ag)-2 catalyst based on the 

number of Ag surface atoms (TOFAg 1.3 s-1, Table 1). In addition, the NPG(Cu) catalyst and 

also the NPG(Ag) reference catalyst investigated in this work are also significantly more 

active in terms of the Au mass-specific reaction rate than the NPG catalysts derived from 

various Au alloys reported in the literature [6;7;30;54;55] (see Table 3). It is interesting to 

note that the activity of the NPG(Cu) catalyst with a ligament size of 22 nm under steady-state 

is comparable to that of a supported Au-Cu/SiO2 bimetallic catalyst (5.8 ×10-5 molCO s-1 gAu
-1, 

Au/Cu molar ratio 20/1, mean particle diameter 3.6 nm) under similar reaction conditions (1% 

CO, 1% O2, He balance, 20 ml min-1) [56].  

Finally we want to compare the activity of the NPG(Cu) catalyst during the simultaneous 

pulse experiments and during the continuous flow experiments. In the simultaneous pulse 

experiments we could not detect any CO2 formation, indicating that this was below the 

detection limit. Assuming that the reaction proceeds i) via formation of Oad and its subsequent 

reaction with COad and ii) in the limits of very low Oad coverages, where each O adatom that 

is formed is also reacted away, the CO2 formation per pulse can be estimated from the Oad 

formation per pulse. We further assume that the Oad formation is not affected by the presence 

of COad. In that case we can calculate the Oad formation from the initial effective sticking 

coefficient s0,eff for the dissociative adsorption of O2 during the 400 pulse measurement, 

which we had determined above to s0,eff= 0.5×10-4. With this value, the uptake of Oad per 

pulse would be at maximum  
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2 Oad per O2 × 5×1015 O2 per pulse × 0.5×10-4 = 5×1011 Oad  

Assuming that all Oad is reacted away, this would also be identical to the formation of 5×1011 

CO2 molecules per pulse, which is well below the detection limit of our TAP measurements. 

We can compare this estimate with the continuous CO oxidation reaction, assuming again that 

the reaction is limited by the adsorption of oxygen. The number of O2 molecules passing 

through the reactor (1 NmL s-1, 1% O2) per s can be calculated as 

0.01 × (6×1023×22400-1) = 2.65×1017 O2 = 5.3×1017 O atoms s-1 

Using the initial effective sticking coefficient of 0.5×10-4 derived from the pulse experiments, 

this would result in a CO2 formation rate of  

6×1017 O atoms s-1 × 0.5×10-4  = 3×1013 CO2 molecules s-1 

On the other hand, in the continuous flow measurements with 1 NmL s-1 and 0.527 mg of 

catalyst, we obtained a CO2 formation rate (see Fig. 8) of  

0.4 × 10-4 molCO2 gAu
-1 s-1 × (6×1023) × 0.000527 g = 1.26×1016 molecules CO2 s-1 

which is by a factor of 400 more than what we had calculated before. This means, that either 

the oxygen sticking coefficient is vastly higher in the presence of CO than in its absence, or 

that under these conditions the continuous CO oxidation reaction is dominated by another 

pathway, which does not involve dissociative adsorption of O2. In that case a molecular 

pathway would be most likely as dominant reaction pathway under these conditions, where 

the reaction takes place between adsorbed CO and adsorbed O2 species. This would involve a 

reaction induced or reaction enhanced dissociation of O2 in the first step. In the next step, the 

Oad species formed during that process can then easily react with the next COad, according to  

COad + O2,ad → (COad⋅⋅O2ad)*  → Oad + CO2,ad↑  (1) 

COad + Oad → CO2,ad↑    (2) 
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This would of course have to be considered also for the simultaneous pulse experiments. But 

even when increasing the CO2 formation per pulse by a factor of 400, which is unlikely 

because of the much lower pressure and thus lower O2,ad and COad coverages in the pulses,  it 

would result only in a CO conversion of 5%. This is close to the detection limit, in good 

agreement with the experimental observation of no detectable CO2 formation. 

