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species during redox treatments
and catalytic implications for SCO of NH3†

Christian W. Lopes, ‡a Joaquin Martinez-Ortigosa, a Kinga Góra-Marek, b

Karolina Tarach, b José A. Vidal-Moya, a Antonio E. Palomares, a

Giovanni Agostini, c Teresa Blasco *a and Fernando Rey a

Supported silver species are among the most promising catalysts for the depletion of ammonia emission by

selective catalytic oxidation (NH3-SCO). Here, an investigation on the influence of small pore CHA and RHO

zeolite structures on the silver species formed and their catalytic activity for the NH3-SCO reaction has been

conducted. To this end, AgRHO(4) and AgCHA(4) zeolites with similar Si/Al molar ratios (z 4) and silver

content (�15 wt%, Ag/Al z 0.6), and AgCHA(2) with Si/Al z 2 and higher silver loading, while

maintaining the Ag/Al ratio (�26 wt%, Ag/Al z 0.6), have been submitted to different treatments and

characterized by using a large variety of techniques (XRD, UV-Vis, 109Ag NMR, in situ XAS and operando

FT-IR). The reduction of the AgCHA and AgRHO zeolites at low temperature (100–200 �C) produces
silver clusters, which remain in the AgRHO zeolite when the temperature is increased to 400 �C.
However, the silver species in the AgCHA zeolites evolve to nanoparticles (NPs) at 400 �C under H2. The

catalytic tests show that metal particles are the active sites while silver clusters are inactive for the NH3-

SCO reaction. Also, there are important differences in the stability of the reduced Ag species under

oxidizing or under reaction conditions at 400 �C. Metal NPs are partially redispersed and oxidized to

(Ag)n
+, while silver clusters are completely oxidized to Ag+. Our results indicate that silver clusters are

stabilized in the RHO-type and not in the CHA-type zeolite, and thus they display very different catalytic

activities for the NH3-SCO reaction.
1. Introduction

The development of supported sub-nanometric metal moieties,
mainly clusters of few atoms and isolated atomic species, has
been the focus of many studies as they can be advantageous
from different points of view.1 In catalysis, the metal dispersion
usually increases the activity which, therefore, is expected to
improve on small clusters, even if the electronic properties may
vary from conventional particles and cause changes in the
catalytic behavior. However, the stabilization of metal atoms or
clusters may be difficult because of the strong tendency to form
large particles (d > 10 nm).2 An approach to prevent the aggre-
gation of sub-nanometer metal species is their encapsulation
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501-970, Brazil.

7448–27458
within the pores and cavities of microporous materials, as
demonstrated for Pt, Pd, Au, Ag, and metal alloys.3–10 The
stabilization of metal clusters in zeolite hosts has been used to
exploit their unusual structural, physical, electronic, magnetic,
optical and biocidal properties, motivating several studies on
their growth and stability under different conditions.11–14 The
diffusion and coalescence of metal moieties depend on the
heating temperature and the gases present, and may occur
under reaction conditions provoking catalyst deactivation. The
inverse path, i.e., the re-dispersion of large metal particles even
to isolated atoms by heating under an oxidizing atmosphere,
has also been investigated to regenerate deactivated
catalysts.15–17

Among supported metals, silver is of particular interest
because its semi-noble nature facilitates the reduction of the
cation to form sub-nanometer metal entities, including stabi-
lized positively charged species and metal nanoparticles (NPs).
The ability of silver to modify its aggregation and oxidation
states creates incertitude about the chemical species present
during any practical application.14,18–21 For this reason, it is very
important to identify the species present in supported silver
catalysts submitted to different reduction/oxidation treatments
during catalyst optimization for specic processes. Besides this,
the framework topology can also control the nature of the silver
This journal is © The Royal Society of Chemistry 2021

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta09625g&domain=pdf&date_stamp=2021-12-11
http://orcid.org/0000-0001-8420-1958
http://orcid.org/0000-0003-0468-676X
http://orcid.org/0000-0002-1296-9244
http://orcid.org/0000-0003-0133-4363
http://orcid.org/0000-0002-8381-2383
http://orcid.org/0000-0002-6480-6607
http://orcid.org/0000-0003-1508-3809
http://orcid.org/0000-0002-8115-4241
http://orcid.org/0000-0003-3227-5669
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta09625g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009048


