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A B S T R A C T   

The bimetallic nanocluster catalyst structure can change during pretreatment and reaction, thus in situ charac-
terization techniques are required for a proper analysis of the active sites. In situ XAFS and DRIFTS were used to 
study the dynamic evolution of the metal active sites in bimetallic AgxAu25-x nanoclusters supported on ITQ2 
zeolite during CO catalytic oxidation. The activity of the bimetallic nanocluster catalyst in this reaction was 
significantly higher than those of supported monometallic Ag25 and Au25 nanoclusters. These results were 
explained by the formation of AgAu alloyed nanoparticles, which favoured reactant adsorption and reaction. 
Furthermore, the initial activity depended on the catalyst pretreatment, obtaining better conversion, at lower 
temperatures, with the catalyst pretreated with hydrogen than with the catalyst pretreated with oxygen. This was 
also associated with an easier formation of a AgAu alloy under hydrogen pretreatment at 150 ◦C. However, the 
alloying process seemed to be completed after reaction in both cases, i.e. for the catalyst pretreated with oxygen 
and with hydrogen, obtaining the same catalytic performance with both catalysts upon reuse. The activity is 
constant in successive reaction runs, indicating high stability of the active species formed under reaction con-
ditions. The results have shown that the combination of catalytic studies with in situ characterization techniques 
provides insight into the structural dynamics of the catalysts during activation and reaction.   

1. Introduction 

The development of nanoscience and the versatile chemistry of metal 
nanoparticles have led to a substantial increase in the use of these ma-
terials for heterogeneous catalysis [1,2]. Supported metal nanoparticles 
and nanoclusters have been used as efficient catalysts in both oxidation 
and hydrogenation reactions [1,3,4]. Among them, gold nanoparticles 
are a special subject of interest due to their optical [5] and catalytic 
properties [1,6–8]. Haruta et al. [9] first described that supported gold 
nanoparticles catalysts can achieve noteworthy activity in CO oxidation 
even at temperatures as low as -70 ◦C. Silver nanoparticles, similarly, 
showed significant activity for CO oxidation that depended on the par-
ticle size [10]. Nevertheless, the stability of these catalysts is still a 
problem to be solved [11]. 

Many researchers have investigated the synthesis of stable metal 
nanoclusters with well-defined structures. In particular, thiolate- 

protected gold nanoclusters (Aun(SR)m) have demonstrated to be ma-
terials with exceptional catalytic activity [4,12–14]. In general, the ac-
tivity of supported nanoparticles and nanoclusters depends strongly on 
different factors such as metallic valence state [15,16], the nano-
particle/nanocluster size [3,17–21], the pretreatment conditions [22], 
the ligands [23], and the support used [6,19,24]. In previous studies, a 
different stability and reactivity of the cluster catalysts, depending on 
the material used as support [12,13,19,22,25,26], was observed. 
Reducible oxides as CeO2 and TiO2 led to strong interaction with the 
metal nanoclusters, not only stabilizing them, but also affecting their 
catalytic performance. Contrary, in the case of SiO2, stabilization of the 
clusters without further effect was obtained [19]. 

Among the different supports used for metallic nanoparticles, the 
structure of zeolites leads to the formation of unique clusters and elec-
tronic states. This is due to their high surface area as well as their 
possible ionic exchange properties, special morphology and different 

* Corresponding authors. 
E-mail addresses: noelia.rabanal@tuwien.ac.at (N. Barrabés), apalomar@iqn.upv.es (A.E. Palomares).  

Contents lists available at ScienceDirect 

Catalysis Today 

journal homepage: www.elsevier.com/locate/cattod 

https://doi.org/10.1016/j.cattod.2021.04.016 
Received 23 November 2020; Received in revised form 16 February 2021; Accepted 16 April 2021   

mailto:noelia.rabanal@tuwien.ac.at
mailto:apalomar@iqn.upv.es
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2021.04.016
https://doi.org/10.1016/j.cattod.2021.04.016
https://doi.org/10.1016/j.cattod.2021.04.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2021.04.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Catalysis Today 384-386 (2022) 166–176

167

chemical composition. These factors can be selectively fine-tuned 
[27–30], thereby obtaining optimized supports for each specific use. 
In a previous paper [31], we have shown that depending on how silver is 
incorporated into a laminar zeolite, diverse sites are formed with 
different activity for the CO oxidation reaction. 

The metal nanoclusters’ properties and therefore the catalytic ac-
tivity can be also altered by doping with other metals [4,32]. The 
replacement of the central atom of Au25 by 16 different metals has been 
reported [33]. Tsukuda et al. described that a Ag atom doped in a Au25 
structure did not occupy the central position, but a surface site in the 
Au13 core instead. This leaded to a very stable structure, as confirmed by 
X-ray absorption spectroscopy combined with DFT calculations [34]. 

Even though silver and gold both have an fcc bulk-metallic structure 
with a similar atomic size, their physicochemical properties are quite 
different. As a consequence, replacing Au atoms in a gold nanocluster by 
Ag can modify their electronic structure [35] leading to changes in the 
optical absorption spectra [36], as well as in the luminescence behav-
iour [37,38]. Moreover, Ag doping can also induce enhanced structural 
flexibility [39] and chirality [40]. Consequently, it can be expected that 
AgAu nanostructures are interesting for several applications [41,42] as 
they can lead to increased reactivity while assuring structural stability. 

