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Abstract

Silver containing zeolites are widely used in heterogeneous catalysis and their catalytic
performance is strongly dependent on the nature of the metal species supported on the zeolites.
In this work, Ag-1TQ2 zeolites have been prepared by different methods: incipient wetness
impregnation, ion exchange and preformed Ag-nanoclusters supported on the zeolite. The
samples have been pretreated with oxygen or hydrogen previously to the catalytic test in the
CO oxidation reaction. The results allow to correlate the nature of the Ag-species with its
catalytic activity in this reaction as metallic silver is active for the CO oxidation but cationic
silver does not show significant activity. It is shown that Ag° is formed on the catalysts
prepared by impregnation even without a reduction treatment. On the contrary, Ag-
nanoclusters form stable partially charged silver species that only can be reduced to Ag’
nanoparticles under severe thermal conditions. Silver species formed in the catalysts prepared
by ion exchange also present a partial positive charge. We concluded that this reaction is a
useful test for monitoring the nature and evolution of silver species in the zeolite and to

determine the stability of the silver nanoclusters.
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1.- INTRODUCTION

Silver-based catalysts are used in a wide range of applications such as the selective catalytic
reduction of NOy [1], the selective catalytic oxidation of ammonia [2], the oxidation of
styrene [3], the CO oxidation or even as antibacterial agents [4]. Among them, silver
nanoparticles are a subject of actual interest as, at the nanoscale, enhanced reactivity and
selectivity of these materials has been reported [5-7]. Further going down, under 100 atoms,
metal nanoclusters, with unique geometric structure and electronic configuration represent an
emerging field of research in heterogeneous catalysis [8-12]. The design of active sites at
atomic size makes possible the metal nanostructure modification at molecular level [13]. In
this way, monolayer protected clusters are composed by a metallic core structure stabilized
with oligomers (called staples) holding metal atoms with partially charge state [14-15].
Therefore, they are an optimal type of model particles to study size and charge effect on the

catalytic behavior of silver-based materials.

The catalytic activity of these materials depends strongly on the nature of silver species,
which is determined mainly by the preparation methods, by the pretreatments, or by the
reactions conditions [16-18]. These species can be ionic silver or clusters, in different size
scale, holding metallic, cationic or partially charged state [16, 19-20]. In order to develop
optimal silver based heterogeneous catalysts, detailed characterization of the different species
is required. However, at this size and with low metal content, this becomes challenging, even
with advanced spectroscopic techniques, due to the analyzer sensibility limits and to the
possible sample damage [21]. For that reason, complementary studies to evaluate nature and
changes in the metal sites are required. This can be done using some catalytic model reactions
that are used as a tool or as a reference to identify these species and their evolution. The CO
oxidation reaction can be used for this purpose as it is catalyzed by different metals as gold or

silver supported on oxides [22-24].

In this paper we used the catalytic oxidation of CO as a tool to evaluate the nature and
stability of the silver species present in some AgQ-ITQ2 zeolites. The silver has been
incorporated into the zeolite by different techniques such as incipient wetness impregnation,
ion exchange and as silver-nanoclusters. The catalytic tests coupled with surface and
structural characterization techniques discloses differences in the oxidation state of silver
particles depending on the preparation protocols and in the catalyst treatment.



2.- EXPERIMENTAL

2.1 Catalyst Preparation

The ITQ-2 zeolite with a Si/Al ratio of 10 was synthesized in our laboratory according to the
literature [25]. Silver was incorporated to zeolites by three different methods: i) incipient
wetness impregnation, ii) ion exchange, and iii) as silver-nanoclusters. The silver content was

1 wt. % in all cases.

The catalyst prepared by incipient wetness impregnation method was made by adding
dropwise 3.5 mL of a silver nitrate (0.0265M) water solution into a 1 g of ITQ-2 zeolite. After
impregnation, the samples were dried at 100°C during 24 h, and then calcined at 250°C for 1 h
and at 450°C for 2 h.

The ion exchange was made with a solution of AgNOj3 (9.28-10™* M) while stirring during 24
hours at room temperature and in full darkness. The solid/solution ratio was 1 g/100 mL. The
solid was recovered by filtration, washed with distilled water and dried overnight at 100°C.
The ion exchanged ITQ-2 zeolite was calcined at 250°C for 1 h and later on at 450°C for 2 h.