Table 1 Chemical composition of Ag-loaded zeolites

Sample Si/AlEDX Si/AlNMR Ag/AlEDX (Ag+ + M+)/AlEDX Ag wt%

AgCHA(2) 2.2 2.2 0.7 1.0 (K+)aa 26
AgCHA(4) 4.2 4.1 0.5 0.9 (K+)aa 14
AgRHO(4) 4.4 4.5 0.7 1.1 (Cs+)aa 16
AgNaRHO(4) 4.3 — 0.6 0.9 (Na+)aa 16

a Co-cation (M+ ¼ Cs+, K+, Na+) present aer the silver ion-exchange
procedure. Similar Si/Al ratios were obtained by EDX and 29Si NMR,
excluding extra framework Al, as conrmed by 27Al NMR spectroscopy.
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species formed in Ag-zeolite stabilizing clusters and atomically
dispersed sites, affecting the catalytic performance. However,
the inuence of the zeolite structure on the state of silver and
the catalytic properties has been scarcely investigated.

The selective catalytic oxidation of ammonia (NH3-SCO) to
N2 and H2O is one of the numerous reactions catalyzed by
supported noble metals, with Ag-based catalysts, especially Ag/
Al2O3, being among the most effective catalysts for said reac-
tion.22–24 The NH3-SCO is the most promising method for the
depletion of ammonia that is recognized as one of the main
emerging atmospheric contaminants with detrimental effects
on the environment and human health.25,26 Interest in this
process has been increasing in recent years, motivated by the
ammonia slip to the atmosphere from the selective catalytic
reduction of NOx (NH3-SCR-NOx) and by the more restricting
regulations in gas emissions. The SCR units, tted in heavy-duty
diesel vehicles and power plants for the removal of NOx, use as
reducing agent an excess of ammonia, which is generated on-
board by urea decomposition.25,27–29 During this process, NH3

can be over-oxidized to give other contaminants such as N2O
and NO. Thus, the catalysts must be optimized to enhance N2

selectivity. In this context, determining the silver species can
shed light on the active and selective sites and the reaction
pathway, which is assumed to follow the internal SCR (i-SCR)
mechanism.19,29,30 In general, the activity of Ag-supported cata-
lysts increases with the metal dispersion, while the selectivity to
N2 is higher on larger silver particles.31,32 A previous study of our
group indicates that Ag+ sites in Ag-zeolites are practically
inactive for the NH3-SCO reaction.33 However, there are still
controversies about the role played by charged (Agm

d+) and
neutral (Agn

0) silver clusters, which are usually also present in
supported Ag catalysts.

This work focuses on the characterization of the silver
species formed in small-pore Ag-zeolites with the CHA and RHO
topologies under different reduction/oxidation conditions to
determine the inuence of the framework structure and with
less detail, of the aluminum content of the zeolite host. The
effect of thermal treatments on the silver clustering/aggregation
is followed by a suite of in situ and ex situ physicochemical
characterization techniques. The results reported here prove
that besides the activation treatment and the catalysts' chemical
composition, the framework topology plays a key role in the
formation of silver species and thus in determining their redox
properties and catalytic performance in the NH3-SCO reaction.

2. Materials and methods
2.1 Preparation of Ag-zeolites

AgCHA(2), AgCHA(4) and AgRHO(4) zeolites were obtained by
silver exchange of KCHA(2.2), KCHA(4.2) and NaCsRHO(4.4),
respectively, where the values in parentheses indicate the Si/Al
molar ratio. The parent zeolites were synthesized following
the procedure described in the ESI† (zeolite synthesis and
preliminary characterization; for XRD and FESEM images, see
Fig. S1 and S2†). The Ag+ exchange was carried out using an
aqueous solution of AgNO3 (ACS reagent 99.9%) in the appro-
priate concentration in order to obtain Ag/Al ¼ 1 using a solid/
This journal is © The Royal Society of Chemistry 2021
liquid ratio of 1/100 at 25 �C for 16 h, under mechanical stirring
and in darkness to avoid reduction of Ag+ to Ag0. Then, the
solids were ltered in darkness, washed with distilled water to
remove excess silver, dried at 100 �C for 24 h and stored in
darkness. The chemical composition of the Ag-zeolites is shown
in Table 1. The Na+ ions present in the parent NaCsRHO(4)
zeolite are selectively replaced by silver, most likely due to its
smaller ionic diameter, while Cs+ remains in AgRHO(4). The
XRD patterns of the AgCHA(2), AgCHA(4) and AgRHO(4)
samples are similar to those of the as-synthesized silver-free
zeolites (see Fig. S3†). A AgNaRHO(4) zeolite with a chemical
composition similar to that of AgRHO(4) (see Table 1) was
prepared by subsequent Na+ exchange until Cs+ was fully
replaced. Then, Ag+ exchange was performed as previously
described.