CO oxidation is a widely studied catalytic reaction involving nano-
materials [6,7]. It is usually employed to remove this pollutant that is 
produced during incomplete combustion processes in vehicles and in-
dustries. It can be also used as a test reaction to investigate the nano-
particle properties [31,43] that depend on the cluster structure [20], 
support material [44–46] and thermal pretreatment. The latter has been 
related to the partial removal of the protecting ligand sphere, enhancing 
the nanocluster reactivity [13,47]. 

The nanocluster doping effect can be also studied by the CO oxida-
tion reaction. It was reported that for CeO2-supported doped gold 
nanoclusters the activity in this reaction has the tendency Cux-

Au25–x(SR)18 > Au25(SR)18 > AgxAu25–x(SR)18 [48]. Other authors [49, 
50] found that the Ag-Au sites were more favourable adsorption sites 
compared to the monometallic sites by DFT calculations. They further 
showed that a reductive pretreatment fostered an increase of the silver 
content on the surface [49]. The mobile nature of dopant atoms in 
heterogeneous nanoclusters has also been reported in our previous work 
on PdAu nanoclusters on TiO2, where the combination of oxidative and 
reductive pretreatment, as well as the reaction, led to migration of Pd to 
the surface. Thereby, the creation of accessible Pd single sites resulted in 
a significant increase in activity compared to Au25/TiO2 [25]. 

These examples clearly show that certain nanocluster properties are 
prone to change during catalyst pretreatment and/or reaction, thus 
resulting in different catalytic performances. Unraveling the nature of 
these changes and understanding how they affect the reactivity is of 
utmost importance in catalysis research since it could aid the develop-
ment of new highly active and stable catalytic materials. 

Within this work, we used catalytic CO oxidation together with a 
combined analysis of in situ DRIFTS and EXAFS measurements to study 
the nature and evolution of the metallic sites in silver-gold nanoclusters 
supported on pure silica ITQ2 zeolite. The pure silica zeolite belongs to 
the same group of SiO2 or MgO supports, which are less active at low 
temperatures in comparison to the reducible oxide supports [51–53], 
therefore, using ITQ2 as support will allow better understanding of 
clusters’ catalytic activity. The characterization studies have been 
related to the catalytic results, thus determining which metallic site 
properties are relevant for catalyst activity. 

2. Experimental 

2.1. Catalyst preparation 

Pure silica ITQ2 delaminated zeolite was used as support, which was 
prepared according to [54]. Au25(SC2H4Ph)18 nanoclusters and 
Ag25(SPhMe3)18PPh4 nanoclusters were synthesized according to [55] 

and [56], respectively. AgxAu25-x(SC2H4Ph)18 clusters were synthesized 
and characterized by the procedure described in the Supporting 
Information. 

In order to support the nanoclusters on the zeolite, the necessary 
amount of each nanocluster to obtain a 1 wt.% metal loading was dis-
solved in toluene and stirred together with the ITQ2 zeolite for 24 h at 
room temperature. After that, the sample was centrifuged and separated 
from the solution by decantation. Then, the catalyst was dried at 80 ◦C 
for 1 h. 

2.2. Pretreatment 

Different pretreatments (oxidative and reductive) were applied 
before the catalytic tests to study their effect on the nanocluster struc-
ture and therefore on the catalytic activity. Both pretreatments were 
made at 150 ◦C (10 ◦C min− 1 heating ramp, holding for 1 h). The 
oxidative pretreatment (pretO2) was performed using 5% O2 in nitrogen 
(with a total flow of 500 mL min− 1) and the reductive one (pretH2) with 
the same total flow but containing 5% H2 in nitrogen. 

2.3. Catalytic tests 

Catalytic CO oxidation was carried out at atmospheric pressure in a 
fixed-bed quartz reactor with 250 mg of sieved catalyst (0.4− 0.6 mm). 
The total gas flow was 500 mL min− 1 with 0.5 % CO, 4% O2 and N2 as 
balance gas with a space velocity of 318,000 h− 1. The reaction was 
performed from 100 ◦C to 500 ◦C, increasing by 50 ◦C in each step. The 
CO2 concentration was continuously monitored with an infrared spec-
troscopy analyser of Servomex, Model 4900 with an accuracy of 0.01 % 

2.4. In situ studies 

Diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) studies were carried out on a Bruker Vertex 70 spectrometer 
with a liquid N2-cooled MCT detector and with 4 cm− 1 resolution. 
DRIFTS spectra were taken throughout the whole experiment by aver-
aging 256 scans to achieve a good signal to noise ratio. The stainless- 
steel flow cell (Pike) has a CaF2 window and an oven. The inlet of the 
cell was connected to a gas manifold system with calibrated mass flow 
controllers to adjust the gas mixtures and a mass spectrometer for kinetic 
measurements. Each sample was placed into a small ceramic cup and the 
exact weight was taken for normalization (~30 mg). The sample was 
pretreated as in the catalytic tests. Then, the gases were changed to 
reaction conditions without removing the sample in between. The re-
action temperature was increased with a heating ramp of 5 ◦C min− 1 to 
400 ◦C and kept for 30 min. Afterwards, the sample was cooled to room 
temperature (under reaction gas atmosphere). Spectra measured after 
catalyst pretreatment were used for background removal. 