In total, this quantitative comparison provides clear evidence that under present reaction 

conditions CO oxidation on the NPG(Cu) catalyst is dominated by a molecular reaction 

pathway, while the atomic pathway, via formation of Oad and their subsequent reaction with 

COad to CO2, is only a minority pathway. The negligible contribution from the atomic 

pathway results from the very low probability for dissociative oxygen adsorption on the 

NPG(Cu) catalyst under present reaction conditions, which is considerably lower than on 

NPG(Ag) catalysts. For the latter catalysts it was found to depend strongly also on the amount 

of Ag on the surface [21] and on the reaction temperature [24]. 

3.4 Reaction kinetics of the NPG(Cu) catalyst 

The reaction kinetics of the NPG(Cu) catalyst for CO oxidation was further investigated by 

determining the reaction orders for CO and O2 for reaction at 30°C under dry reaction 

conditions. In the first case the CO partial pressure was varied between 0.2 and 2 kPa, at 1 

kPa O2 pressure; in the other measurement, the partial pressure of O2 was varied from 0.2 to 3 

kPa at pCO = 1 kPa. The measurements were performed after running the reaction over 1000 

min in the dry feed gas and holding for at least 60 min at each gas composition until steady-

state conditions were reached. The results are presented in Fig. 9 and Table 3. The reaction 

orders determined from the slopes of the plots are 0.68 and 0.38 for CO and O2, respectively. 

Similar kinetic experiments performed on the NPG(Ag)-2 catalyst resulted in reaction orders 

of 0.62 for CO and 0.51 for O2, respectively (Table 3). It should be noted that the activity 

measurements were performed under differential reaction conditions, with conversions below 
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15% for CO and O2, and that based on an estimate of the Thiele modulus (<3) the influence of 

mass transport phenomena on the measured reaction kinetics was negligible. 

The positive reaction orders for both reactants and on both catalysts indicate that the reaction 

is not limited by site blocking by one of the two reactants, neither for the NPG(Cu) nor for the 

NPG(Ag)-2 catalyst. Instead, the supply of reactants must be limiting. The comparable 

reaction orders for CO for the two catalysts may be considered as evidence for a similar 

reaction mechanism on both catalysts, although such conclusions, on the basis of similar 

kinetic details, have to be taken with caution. The discrepancy in the reaction orders for O2 

would be consistent with a mechanism where the second metal, i.e., Cu or Ag surface atoms, 

plays an essential role for the adsorption and activation of O2 on the NPG catalysts. 

From kinetic measurements on various NPG(Ag) disk samples with different Ag contents, 

Wittstock et al. found that for all samples the reaction orders for O2 are around 0, whereas the 

values for CO varied between 0 and 1 [7]. Xu et al. [6] reported reaction orders of 0.78 and 

0.25 for CO and O2, respectively, on a powder NPG catalyst at reaction temperatures of -10°C 

and 0°C (20 mg catalyst, Ag bulk content ~3 at.%, 1% CO / 10% O2 / 89% N2, flow rate 66.7 

ml min-1). One should consider, however, that these reaction rates were estimated from CO 

conversions of up to 70%.  

We also determined the apparent activation energy for the CO oxidation reaction in the 

standard reaction mixture (1 kPa CO, 1 kPa O2, N2 as balance) on the NPG(Cu) catalyst from 

the temperature dependence of the rates between 30 and 150ºC under dry reaction conditions 

(see above). After reaction at 30ºC in the dry feed gas for 1000 min to reach steady-state, the 

temperature was raised stepwise by 15ºC every two hours up to 150ºC. Finally, the reactor 

was cooled down to 30ºC to check if there was any activity loss induced by reaction at higher 

temperatures. As shown in Fig. 10, there are three temperature regimes with different 

evolution of the activity with time. At 30° and 45°C, the reaction rate remained largely 
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constant with time, at higher temperatures up to 90°C it decayed with time from an initially 

higher value, and when the temperature was raised further, it increased initially. This effect 

was most pronounced at 105° and 120°C, while at higher temperatures the changes were 

rather small. Finally, upon adjusting the temperature back to 30ºC, the catalyst was found to 

be as active as before the heat-up procedure. The latter fact demonstrates that within the 

temperature range covered in these measurements the Cu-containing NPG catalyst is not 

affected by irreversible structural modifications.  