The silver nanoclusters were synthesized based on the reported synthesis of
Ag25(SPhMes)1sPPh, nanoclusters [26]. The purity of the synthesized Ag.s(SPhMes)1sPPhy
cluster solution was confirmed by UV-Vis, FTIR and TEM (Figures S1 and S2). The solution
was dried and the amount of clusters necessary to obtain a 1 wt.% of silver on the zeolite, was
redissolved in toluene and stirred with the ITQ-2 zeolite for 24 h. The catalyst was separated
from the solvent by centrifugation and decantation. The sample was dried at 80°C for 1 h. In
the impregnation, some aggregation of the initial Agys nanocluster occurred [26] for that

reason these samples are named as Agy nanoclusters.

2.2. Catalytic tests

The samples were pretreated under O, (150°C, 1 h) or H, (150° or 400°C, 2 h) at atmospheric
pressure before the reaction tests. The CO oxidation was carried out in a fixed-bed quartz
reactor at atmospheric pressure. The reactor was loaded with 250 mg of sieved catalyst (0.4-
0.6 mm) and the reaction was made with a flow rate gas of 500 mL-min™ which led to a gas
hour space velocity (GHSV) of 120000 mL-g™*-h™. The inlet gas concentration was 0.5% CO,



4% O, and N, as balance gas. During the experiments, the temperature was increased in steps
of 50°C from 100°C to 400-600°C. The CO, concentration was continuously registered by an

infrared spectroscopy analyzer of Servomex Model 4900.

2.3 Characterization
UV-Vis DRS measurements were performed on a Varian Cary 5000 spectrophotometer
equipped with a diffuse reflectance attachment, and the spectra were recorded at room

temperature in the wavelength range from 200 to 800 nm.

X-ray powder diffraction (XRD) was carried out using a Philips X'Pert (Cubix-Pro)-advance
diffractometer operating at 45 kV and 40 mA, and coupled to a copper anode X-ray tube (Cu
Ka radiation, A = 1.542 A).

BET surface areas were determined from the nitrogen adsorption-desorption curves by the
conventional multipoint technique with a Micromeritics ASAP 2420. The samples were

pretreated at 400°C for 12 hours at high vacuum.

X-ray absorption fine structure (XAFS) measurements at the Ag K-edge (25.514 keV) were
carried out at the BL22-CLAESS beamline at the ALBA synchrotron (Barcelona, Spain).
Fresh samples were prepared as 5 mm pellets and mounted on the in situ reaction cell.
Initially Ar was flowed through the Ag-ITQ2 and later a mixture of O,/Ar or Hy/Ar was
introduced. Heating process was done with a ramp of 5°C/min. After it, the sample was
cooled down under inert atmosphere before CO oxidation. The reaction was done in a
temperature programmed mode, with two steps at 150°C and 400°C for 30 min. The data
analysis was performed according to standard procedures using Ifeffit software.

3.- RESULTS AND DISCUSSION

Ag-1TQ2 catalysts prepared by different methods and with different pretreatments have been
used to evaluate the nature of the silver species present in the zeolite by the CO oxidation
reaction. The XRD pattern of the support (Figure S3) shows the characteristic peaks of the
ITQ2 zeolite [25]. Same patterns, with minor modifications, are observed after the
incorporation of the silver by the different protocols and no peaks related to silver species

appear, excluding the formation of large silver particles (Figure S3). The materials have a



high BET surface area around 450-500 m?/g with an external surface area of 350-450 m?/g.
The high surface area of the catalysts is due to the layered characteristics of the 1TQ2

delaminated zeolite.