X-ray Absorption Spectroscopy (XAS) study was performed at the 
CLAESS beamline at ALBA synchrotron. Measurements were made in 
fluorescence mode (Ag K-edge and Au-L3 edge) in the beamline’s solid/ 
gas reactor multipurpose cell. The catalysts were pressed into pellets and 
the samples were pretreated inside the multipurpose cell at 150 ◦C for 
30 min under oxygen or hydrogen flow (pretO2: 5% O2 in He, 
45 mL min− 1; pretH2: 5% H2 in He, 45 mL min− 1. After cooling down, 
the gas mix was changed to reaction conditions (reaction: 1.7 % CO, 3.3 
% O2 in He, total flow: 45 mL min− 1). The samples were heated to 150 ◦C 
with a ramp of 5 ◦C min-1, the temperature was held for 30 min 
(COox150), and then further heated till 400 ◦C (COox400). The 
maximum temperature was held for 30 min, and then the reaction 
chamber was cooled to RT (45 mL min− 1 He). Extended X-ray Absorp-
tion Fine Structure (EXAFS) spectra were taken at 40 ◦C in He at the 
beginning, after pretreatment and after reaction for each sample, 
without opening the reaction chamber in between. Data reduction/ 
normalization was performed with the Artemis package [57], which 
uses the FEFF6 code [58] for amplitude and phase calculations for 
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EXAFS fittings. Further details can be found as footnotes in the EXAFS 
tables. 

2.5. Characterization studies 

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on an in situ NAP-XPS system equipped with a Phoibos 150 NAP 
hemispherical analyzer and a XR 50 MF X-ray source (microfocus), all 
SPECS GmbH. Spectra were recorded with monochromatic Al Kα radi-
ation and data were analysed with the CasaXPS software. Peaks were 
fitted after linear background subtraction with Gauss − Lorentz sum 
functions. Peak positions and full width at half-maximum (FWHM) were 
left unconstrained. Au4f peaks were fitted with 3.7 eV doublet separa-
tion and a fixed ratio of 4:3 for Au4f7/2 and Au4f5/2. For the Ag3d5/2 and 
Ag3d3/2 peaks doublets with a fixed separation of 6 eV and a fixed area 
ratio of 3:2 were used (all NIST XPS database). For the NAP-XPS mea-
surements the sample was applied evenly on carbon tape. The actual 

measurements were conducted at elevated pressure in 1 mbar inert gas 
(N2) to avoid reduction of the clusters. Peak positions were referenced to 
the SiO2 peak (both to Si2s and O1s component) which is the support 
material and gives the strongest signal [59]. 

Transmission electron microscopy (TEM) and high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) 
was performed using a 200 kV FEI Tecnai F20 S-TWIN analytical 
(scanning) transmission electron microscopy [(S)TEM] instrument. 
Supported clusters were directly deposited on carbon-coated copper 
grids and plasma cleaning was applied to remove possible hydrocarbons 
and adsorbed water. 

Temperature programmed reduction with H2 analysis (H2-TPR) has 
been performed in a TPD-TPR Autochem 2910 equipment connected to a 
thermal conductivity detector (TCD). Prior to the reduction, samples 
were treated under Ar flow during 1 h at room temperature. During the 
TPR analysis, a mix of 10 % H2 in Ar was used while the temperature was 
increased from room temperature to 600 ◦C with a ramp of 10 ◦C/min. 

3. Results 

Silver atoms were introduced to the Au25 nanoclusters and AgxAu25- 

x(SR)18 nanoclusters (simplified as AgxAu25-x) were successfully ob-
tained. The synthesized nanoclusters have a narrow distribution of Ag 
dopant atoms (x = 6–8, see Supporting Information). This was 
confirmed by matrix-assisted laser desorption-ionization mass spec-
trometry (MALDI-MS) and Ultraviolet-visible (UV–vis) spectroscopy 
(Supporting Information, Fig. S1). Besides the bimetallic nanoclusters, 
the monometallic Au25 and Ag25 nanoclusters were also prepared as it is 
referenced in Supporting Information. All nanoclusters were supported 
on pure silica delaminated zeolite (ITQ2). XRD and textural properties of 
the zeolite are shown in Supporting Information (Fig. S2). 

3.1. Catalytic activity in CO oxidation 

The catalytic application of the supported nanoclusters requires a 
pretreatment step to partially remove the ligand shell and to make the 
nanocluster metal surface accessible. Nevertheless, depending on the 
type of pretreatment, different modifications of the nanoclusters prop-
erties could occur [13,19,22,25,26]. Therefore, the effect of an oxidative 
(pretO2) and a reductive (pretH2) pretreatment on the catalyst activity 

Fig. 1. Catalytic activity of the bimetallic AgxAu25-x/ITQ2 in the CO oxidation 
reaction after oxidative (pretO2) and reductive (pretH2) pretreatments. 

Fig. 2. CO oxidation activity of the bimetallic AgxAu25-x/ITQ2 catalysts after different pretreatments in successive reaction cycles.  
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was studied. Fig. 1 shows the results obtained for the CO catalytic 
oxidation reaction with the AgxAu25-x bimetallic nanoclusters supported 
on the zeolite after both pretreatments. 