Note that in the medium temperature range, between 60 and 90°C, the activity decreases not 

only with time on stream, but also with temperature. As mentioned above, this unexpected 

temperature-induced catalytic behavior cannot be attributed to structural coarsening or 

sintering, which should lead to irreversible activity losses. Moisture effects, as suggested by 

Daté et al. for supported Au/SiO2 catalysts [52], can also be excluded, since the measurements 

were performed under dry conditions. A similar decay in activity with increasing temperature 

has been reported earlier for CO oxidation on a series of Au-Ag alloy catalysts supported on 

mesoporous aluminosilicate materials (decay from 80 to 160°C, 1% CO, 4% O2, balanced 

with He, 66.7 mL min-1) [57] as well as on the Au-Cu bimetallic catalysts supported on silica 

gel (decay from 30 to 100°C, 1% CO, 1% O2, balanced with He, 20 mL min-1) [56]. In 

contrast, this phenomenon was not observed on their pure metallic counterparts, i.e., on 

supported Au or supported Ag catalysts [57]. In addition, the critical temperature where the 

activity starts to decrease was found to depend on the Au/Ag composition [57]. When the 

reaction temperature was further enhanced, the activity would increase again in light-off 

curves. It was proposed that this unusual temperature dependence of the activity is associated 

with a reversible change in the reaction pathways, from a low-temperature reaction pathway a 

high-temperature reaction pathway and vice versa [56]. A complex temperature dependence 

of the CO oxidation activity with a decrease in activity between -50 and +20°C was reported 
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recently also for CO oxidation on a Au/Mg(OH)2 catalyst [58-62]. The authors of two recent 

studies provided clear evidence that this behavior results from a change in the rate-

determining step or reaction pathway [61;62]. Such kind of change in the reaction mechanism 

or at least in the rate limiting step is also likely to occur in the NPG catalyst system. For 

example, one could speculate that in the low-temperature range the reaction proceeds mainly 

by reaction between molecularly adsorbed species, between O2,ad and COad (see previous 

section) and that this process is activated, which would lead to an increasing reaction rate with 

increasing temperature In the medium temperature range, desorption of the adsorbed species 

(COad and O2,ad) could start to dominate the reaction behavior via a decreasing surface 

coverage, which results in a decreasing rate with increasing temperature. In the higher 

temperature range, finally, one may assume that the reaction proceeds mainly via Oad, whose 

formation and subsequent reaction with COad are activated. This would result again in an 

increase of the reaction rate with temperature. Here we would like to note that this 

temperature dependence is not specific for NPG(Cu), similar effects were also  observed for 

NPG(Ag) catalysts in our experiments (see Supporting Information). 

Finally, in order to estimate the apparent activation energy, the activity at 30 ºC together with 

the initial activities at 45ºC and 60ºC were plotted in an Arrhenius plot (inset in Fig. 10). 

Another plot taking the initial activities from 105 to 150ºC is also included for comparison. 

They result in apparent activation energies (Ea) of 10.8±1.3 kJ mol−1 and 20.2±0.6 kJ mol−1 

for the low-temperature and higher-temperature region, respectively. The former value is 

comparable to that reported for CO oxidation on NPG(Cu) catalysts previously [54;55], but 

smaller than the values determined for the NPG(Ag) catalysts. An apparent Ea of 5-6 kJ mol−1 

was reported for CO oxidation (60 - 150°C, 4% CO, 2% O2, balanced with He, 50 mL min-1) 

on NPG(Cu) catalysts, which were prepared by leaching of AuCu3 alloys, whose surface Cu 

content was not specified [54] (see Table 3). In a more recent work, an apparent Ea of ca. 12.5 
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kJ mol−1 was obtained from CO oxidation rates measured on a NPG(Cu) catalyst (-40 to 0°C, 

1% CO, 10% O2, balanced with N2, 66.7 mL min-1), which was derived from a AuCu alloy 

via electrochemical de-alloying [55]. Note that in both cases the reaction rates were 

determined by using high conversion data (>20%), and possible effects of mass transport 

limitations were not excluded. We also performed similar experiments to determine the 

apparent activation energy on the NPG(Ag)-2 catalyst, but this led to a continuous decay in 

the activity with both time and temperature above 30ºC (see Supporting Information).  