3.1 Pretreatment effect

The influence of the pretreatment applied to the Ag-zeolites on the formation of different
silver species was studied with the samples prepared by wetness impregnation (Agimp/ITQ2)
by their catalytic performance at the CO oxidation reaction. Three different pretreatments
were used: oxidation and sample exposed to light (pretO, jignt), OXidation and sample kept in
darkness (pretO_gark) and reduction and sample exposed to light (pretHy). The catalytic results
are shown in Figure 1 and they are compared with those obtained by the thermal oxidation.
As it can be seen for the samples pretreated with oxygen, depending on the presence of light,
the catalytic behavior of the samples changes, obtaining the worst activity with the sample
kept in darkness. On the other hand, the best activity was obtained with the sample pretreated
with hydrogen or with the sample pretreated with oxygen and exposed to light. This result is
suggesting that even distinct pretreatment conditions were applied, similar silver species are

present in the reduced catalysts and in the oxidized one but exposed to light.

In order to determine the nature of these species, the samples were characterized by UV-Vis
DRS as previous studies have demonstrated the possibility to discriminate different type of
silver species by this technique [27-30]. Intense bands between 220 and 238 nm correspond to
Ag" species, whereas Ag® species are related to the bands around 320 and in the range 400-
600 nm [21, 31-33]. The spectra are shown in Figure 2, observing a pronounced band around
490 nm in the sample pretreated with hydrogen (Agimp-pretHy), denoting the metallic state of
the silver species in this sample. The same material after an oxidative treatment (AQimp-
pretO,) and light exposed also displays a band around 420 and 322 nm confirming the
presence of metallic silver species in this sample. Nevertheless, some Ag"* species can be also
present as it is suggested by the band at 225 nm. Therefore, it can be concluded that cationic
silver species present in the sample prepared by wetness impregnation are reduced to metallic
silver during light exposure. This phenomenon has been previously described and has been
explained by the auto-reduction of silver oxides produced by light [34]. In fact, as it is shown
in Figure 1, if this sample was pretreated under an oxidative atmosphere but kept in darkness,
it does not show significant activity, indicating that the active metallic silver species were not

formed and silver remains as Ag(l).



3.2 Preparation method effect

Another variable that can produce different silver species is the method used to incorporate
silver into the zeolites. Figure 3 shows the results obtained with the Ag-catalysts containing
the same silver content, but prepared by different methods, i.e. incipient wetness
impregnation, ion exchange, and as silver-nanoclusters. The samples used for the comparison
were pretreated with oxygen and exposed to light, as this was the simplest activation
procedure. For a better comparison, the results obtained with the non-catalytic reaction and
with the sample activated with oxygen and kept in darkness are also shown. As it can be seen
the sample prepared with the impregnation method (light exposed) is the most active one,
whilst the samples prepared by ion exchange or with Ag-nanoclusters have lower activity than
the former one but higher than the catalyst pre-treated with oxygen and kept in darkness.
These results show that most of the species present in the samples prepared by ion exchange
or with the silver nanoclusters are different from those formed in the catalysts prepared by
wetness impregnation. In order to identify the silver species, the samples were analyzed by
UV-Vis spectroscopy. The spectra also appear in Figure 2 and mainly bands below 300 nm
are observed in the silver ion-exchanged sample (Agex-pretO,), and in the ITQ2 with the
nanoclusters (Agx-pretO,). These bands have been assigned to silver cationic species [21, 31-
33], nevertheless the presence of some metallic silver in these materials cannot be excluded.
In fact the catalytic results are between those obtained with the samples prepared by wetness
impregnation kept in darkness (cationic silver) and those obtained with the same catalyst
exposed to light (metallic silver). This suggests that a combination of both silver species (Ag®
and Ag") are present in the catalysts prepared by ion exchange and with the supported Ag-
nanoclusters, indicating that cationic silver is more stabilized in these catalysts than in those

prepared by wetness impregnation.

3.3. Evolution of silver species in the Ag-nanoclusters

The presence and evolution of the silver species under different thermal and
oxidative/reduction treatments was studied with the catalysts prepared with silver
nanoclusters supported on ITQ-2 zeolite. Those catalysts were used in successive reactions
with intermediate activations (see Table 1) and the results obtained are shown in Figure 4. As
it is observed, after a first reduction at 150°C, the catalytic activity was similar to that
obtained with the catalyst prepared by wetness impregnation and kept in darkness, where the
silver was present as cationic species. The UV-Vis spectrum of this sample, shown in Figure