The bimetallic nanoclusters supported on ITQ2 zeolite (AgxAu25-x/ 
ITQ2) were active catalysts for CO oxidation after both pretreatments, 
obtaining high conversion at much lower temperatures than those 
necessary for the uncatalyzed thermal reaction. The comparison of the 
different pretreatments showed that the catalyst pretreated with 
hydrogen was more active than the one pretreated with oxygen, with the 
differences being more pronounced at low temperatures. It can be 
observed that hydrogen pretreatment induced catalytic activity at 
200 ◦C, whereas 250 ◦C are required for the catalyst pretreated with 
oxygen. These results already suggest a distinct evolution of the 

bimetallic nanocluster structure on the zeolite surface under the 
different pretreatments conditions. The possible activity of the support 
was also studied and as it can be seen in the Supporting Information 
(Fig. S3), the activity of the pure silica ITQ2 is negligible compared to to 
the catalyst containing AgAu nanoclusters supported on the ITQ2 
zeolite. 

The stability of the catalyst was explored in a long time reaction and 
by reusability experiments. In the first type of experiments, the reaction 
temperature was kept constant and the reaction was performed for 
several hours. The results obtained in a 4 -h reaction at 350 ◦C with the 
catalyst pretreated with hydrogen are shown in the Supporting Infor-
mation (Fig. S4). The CO conversion was around 60 %, this is the same 
value that was reached in the experiment with the temperature steps at 
350 ◦C (Fig. 1). The activity was constant during the 4 h reaction, with 
no sign of catalyst deactivation. These results also indicate that these 
catalysts are appropriate for the treatment of combustion exhaust gases 
containing CO as they are active in the range 150− 500 ◦C that is the 
usual temperature of effluent gases in those devices. It must be pointed 
out the comparison of the catalytic activity of these materials with other 
gold nanoparticle based catalysts is not feasible as those are mainly used 
for treatment of indoor gases at low temperature and to the different 
physical-chemical characteristics of the catalysts used [48,49,60,61]. 

In the second type of experiments, sequential reactions using the 
same catalyst sample were performed. The results obtained with the 
catalyst initially pretreated with oxygen or with hydrogen are shown in 
Fig. 2. As it can be seen, the catalyst pretreated with hydrogen (left) was 
highly stable and almost identical results were obtained with this cata-
lyst in the successive runs. This indicates that the metallic active sites 
formed after this pretreatment in the supported bimetallic nanocluster 
catalyst were not prone to change. On the other hand, the catalyst 
pretreated with oxygen (Fig. 2, right) evolved during the reaction and 
better results were obtained in the second reaction run, indicating that 
new species were formed. These new species seemed to be more stable 
since the same catalytic performance was obtained in the third run. It 
must be pointed out that the catalytic results of the pretO2 supported 
nanocluster after the second run are the same as those obtained after the 

Fig. 3. Catalytic CO oxidation activity of mono- and bimetallic nanoclusters 
supported on ITQ2 after H2 pretreatment. 

Fig. 4. In situ DRIFTS experiment during CO oxidation with the supported bimetallic nanoclusters after different pretreatments (pretH2 and pretO2), from room 
temperature (blue) to 400 ◦C (red). Cooling process under reaction conditions from 400 ◦C ( ) to room temperature (——). 
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hydrogen pretreatment. This indicates that similar species were formed 
in both cases after reaction. 

For a better understanding of the catalytic properties of the sup-
ported bimetallic nanocluster, its activity was compared with those 
obtained with the silver and gold monometallic nanoclusters. This 
comparison was made with the catalysts activated with hydrogen, as 
better results were obtained with the AgxAu25-x/ITQ2 nanocluster with 
this pretreatment. The results are shown in Fig. 3. 

As it can be seen, after hydrogen activation, the best results were 
obtained with the supported bimetallic AgAu nanocluster catalyst, 
which showed activity from 200 ◦C onwards. For the supported Au 
nanocluster catalyst, activity only set in at 300 ◦C, which is 100 ◦C 
higher than for the bimetallic nanoclusters. Even higher temperatures 
were required when applying supported Ag nanoclusters, which only 
showed a significant increase in activity above 400 ◦C. 

These results suggest that a synergetic effect of the Ag-Au active sites 
exists on the supported bimetallic nanocluster or that different metallic 
species are formed in this catalyst, which are more active than those 
formed in the supported monometallic nanoclusters. 

3.2. In situ DRIFTS studies 

To obtain some insights related to the catalytic activity, in situ 
DRIFTS measurements were carried out during CO oxidation with the 
AgxAu25-x/ITQ2 catalysts after both pretreatments (pretH2 and pretO2). 
The monometallic catalysts (Ag25/ITQ2 and Au25/ITQ2), as well as the 
zeolite (ITQ2) were also studied as references (Figs. S4 and S5). Fig. 4 
shows the evolution of the infrared spectra from room temperature to 
400 ◦C under reaction conditions, using the bimetallic AgxAu25-x/ITQ2 
catalyst with different pretreatments. 

The on-set of catalytic activity is indicated by the formation of CO2 
gas phase bands (2400− 2300 cm− 1), which become more pronounced at 
higher temperatures. Simultaneously, the band related to CO gas phase 
(2200− 2100 cm− 1) decreased. In the same region, the possible bands 
associated with stretching vibrations of CO on gold [13,25] and on silver 
[62–65] are located complicating the detailed assignment of the bands. 