3.5 Nature of the active sites on the NPG(Cu) catalyst for CO oxidation 

The nature of the sites for the adsorption and activation of O2 molecules is of central 

importance for the mechanistic understanding of the CO oxidation reaction on the NPG 

catalysts. The controversy on this topic is largely related to the role of residual impurities of 

the second metal (Ag, Cu, etc., depending on the starting material) in the reaction. Most 

recently, using spherical-aberration-corrected transmission electron microscopy (TEM) and 

environmental TEM, Fujita et al. [22] observed a high density of atomic steps and kinks on 

the curved surfaces of NPG (1.2 at.% Ag residue, ligament size 30 nm), which was 

comparable to that in 3–5 nm nanoparticles. Comparing two NPG samples with different Ag 

contents under a CO/air reaction atmosphere at 30 Pa at room temperature, they found that the 

{111} faceting dynamics is significantly slower on the sample with high Ag content, which 

also exhibited the superior catalytic activity in the CO oxidation reaction. Based on these in 

situ TEM observations, they proposed that the surface defects are active sites for the catalytic 

oxidation of CO and that residual Ag stabilizes the atomic steps by suppressing the {111} 

faceting kinetics. Although this study provided clear evidence that the high activity of the 

NPG catalyst is related to the presence of step and defect sites, it could not distinguish the 

respective role of Au and residual Ag in the catalytic reaction.  

Aiming at clarifying the intrinsic catalytic activity of gold, Déronzier et al. [30] synthesized a 
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NPG material (9 m2 g-1, 20 nm crystallite size by XRD) with an ultra-low residual Zr bulk 

content of 0.03 at.% by leaching of zirconia from an oxidized Au0.5Zr0.5 intermetallic alloy. 

They found that this NPG catalyst shows a CO conversion of only 2% at 140ºC (200 mg 

catalyst, 2% CO + 2% O2 + 96% He, 50 ml min-1), which corresponds to a TOF of at least 

about 3 orders of magnitude below that reported for other Ag- or Cu-containing NPG 

catalysts [5;6;54]. Since the XPS spectra showed no detectable Zr residues, the catalytic 

activity was attributed to gold alone. These authors suggested that the low activity is probably 

related to a low concentration of low-coordination active sites present at the surface [30], 

which seems to be in good agreement with the conclusions by Fujita et al. [22].   

From experimental and theoretical studies [63-66] it is known that the dissociative adsorption 

of O2 on Au surfaces could be possible if significant fractions of low-coordination gold atoms 

such as step or kink sites exist or at elevated temperatures. Compared with the almost pure 

NPG(Zr) sample, the much higher catalytic activities of the Ag- or Cu-containing NPG 

catalysts with similar structural properties (similar ligament sizes, 20 - 30 nm) strongly 

suggest that the Ag or Cu residues play an important role in the dissociative adsorption of O2. 

In fact, we have shown previously [21] that the amount of active oxygen adsorbed on 

NPG(Ag) samples is about linearly related to the amount of surface Ag, providing strong 

evidence that the activation of molecular oxygen, which itself is only weakly adsorbed, takes 

place at sites connected to surface Ag (either directly on the Ag surface atom or at ensembles 

including surface Ag atoms). The direct influence of changes in surface Ag concentration and 

dynamic restructuring at the nanoscale on oxidation activity has also been demonstrated by in 

situ TEM and XPS characterization recently [29]. Similar to the NPG(Ag) catalyst, the results 

in the present work clearly indicate that despite the significantly lower surface Cu content, the 

NPG(Cu) catalyst is also able to activate O2 for dissociative adsorption at 30°C (Fig. 5). The 

exact form of generated active oxygen species, however, may depend on the experimental 
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conditions.  

Duan et al. recently prepared NPG catalysts from AuAl and AuCu alloys by electrochemical 

dealloying [55]. They found about similar conversions for CO oxidation on NPG with Al2O3 

residues (surface Al 0.3 at.%) and on NPG with CuO residues (surface Cu 2.4 at.%), as 

determined by XPS, under identical reaction conditions. In additional experiments these 

authors also explored the effect of residual metallic Cu or Al on the surface, using NPG 

catalysts with different Cu bulk (4.9 and 6.6 at.%) or Al bulk  (3.27 and 6.21 at.%) contents, 

as determined by EDX. Since they did not observe any significant effect of the Cu or Al bulk 

concentration on the activity of the NPG catalysts, they suggested that the residual metals or 

metal oxides have no significant effect on the intrinsic activity of the NPG catalyst. It should 

be noted, however, that in the latter case the surface contents of Cu or Al residues, particularly 

those after reaction, were not examined. Furthermore, the CO oxidation activity was mostly 

determined at sub-ambient temperature between -40 and +30 °C, where the active sites and 

reaction mechanism for CO oxidation may be distinctly different from that above room 

temperature [67]. Nevertheless, these results show that cautions should be taken when 

comparing the catalytic properties of NPG catalysts under different reaction conditions. 