2 (Agx pret Hy), present the main bands below to 300 nm, corresponding to cationic silver
species [21, 31-33], confirming the formation of cationic silver nanoclusters and indicating
that metallic silver was not formed after this reductive treatment at 150°C. After that, several
consecutives treatments and reactions made up to 600°C (Table 1) have been done to the same
Ag-nanoclusters supported on the ITQ-2 zeolite. As it can be observed, the activity of this
sample increases while increasing the number of treatments and reactions. This suggests that
partially charged cationic nanoclusters evolves during these thermal treatments to the
formation of metallic nanoparticles as similar results to those obtained with the sample
prepared by wetness impregnation and reduced with H, were obtained. These results also
reflect the stability of Ag® species in nanoclusters against reduction if compared with those
present in the samples prepared by wetness impregnation. The last are immediately reduced to
AgP by the presence of light, leading to a complete oxidation of CO at 400°C (Figure 2),
whilst for a complete reduction of the silver species present in the nanoclusters, this is to
obtain the same catalytic results, many runs at high temperatures with oxidative/reductive

conditions are necessary.

The resolution of UV-Vis spectroscopy was not good enough to analyze these changes as
many undefined bands with much noise were formed. Then the evolution of the Agx
nanoclusters supported on the ITQ2 was followed by XAS spectroscopy to get more insides
from these differences. Figure 5 shows the XANES of the Agx nanoclusters supported on the
ITQ2 at Ag K-edge, fresh and after reaction. The XANES of Ag foil and AgO references, the
initial supported Agx nanocluster (fresh) catalysts as well as the catalyst after being pretreated
under H, and O, atmosphere are shown in Figure S4. Compared to the Ag foil, the fresh
sample shows slightly higher Ag K-edge white line intensity and broadening of the first peak
above the edge, which is in agreement with the reported XANES of Ag nanocluster [6, 35].
The peak around 25.550 keV is absent in the fresh supported Agx nanoclusters, appearing
only under oxidative pre-treatment and after reaction. Several groups have been previously
observed that Au and Ag nanoclusters did not present this type of multiple scattering peaks
like the foil, relating this with their small size [6, 36-38]. Therefore, it represents a fingerprint
for the metal nanoclusters. In the compounds containing cationic silver, such as Ag,S or Ag-
thiol, the Ag K-edge XANES spectra show obvious shifts in the positions and intensities of
the white line and other peaks above the edge in comparison to Ag foil [35]. For Ag atoms
forming covalent bond with S the white line systematically shifts to lower energies. No

energy edge shift was observed between the fresh sample and the sample after pretreatment



under H, atmosphere, indicating no alteration in the cluster structure and keeping the partially
charge oxidation state. However, the sample after pretreatment under O, atmosphere show a
shift to higher energy and a decrease in the intensity of the white line, which could be related
to the removal of the thiolate ligands and to an increase of the metallic oxidation state portion
inside the cluster. The stability of the cluster and changes in oxidation state of the supported
Ag nanoclusters, after CO oxidation reaction at different temperatures, can be observed in
Figure 5. The sample pre-treated under H, shows a spectrum slightly shifted to higher energy
together with more defined features around 25550 eV, more similar to Ag foil. It could be
related to the removal of thiolate ligands during the reaction, increasing the metallic oxidation

state of the cluster.

Therefore, the preliminary XANES analysis confirms the previous hypothesis and they are in
agreement with the previous DRS studies. As it can be observed in Figure 5 the fresh sample
evolves towards the formation of metallic silver during the CO oxidation reaction mainly if
the sample has been activated at high temperatures. This can explain the increase of the
activity observed in the successive cycles, obtaining after the third run the same results than
those obtained with the catalyst prepared by wetness impregnation and reduced in hydrogen,

were mainly metallic silver is formed.