The evolution of the spectra of the differently pretreated catalysts 

during reaction at increasing temperatures is quite similar. In both cases, 
at higher temperatures, a shoulder around 2207− 2209 cm− 1 appeared, 
which stretches over the range of CO-Ag+ vibrations (around 
2160− 2190 cm− 1) [62–65]. This shoulder could be also related to 
CO-Au+ vibrations (around 2175 cm− 1) shifted to higher values due to 
close Ag-Au interaction, which would indicate AgAu alloy particles [64, 
66], in agreement with the XAFS measurements shown below. The 
alloying process can be explained because, initially, the Ag atoms were 
located on the surface of the cluster core, still surrounded by the [S 
(R)-Au]2-S(R) motifs. Increasing the temperature might result in the 
partial destruction of the ligand shell that favoured the alloying between 
the two metals, likely enriching Ag on the surface of the AgAu nano-
particles [67–69]. 

The main difference observed in the spectra of the samples with 
different pretreatments is the band at around 2070 cm− 1, which could be 
related to CO-Au◦ [64], and which is much more pronounced for the 
catalyst pretreated with oxygen, mostly at temperatures of around 
250 ◦C (green spectra in Fig. 4). 

The comparison of the spectra of the monometallic catalysts (Fig. S5) 
with those of the bimetallic nanocluster shows that in the latter, the 
characteristic bands of CO adsorbed on silver (2160− 2190 cm− 1) or 
gold (2120− 2110 cm− 1) are not clearly observed. Moreover, bands 
between 1800 and 1970 cm− 1 appear for all the catalysts. These bands 
are assigned to carbonates and formates that are formed during the re-
action on the support [70] as they also appear in the in situ DRIFTS 
spectra of the ITQ2 zeolite during CO oxidation (Fig. S6). 

3.3. In situ XAFS studies 

The evolution of the nanoclusters supported on the ITQ2 zeolite 
during pretreatments and in the CO oxidation experiments was followed 
in situ by XAFS. Fig. 5 shows the XANES spectra of the bimetallic 
AgxAu25-x and monometallic Ag25 nanoclusters supported on ITQ2 
zeolite. 

For both, mono and bimetallic catalysts (Fig. 5, left), slightly higher 
whiteline intensity is observed with the fresh, unpretreated samples in 
comparison to the Ag foil. In addition, flattening of the oscillations 

Fig. 5. Normalized XANES spectra at Ag K-edge of Ag25/ITQ2 and AgxAu25-x/ITQ2 after H2 pretreatment and in CO oxidation (left); XANES spectra at Ag K-edge of 
AgxAu25-x/ITQ2 after the different pretreatments and in CO oxidation (right). 

I. López-Hernández et al.                                                                                                                                                                                                                      



Catalysis Today 384-386 (2022) 166–176

171

above the edge is denoted, which is in agreement with reported XANES 
spectra of Ag nanoclusters [31,71,72]. This can be related with the 
presence of Ag-S bonds, implying partially charged Ag species and 
leading to a modification in the position and intensity of the whiteline 
and of other peaks above the edge. It is described that for Ag atoms 
forming a covalent bond with S, the whiteline systematically shifts to 
lower energies [72–77]. 

The comparison of the XANES spectra of the supported mono and 
bimetallic nanoclusters (Fig. S7) shows the first XAFS evidence on the 
intimate contact between Ag and Au. The whiteline in the spectrum of 
the bimetallic sample is shifted towards lower energies in comparison 
with that of the monometallic one, which can be related to changes in 
silver electronic configuration when alloyed with gold, according to [71, 
78]. 

The reductive or oxidative pretreatment at 150 ◦C of the supported 
bimetallic nanoclusters does not seem to affect the distribution of silver 
sites in the initial AgAu cluster structure as similar XANES spectra are 
observed (Fig. 5, right). More pronounced changes are perceived after 
reaction at 400 ◦C (_COox400 ◦C) for both pretH2 and pretO2 bimetallic 
catalysts. Under these conditions, a shift to higher energy combined with 
more defined features at around 25,549 eV is noted, showing similarities 
to the spectrum of Ag foil. This indicates an increase of the metallic 
character of the clusters over the course of the reaction that can be 
related to a complete removal of the thiolate ligands (that only occurs at 
temperatures higher than 150 ◦C) [13,19] and to the sintering of the 
metallic species. At this step, the alloying between Ag and Au becomes 
evident by the presence of shifted oscillations in the χ(k) functions of the 

catalysts in comparison with metallic silver (Fig. S8), related to the 
insertion of Au within the Ag metallic structure. These shifts in k-space 
and antiphase behaviour (see oscillations at ~6 Å− 1) are a clear indi-
cation of metal alloying [79]. 

More information on the local environment of the nanoclusters and 
on their structure stability under reaction conditions was obtained from 
EXAFS analysis. Fig. 6 and Table 1 show the results of the EXAFS fitting 
for the monometallic Ag25/ITQ2 catalyst (see Fig. S9 for R-space fits). As 
it can be seen, pretH2 does not lead to significant changes in the Ag25/ 
ITQ2 catalysts (Fig. 6), again confirming the stability of the cluster 
structure. It can be related to the incomplete removal of the ligands, 
denoted by the high coordination number (CN) of Ag-S observed in 
Table 1. However, a complete loss of the ligands occurs under reaction 
conditions, as is confirmed by the absence of Ag-S bonds in the sample 
after reaction (pretH2COox400). The reaction led to a change in the 
CNAg-Ag from 4.0 to 8.6, but without differences in the previous Ag-Ag 
bond distance (Table 1). 