Finally, Liu et al. investigated a series of Au-Cu bimetallic catalysts supported on mesoporous 

silica material (SBA-15) and found that the bimetallic catalysts showed a superior 

performance in the CO oxidation reaction compared to monometallic gold catalysts on the 

same support material [56]. Furthermore, in situ X-ray absorption spectra revealed that for all 

catalysts only metallic Au species were present under CO oxidation conditions, whereas Cu0 

in the bimetallic Au-Cu catalyst was easily oxidized to Cu+ and Cu2+ during CO oxidation, 

forming small islands of CuOx on the gold surface [68]. This strongly suggests that oxygen 

can be activated at the Cu sites. This result agrees closely with findings in the present work, 

where XPS spectra collected on the NPG(Cu) catalyst after reaction (Fig. 3) also showed that 
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part of the surface copper species were still in an oxidized state, while the surface Au species 

were completely reduced. Here it should be noted that the XPS spectra contain information of 

the topmost few layers, which means that we cannot rule out that most or all of the Cu surface 

species are in an oxidized state. A close analogy between the NPG(Cu) catalyst and AuCu 

bimetallic catalysts is observed also for the temperature-dependent CO oxidation activity, 

which for both catalysts showed the same complex characteristics (Fig. 10). The distinct 

agreement of the reaction behavior of both catalysts strongly suggests that Au and Cu surface 

atoms both contribute in a synergetic way to the CO oxidation activity of the NPG(Cu) 

catalyst, with CO mainly adsorbed on Au0 sites and active oxygen provided by the 

neighboring Cu surface atoms or Cu-containing ensembles, similar to the reaction behavior 

proposed previously for NPG(Ag) catalysts [21]. 

4. Conclusions 

Aiming at a better understanding of the role of second metal trace impurities in the CO 

oxidation reaction on nanoporous gold (NPG) catalysts we have prepared a NPG catalyst by 

electrochemical dealloying of a AuCu alloy and investigated its oxygen adsorption and CO 

oxidation behavior. Structure and surface composition of the fresh catalyst and after reaction 

were characterized by SEM, XRD and XPS. Comparing also with results of similar 

measurements on a NPG(Ag) catalyst, under similar adsorption / reaction conditions, we 

arrive at the following conclusions: 

1. Based on a combination of SEM, XRD, XPS and TPD data the pre-existing surface 

oxygen species on the as-prepared NPG surface is rapidly reduced during the CO 

oxidation reaction, within few minutes. This goes along with a slower, but severe 

structural coarsening of the NPG(Cu) catalyst and an increase in surface Cu during 

reaction, similar to observations for the NPG(Ag) catalyst. For both catalysts, this is 

accompanied by a slow activation of the catalyst during the first few hours, most likely 
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induced by the structural modification and the increase in surface Cu during reaction. 

2. Both the effective initial sticking coefficient and the single collision (Surface Science type) 

initial sticking coefficient for dissociative oxygen adsorption are significantly smaller on 

the NPG(Cu) catalyst than on the NPG(Ag) catalyst, based on multipulse TAP 

measurements. Based on its stability, this species must be atomic oxygen. A much higher 

oxygen uptake during exposure to O2 at atmospheric pressure compared to multipulse 

deposition is mainly attributed to the much higher integrated O2 exposure in the latter case 

rather than to pressure effect. 

3. Comparing the experimentally observed CO2 formation rate under continuous flow 

conditions, at atmospheric pressure, with a rate calculated based on the assumption that i) 

Oad formation is the rate limiting step and subsequent reaction with COad is fast and that ii) 

Oad formation is not enhanced by the presence of COad, but is at most equal to the rate 

determined by the initial O2 sticking coefficient, reveals that the experimentally measured 

rate is at least by a factor of 400 higher than the calculated rate. Based on this result we 

propose that for the NPG(Cu) catalyst reaction via Oad formation and subsequent reaction 

with COad is only a minority pathway under present reaction conditions (30°C), while 

most of the reaction proceeds via a molecular mechanism, including either a COad assisted 

dissociation of molecularly adsorbed O2,ad or reaction between COad and O2,ad to form CO2 

and Oad, where the latter is rapidly reacted away subsequently. This interpretation is 

supported also by the complex reversible temperature dependence of the reaction rate, 

which we found to be characteristic for both NPG(Cu) and NPG(Ag) in our studies. 