CONCLUSIONS

The results obtained show that the three preparation methods used for the incorporation of
silver to the zeolite and the different pretreatments of the samples lead to different silver
species configuration on the surface of the ITQ2. These species can be identified with the CO
oxidation reaction as they have different catalytic behavior. The active phases for the CO
oxidation are the metallic silver sites, whilst cationic silver is not active in this reaction.
Metallic silver is formed on the samples prepared by wetness impregnation due to the silver
auto-reduction by light whilst cationic silver is formed on the samples prepared by ion
exchange and in the silver nanoclusters. The partially charged silver species formed on this
sample are very stable as high temperatures and presence of hydrogen are required for the
formation of metallic silver, this is to be active for the CO oxidation reaction. Therefore, it
can be concluded that the CO oxidation reaction can be used as a tool to disclose different

silver species in the supported Ag catalysts.
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CAPTION TO FIGURES

Figure 1. Influence of the catalyst pre-treatment in the CO oxidation reaction (Ag-1TQ2

catalyst prepared by wetness impregnation). (™) non catalyzed reaction; (®) O, pre-treatment

and darkness; (®) O, pre-treatment and light exposed; (®) H, pre-treatment.

Figure 2. UV-Vis DRS spectra of the Ag-1TQ2 samples prepared by different methods (ex:
silver ion exchanged; imp: silver wetness impregnation; x: silver nanoclusters) and with

different pretreatments (reduction: pretH,; oxidation: pretO,).

Figure 3. Influence of the method used for the catalyst silver addition (samples pretreated
with oxygen). (™) non catalyzed reaction; (®) wetness impregnation and darkness; (@)
wetness impregnation and light exposed; (€) ion exchanged light exposed; (7') silver

nanoclusters, light exposed.

Figure 4. Activity of the silver nanoclusters supported on the ITQ-2 in successive reactions.
(™) non catalyzed reaction, (®) run 1, (') run 2, (@) run 3, (@) run 4, (®) wetness

impregnation with H, pre-treatment.

Figure 5. Ag K-edge XANES spectra of references and of Ag nanoclusters supported on
ITQ2 fresh and after CO oxidation reaction till 400°C, with different pretreatments.
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The purity of the synthesized Ag.s(SPhMes)1sPPhy cluster solution was confirmed by UV-Vis
(Figure S1-left) [1]. The absorption spectra of Ag nanoclusters exhibit characteristic features
caused by electronic transitions between different molecular orbitals, being directly related to
the cluster structure. In this way the characteristic band at 490 nm is observed together with a
wide band with a maximum at ca. 700 nm. Figure S1 also shows the FTIR spectra that
confirms the bonding between Ag and S by the absence of the S-H stretching vibration,
expected around 2525 cm™, whereas the characteristic C-H, C-S and aromatic stretching
bands of the thiolated ligand were indeed observed. In addition, the spectrum shows an

unexpected strong band at 1000-1200 cm™.
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Fig S1. UV-Vis spectra of Ag,s nanoclusters in solution after synthesis (left); UV-Vis DRS
spectra of Agy, ITQ2 and Ag,/ITQ2 samples (middle); ATR-IR spectra of Agzs nanoclusters in
solution and upported, Agy/ITQ2 (right)
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Fig S2. TEM image of Agx nanoclusters supported on ITQ2 zeolite.

The TEM image of the supported Agy nanoclusters on the zeolite is displayed in Figure S2.
Due to the small particle size, it is difficult to analyze the supported nanoclusters by this

technique but the small dark dots observed can be related to Agy nanoclusters.
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Fig S3. ITQ2-zeolite and Ag,/ITQ XRD patterns
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Fig S4. Ag K-edge XANES spectra of Ag,/ITQ2 (fresh), after pretreatments under different
atmospheres and after CO oxidation reaction. References of Ag in metallic and oxidation
state are also included for comparison.

[1] C.P. Joshi, M.S. Bootharaju, M.J. Alhilaly, O.M. Bakr, [Ag25(SR)18]—: The “Golden” Silver
Nanoparticle, Journal of the American Chemical Society, 137 (2015) 11578-11581.



Table 1

Table 1. Successive reactions made with the ITQ2 zeolite containing Ag-nanoclusters

run

Treatment/Reaction

Activation with H»-150°C and reaction (CO+ O, up to 650°C)

Same catalyst used in run 1 and reaction (CO+ O, up to 600°C)

Same catalyst used in run 2, re activated with H, -150°C and reaction (CO+ O, up
to 400°C)

Same catalyst used in run 3, re activated with H, -400°C and reaction (CO+ O, up
to 400°C)
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