Fig. 7 and Table 2 show the results of the EXAFS fitting for the 
bimetallic AgxAu25-x/ITQ2 catalyst (see Fig. S9 for R-space fits). In both 
cases, only Ag-Au and Ag-S bonds are detected after the pretreatment 
and no signs of Ag-Ag bonds appear, implying dispersion of single Ag 
atoms across the nanocluster. Besides, the best fitting was obtained by 
the introduction of Au in the neighbouring of Ag atoms independently of 
the sample treatment. This is an indication of the formation of Ag-Au 
alloys in the bimetallic sample. 

This metal distribution is modified during the CO oxidation, sug-
gested by the appearance of Ag-Ag bonds (Table 2) and by the disap-
pearance of the Ag-S bonds. Both catalysts after reaction (_COox400 ◦C) 
displayed quite a similar surface configuration with almost identical 
values for CNAg-Au and bond distances. Thus, the reaction induced a 
similar evolution of the atomic distribution of the bimetallic nano-
clusters, leading to the formation of AuAg nanoparticles that also possess 
Ag-Ag sites. 

3.4. NAP-XPS studies 

Further characterization of the bimetallic catalysts was performed by 
NAP-XPS. The results obtained (Fig. 8) confirm the alloying evolution 
observed by XAFS studies. The analysis of the AgAu/ITQ catalysts after 
pretreatment, reveals a peak for Ag 3d5/2 at 371.8 eV and a peak for Au 
4f7/2 at 87.3 eV, respectively. The first one can be attributed to Ag atoms 
in the gold clusters. The relatively high binding energy (BE) of this signal 
could be related with a partial charge transfer from Au to Ag and in the 
formation of well-defined atomic scale nanoclusters [80,81] that result 
in higher binding energies. The higher BE observed for the gold signal is 
caused by a size effect [82] as smaller clusters leads to higher binding 
energies. The ratio between Au and Ag was calculated based on the peak 
areas (same cross-section for both elements) obtaining a Au/Ag ratio of 
2.4. 

After catalytic reaction some changes could be observed by XPS. 
First, the Ag 3d signal is shifted to lower binding energies (from 371.8 to 
370.1 eV), while the Au 4f signal only is shifted 0.1 eV. Furthermore, the 
ratio between Au and Ag changed to 1.3. This is also observable in the 
NAP-XPS spectra with a relative increase of the Ag signal and a relative 

Fig. 6. R space of the Ag25/ITQ2 catalyst: fresh, after H2 pretreatment and 
during CO oxidation. 

Table 1 
Summary of optimized parameters by fitting the EXAFS data of the Ag25/ITQ2 catalyst.  

Sample Path CN R (Å) σ2 (Å2) ΔE0 (eV) Rfactor 

Ag foil Ag-Ag 12 2.862 ± 0.004 0.0096 ± 0.0006 1.9 ± 0.4 0.0036 

pretH2
a Ag-S 1.7 ± 0.3 2.491 ± 0.023 

0.0101 ± 0.0023 3.1 ± 1.6 0.0262 Ag-Ag 4.0 ± 0.8 2.876 ± 0.017 
pretH2 COox400b Ag-Ag 8.6 ± 0.4 2.861 ± 0.004 0.0093 ± 0.0007 2.6 ± 0.4 0.0020  

a ΔR = 1.5–3.2 Å over FT of the k2-weighted χ(k) functions performed in the Δk = 2.0-10.0 Å− 1 interval. 
b ΔR = 1.8–3.2 Å over FT of the k2-weighted χ(k) functions performed in the Δk = 2.0-9.0 Å− 1 interval. All spectra were collected at ambient temperature (RT-40 ◦C), 

except for the samples named CoOx150 which were collected at 150 ◦C, which, consequently, resulted in higher σ2 values. S0
2 = 0.8 from Ag metal. 
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decrease of the Au signal. These results indicate a migration of silver 
towards the surface of the catalyst and/or a partial change of the Ag 
charge [80]. Nevertheless a full oxidation of the Ag atoms can rather be 
excluded as this would led to different binding energies. 

3.5. TEM studies 

Morphological changes and composition were studied by TEM-EDX 
and STEM-HAADF for the AgAu/ITQ2 fresh catalyst and for the same 
catalyst after the CO oxidation reaction with each of the previous pre-
treatments (Fig. 9). In the case of the fresh catalysts, particles with 
1.5 ± 0.3 nm size were observed. The particles slightly increase their size 
to 1.7− 2 ± 0.5 nm after the CO oxidation reaction. The results show a 
very homogeneous particle size distribution that is shifted to smaller 
sizes than in previous works where the nanoparticles have been depos-
ited on mesoporous supports [61]. Similar studies were made with the 
monometallic Au/ITQ2, observing that the particle size of the fresh 
catalyst was 1.6 ± 0.4 nm. After the CO oxidation reaction, an increase 
of the particle size was observed from 1.6 to 2.7 ± 0.5 nm (Fig. S10). 
EDX analysis of the bimetallic nanoclusters was also performed 
(Fig. S11), focusing the beam on a particle and observing that there was 
no segregation of the metals. These results clearly indicate the formation 

of nanoclusters with a homogeneous alloy. 

4. Discussion 

The main catalytic results obtained were: i) the higher activity of the 
bimetallic nanoclusters supported on the zeolite compared to the sup-
ported monometallic nanoclusters (Fig. 3), ii) the different activity ob-
tained with the supported AgAu nanoclusters depending on the 
pretreatment (Fig. 1) and iii) the stability and activity of this catalyst in 
the successive catalytic runs (Fig. 2). 