4. Finally we have shown that the catalytic activity and stability of the NPG(Cu) catalyst can 

be significantly affected by moisture in the feed gas. Moisture effects were observed also 

for NPG(Ag), but the trends were different. Under dry reaction conditions, the reaction 

orders for CO and O2 were determined to be 0.68 and 0.38, respectively, with apparent 
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activation energies of ca. 10.8±1.3 kJ mol-1 and 20.2±0.6 kJ mol-1 in the low and higher 

temperature regime, respectively, which is also somewhat different from NPG(Ag) 

catalyst.  

 Based on these results, the residual surface Cu in the NPG(Cu) catalyst is proposed to play an 

important role in O2 activation, both for stable oxygen adsorption and for CO oxidation,  

similar to that of Ag surface impurities in the NPG(Ag) catalysts. 
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Table 1: Comparison of the physical properties, oxygen storage capacity (OSC) and 

catalytic activity in CO oxidation at 30°C between NPG(Cu) and NPG(Ag)-2 [21] 

catalysts.  

Catalyst NPG(Cu)-
fresh 

NPG(Cu)-
used 

NPG(Ag)-
2-fresh 

NPG(Ag)-
2-used 

Surface area / m2 g-1 c 49 n.d. a 63 n.d. 

Average crystallite size D / nm b 3.4 22 6.4 20.6 

Surface area estimated from D / m2 g-1 d 60 9 31 10 

Bulk Cu or Ag / at.% e 4.6 n.d. 13.2 n.d. 

Surface Cu or Ag / at.%  f 4.7 8.5 9.5 30.0 

Surface Au atoms / 1020 gcat
-1 3.9 0.94 6.6 0.80 

Surface Cu or Ag atoms / 1020 gcat
-1 0.19 0.09 0.69 0.34 

OSC / 1019 O atoms gAu
-1  

(exposure 30 min) 1.0 0.26 1.4 1.2 

rAu / 10-5 molCO s-1gAu
-1 2.9 3.0 12.4 9.2 

rAu-dry / 10-5 mol s-1 gAu
-1 g 3.0 5.5 9.9 7.5 

TOF(Au)-dry / s-1 0.05 0.4 0.09 0.6 

TOF(Cu or Ag)-dry / s-1 1.0 3.7 0.9 1.3 

a not determined. 

b estimated from Au(111) diffraction peaks by using  the Scherrer equation.  
c surface areas of the fresh samples measured by capacitance ratio method.  
d estimated by assuming idealized, cylindrical ligaments with diameter D.  
e measured by SEM-EDX.  
f determined by XPS. 
g reaction rate measured after drying pre-treatment with water filter. 
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Table 2: Stable oxygen uptake in pulse experiments (5 × 1015 O2 molecules per pulse, 2 mg 

Au) and continuous O2 exposure at atmospheric pressure (10% O2 in N2, 20 NmL 

min-1, 2 mg Au) and the initial sticking coefficients derived from the 400 multi-

pulse sequence (all experiments at 30°C).  

Experiment 

Total O2 
exposure / 

1018 O2 
molecules 

Total O2 
exposure / 

1021 O2 
molecules 

gAu
-1 

Stable 
oxygen 
uptake / 
1018 Oad 

atoms gAu
-1 

Integrated 
effective 
sticking 

coefficient  

400 pulses O2/Ar 2 1 0.09 0.45×10-4 

1000 pulses O2/Ar 5 2.5 0.13 0.26×10-4 

2000 pulses O2/Ar 10 5 0.24 0.24×10-4 

4000 pulses O2/Ar 20 10 0.41 0.21×10-4 

30 min continuous exposure  1600 800 10.1 6.3×10-6 

120 min continuous exposure  6400 3200 18.7 2.9×10-6 

300 min continuous exposure  16000 8000 35.7 2.2×10-6 

Initial effective sticking coefficient 
(400 pulse expt.)    0.45×10-4 

Initial single collision sticking 
coefficient (400 pulse expt.)    1.0×10-10 
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Table 3: Kinetic parameters for the CO oxidation reaction at 30°C over various Au 

catalysts and relevant reaction conditions. 