The catalytic performance can be explained by the characterization 
studies. As previously discussed, in situ DRIFTS experiments suggested 
that the CO adsorption sites of the bimetallic catalyst are different from 
those of the monometallic nanoclusters, indicating that Ag-Au alloyed 
nanoparticles are formed. This was fully confirmed by EXAFS, which 
shows the presence of Ag-Au bonds in the pretreated samples. 

TPR results also corroborate the interaction between Ag and Au in 
the bimetallic nanoclusters. The TPR patterns of the fresh samples are 
shown in Supporting Information (Fig. S12), the hydrogen consumption 
of Au-containing catalysts was much lower than that of Ag-catalyst, 
indicating that most of the metallic species in Au- and AuAg catalysts 
were in their reduced state. The opposite occurred to ITQ2 supported Ag 

Fig. 7. R space of the AgxAu25-x/ITQ2 catalyst: fresh, after the different pretreatments and during CO oxidation (pretH2 on the left and pretO2 on the right).  

Table 2 
Summary of optimized parameters by fitting the EXAFS data of the AgAu/ITQ2 catalyst.a.  

Sample Path CN R (Å) σ2 (Å2) ΔE0 (eV) Rfactor 

Ag foil Ag-Ag 12 2.862 ± 0.004 0.0096 ± 0.0006 1.9 ± 0.4 0.0036 

pretO2 
Ag-S 0.6 ± 0.4 2.570 ± 0.075 

0.0094b − 0.7 ± 2.1 0.0421 Ag-Au 5.0 ± 0.9 2.800 ± 0.023 

pretO2 COox400 
Ag-Ag 2.0 ± 0.3 2.868 ± 0.025 

0.0107 ± 0.0074 2.5 ± 0.6 0.0060 
Ag-Au 7.1 ± 0.7 2.858 ± 0.008 

pretH2 
Ag-S 0.9 ± 0.4 2.545 ± 0.046 0.0094b − 1.3 ± 2.2 0.0644 
Ag-Au 5.6 ± 0.9 2.786 ± 0.020 

pretH2 COox400 
Ag-Ag 2.1 ± 0.3 2.864 ± 0.022 

0.0090 ± 0.0017 2.1 ± 0.5 0.0037 Ag-Au 7.2 ± 0.7 2.858 ± 0.008  

a ΔR = 1.6–3.2 Å over FT of the k2-weighted χ(k) functions performed in the Δk = 2.0-10.0 Å− 1 interval. All spectra were collected at ambient temperature (RT- 
40 ◦C). S0

2 = 0.8 from Ag metal. 
b The σ2 was fixed to be the same for the pretreated samples, which decreases the values in error bars. 
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nanoclusters, which were partially oxidized, being reduced at temper-
atures close to 400 ◦C. A more detailed analysis of the TPR profiles 
showed that Au/ITQ2 had a very weak reduction feature at 510 ◦C, 
whilst Ag/ITQ2 had a reduction peak at 390 ◦C. The AgAu cluster sup-
ported on ITQ2 featured weak TPR peaks at 310 ◦C and 528 ◦C. The high 
temperature reduction peak arose at similar temperature than the peak 
in the Au/ITQ2 profile, but the peak at 310 ◦C appeared clearly at lower 
temperatures than that observed for Ag/ITQ2. This indicates that Ag 
reduction was modified by the presence of Au in the bimetallic 
nanoclusters. 

XPS and TEM-EDX studies also showed the formation of homoge-
neous Ag-Au alloy but no encapsulation of the nanoclusters. Further-
more, no evidence for the formation of Ag-oxide was found with NAP- 
XPS, therefore we discard the formation of the metal-oxide interface 
in our catalysts as it was suggested by other authors [83–85]. 

Nevertheless, we cannot exclude that synergistic effects of the zeolite 
support and the nanoclusters appear favouring the catalytic activity, as 
it occurs in other metal containing ITQ2 catalysts used for other re-
actions [86]. 

The Ag-Au sites are preferential adsorption sites for CO and O2 [49] 
and this results in a higher activity of the bimetallic catalyst compared to 
the monometallic nanoclusters supported on the ITQ2 zeolite. 

The two types of pretreatment were affecting the structure evolution 
of the supported bimetallic nanocluster, which was reflected in the 
different catalytic activity. A different arrangement of the Ag atoms 
within the bimetallic cluster, depending on the pretreatment, can be 
expected. It was reported that reducing atmosphere induced the 
migration of Ag mainly to the surface of alloy particles, which was not 
taking place under oxidative conditions [49]. This results in a higher 
number of Ag-Au sites on the cluster surface, as observed in the XPS 

Fig. 8. NAP-XPS spectra of AgxAu25-x/ITQ2 catalysts: after pretreatment with H2 (bottom) and CO oxidation (top).  

Fig. 9. TEM micrographs of AgxAu25-x/ITQ2 catalysts: fresh (middle) and after CO oxidation (right: previous O2 pretreatment, left: previous H2 pretretament).  
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study, which would be available for reaction (see Fig. 10). Previous 
studies showed that CO and O2 co-adsorption on neighbouring sites of 
the AgAu alloy was stronger than on either Au or Ag [49,50]. Therefore, 
a larger number of accessible bimetallic sites, formed in a reductive 
treatment, should enhance the catalytic activity. This explanation is 
consistent with the catalytic results obtained at lower temperatures 
showing a higher activity of the sample pretreatment with H2 compared 
with that pretreated with oxygen. In situ DRIFTS experiments confirmed 
this postulate as they showed that the bimetallic nanoclusters pretreated 
with oxygen form CO-Au◦ adsorbates at medium reaction temperature 
(250 ◦C). This proves the presence of monometallic gold sites at this 
temperature that were not observed for the sample pretreated with 
hydrogen. The presence of these species suggests that in these conditions 
(low temperature and oxidative pretreatment) less AgAu nanoparticles 
are formed leading to lower activity. 

Regarding the catalyst stability in successive reactions, it was 
observed that the catalytic performance of the supported bimetallic 
nanoparticle pretreated with hydrogen was the same over three runs. 
However, the catalyst pretreated with oxygen got more active after the 
first reaction, obtaining in the second run the same catalytic results that 
those obtained with the catalyst just pretreated with hydrogen. The 
catalytic performance did not change in a third consecutive reaction. 
These results are fully consistent with the EXAFS characterization of the 
different pretreated catalysts after reaction (pretH2COox400 and pre-
tO2COox400). Table 2 displays that the same Ag-Au coordination 
numbers (7.1 and 7.2) were obtained after CO oxidation for both sam-
ples even though a different pretreatment was applied. This indicates a 
dynamic evolution of the catalyst during the reaction that results in the 
complete removal of the ligands together with the formation of acces-
sible AgAu nanoparticles, in both cases (see Fig. 10). 

The EXAFS analysis has also shown that some Ag-Ag sites were 
formed after reaction with both catalysts subjected to different pre-
treatments. This was further confirmed by the NAP-XPS results, 
observing a higher ratio of Ag atoms on surface without segregation or 
oxidation and verified by the TEM-EDX analysis. Despite that, similar 
catalytic results were obtained with the reused catalysts compared to the 
AgAu nanoclusters pretreated with hydrogen, for which no Ag-Ag bonds 
were observed by EXAFS. Moreover, the activity of the bimetallic cat-
alysts was significantly higher than the one of the Ag25 catalyst (which 
only has silver sites). This suggests that the monometallic centres are not 
as active as the bimetallic alloy sites, but complementary studies are 
required to clarify the further evolution of the catalyst surface. 

5. Conclusions 

Ag doping in Au nanoclusters supported on ITQ2 zeolite leads to the 
formation of bimetallic AgAu sites which show higher catalytic activity 
for CO oxidation in comparison to the monometallic centres. These sites 
are formed by a rearrangement of the metal atoms during pretreatment 
and reaction. It is observed that a reductive pretreatment initially pro-
duces a higher degree of Ag-Au alloying than an oxidative activation. 
This, in turn, could facilitate the co-adsorption of CO and O2, which 
would explain the higher activity observed at lower temperatures for the 

catalyst pretreated with H2. Despite these initial differences, during CO 
oxidation, the differently pretreated bimetallic clusters equally evolve 
and form similar species after reaction. These species are highly active 
Ag-Au alloyed nanoparticles and less active Ag-Ag sites. The same cat-
alytic performance is obtained in subsequent catalytic runs indepen-
dently of the initial pretreatment indicating that the newly formed sites 
are stable preventing catalyst deactivation. 

Within this work, evolution of bimetallic AgAu nanoclusters sup-
ported on zeolites during CO oxidation has been disclosed by in situ 
XAFS and DRIFTS studies. These studies provide insight into the mobile 
nature of bimetallic nanocluster catalysts during reaction, which is a 
fundamental aspect to be considered in the design of active catalysts for 
future applications. 
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[31] I. López-Hernández, C. García, V. Truttmann, S. Pollitt, N. Barrabés, 
G. Rupprechter, F. Rey, A.E. Palomares, Evaluation of the silver species nature in 
Ag-ITQ2 zeolites by the CO oxidation reaction, Catal. Today 345 (2020) 22–26, 
https://doi.org/10.1016/j.cattod.2019.12.001. 

[32] A. Ghosh, O.F. Mohammed, O.M. Bakr, Atomic-level doping of metal clusters, Acc. 
Chem. Res. 51 (2018) 3094–3103, https://doi.org/10.1021/acs. 
accounts.8b00412. 

[33] D.E. Jiang, S. Dai, From superatomic Au 25(SR) 18- to superatomic M@Au 24(SR) 
18q core-shell clusters, Inorg. Chem. 48 (2009) 2720–2722, https://doi.org/ 
10.1021/ic8024588. 

[34] S. Yamazoe, W. Kurashige, K. Nobusada, Y. Negishi, T. Tsukuda, Preferential 
location of coinage metal dopants (M = Ag or Cu) in [Au25- xMx(SC2H4Ph)18]- (x 
~ 1) as determined by extended X-ray absorption fine structure and density 
functional theory calculations, J. Phys. Chem. C. 118 (2014) 25284–25290, 
https://doi.org/10.1021/jp5085372. 

[35] P. Lu, X.Y. Kuang, A.J. Mao, Z.H. Wang, Y.R. Zhao, Structural and electronic 
properties of silver-doped gold clusters Au nAgv (2≤n≤10; V = 0,±1): comparison 
with pure gold clusters, Mol. Phys. 109 (2011) 2057–2068, https://doi.org/ 
10.1080/00268976.2011.609147. 
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