Catalyst T / ºC r / 10-5 mol 
s-1 gAu

-1 αCO αO2 Ea / kJ mol-1 Ref. 

NPG(Cu) (under 
dry conditions) 30 5.5 0.68 0.38 10.8 This work 

Porous Au  
(ordered AuCu3) 

60 2.0 n.r. a n.r. 5 [54] 

Porous Au  
(disordered AuCu3) 

60 1.6 n.r. n.r. 6 [54] 

NPG(Cu) 30 4.1 n.r. n.r. 12.5 c [55] 

NPG(Al) 30 4.0 n.r. n.r. 13.8 c [55] 

Au20Cu1/SiO2 30 5.8 n.r. n.r. n.r. [56] 

NPG(Ag)-2 (under 
dry conditions) 30 7.5 0.62 0.51 n.d. b [21] 

NPG(Ag) 30 1.3 0.78 0.25 28.8 [6] 

NPG(Ag) 30 1.9 0.5 ~ 1 0.50 31 [7] 

a not reported. 

b not determined. 

c Calculated from the activity results at different temperatures.  
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Figure Captions 

Figure 1: SEM images of the NPG(Cu) catalyst before and after 1000 min on stream.  

Figure 2: XRD patterns of the NPG(Cu) catalyst before and after 1000 min on stream.   

Figure 3: Au(4f) (a) and Cu(2p) (b) XP spectra of the NPG(Cu) catalyst before and after 

1000 min on stream.  

Figure 4: TPD spectra of oxygen species (m/z = 32) before reaction and after reaction for 2 

min and 30 min. 

Figure 5: Effect of the O2 exposure on the amount of Oad formed on the NPG(Cu) and 

NPG(Ag) catalyst, as detected by the CO2 produced upon subsequent CO pulsing. 

Oxygen was deposited either by O2/Ar pulses or by exposure to 10% O2/N2 (20 

Nml min-1, atmospheric pressure) for 30 min, 120 min and 300 min. 

Figure 6: Accumulated amount of CO2 produced by 50 pulses of CO/Ar following 1000 

pulses of O2/Ar with different time delays. 

Figure 7: Accumulated uptake of CO and O2 and CO2 formation during simultaneous 

pulsing of CO/Ar and O2/Ar pulses on the fresh NPG(Cu) catalyst in the TAP 

reactor (0.6 mg NPG(Cu) catalyst diluted with SiO2 (1:10), reaction temperature 

30°C, 1×1016 molecules per pulse, with CO:Ar and O2:Ar = 1:1). 

Figure 8: (a) Catalytic activities and (b) deactivation of the NPG(Cu) catalyst measured in a 

micro-reactor under differential reaction conditions with or without drying. 

(reaction temperature 30°C, 60 Nml min-1:1% CO/1% O2/ rest N2, atmospheric 

pressure). 

Figure 9: Determination of the reaction order of CO (0.2–3.5 kPa CO) and O2 (0.2–1.7 kPa 

O2) on the NPG(Cu) catalyst at 30ºC (reaction temperature 30°C, 60 Nml min-1:1% 
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CO/1% O2/ rest N2, atmospheric pressure). Changes in the gas composition were 

compensated by N2. 

Figure 10: The temporal evolution of CO oxidation reaction rates (molCO2 s−1 gcat 
−1) at 

different temperatures over the NPG(Cu) catalyst after 1000 min reaction to reach 

steady-state conditions and the Arrhenius plot of the temperature-dependent 

activities at 30ºC, 45ºC and 60ºC.  
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Fig. 1     L.-C. Wang et al. 
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Fig. 2     L.-C. Wang et al. 
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Fig. 3     L.-C. Wang et al. 
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Fig. 4     L.-C. Wang et al. 
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Fig. 5     L.-C. Wang et al. 
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Fig. 6     L.-C. Wang et al. 
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Fig. 7     L.-C. Wang et al. 
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Fig. 8     L.-C. Wang et al. 
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Fig. 9     L.-C. Wang et al. 
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Fig. 10     L.-C. Wang et al. 
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