Ag-zeolite samples were thermally reduced under a diluted
H2 ow (100 mL min�1, 10% H2/He) at 400 �C for 40 min at
a heating rate of 10 �C min�1 and labeled as AgCHA(2)-R,
AgCHA(4)-R and AgRHO(4)-R. Then, the reduced zeolites were
treated in a diluted O2 ow (100 mL min�1, 10% O2/He) at
400 �C for 40 min at a heating rate of 10 �C min�1 and named
AgCHA(2)-R-Ox, AgCHA(4)-R-Ox and AgRHO(4)-R-Ox.

2.2 Characterization techniques

X-ray diffraction (XRD) patterns were recorded using a Pan-
alytical CubiX3 diffractometer operating at 45 kV and 40 mA
and using Cu Ka radiation. The experimental XRD patterns of
the Ag-zeolites were compared to those of Ag0 (00-004-0783) and
Ag2O (00-012-0793) JCPDS crystallographic les.

FESEM images were taken using a ZEISS Ultra-55 micro-
scope. The sample powder was deposited using double-carbon-
sided tape and analyzed without metal covering.

109Ag solid-state NMR spectra were recorded at room
temperature with a Bruker AV III HD 400 spectrometer at 18.60
MHz using a 7 mm probe spinning the samples at 5 kHz, 14 ms
as a 90� pulse and 3 s as a recycle delay. Ag3PO4 was used as
a secondary reference (d 109Ag ¼ 342.5 ppm).34

A UV-Vis Cary 5000 spectrometer equipped with a diffuse
reectance accessory (Praying Mantis Harrick) was used for
recording UV-Vis spectra and BaSO4 was used as a standard for
background measurement. The spectra of Ag-zeolites aer
reduction were immediately measured aer H2 treatment to
avoid silver oxidation.

FT-IR experiments were performed using a Vertex 70 spec-
trometer (Bruker). Before FT-IR studies, the zeolite samples
J. Mater. Chem. A, 2021, 9, 27448–27458 | 27449
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were pressed into self-supporting wafers (ca. 5 mg cm�2) and
thermally treated in an in situ IR cell at 400 �C at a heating rate
of 10 �C min�1 under vacuum for 30 min. Then, the samples
were cooled down to 200 �C, and reduced with deuterium (106
mbar, MATHESON) at this temperature up to 300 s. Subse-
quently, the samples were evacuated at 200 �C for 20 min and
oxidized with O2 (106 mbar, MESSER, 5.0) at the same
temperature up to 300 s. Rapid scan FT-IR spectra were recor-
ded every 0.6 s under operando conditions during the reduction
and subsequent oxidation at 200 �C. This temperature was
chosen as most suitable for following the reversibility of the
reduction–oxidation process to ensure the removal of formed
water. Aerward, the samples were heated up to 400 �C at
10 �C min�1 and kept for 20 min in contact with O2. Aer the
oxidation process, the samples were cooled down to room
temperature and in situ CO sorption (PRAXAIR, 4.8) was per-
formed. Based on earlier studies,19,35 quantitative analysis of the
Ag species present in the samples was carried out.

X-ray absorption experiments at the Ag K-edge (25 514 eV) were
performed at the BL22 (CLÆSS) beamline of the ALBA synchro-
tron (Cerdanyola del Vall̀es, Spain).36 The white beam was mon-
ochromatized using a Si (311) double crystal cooled by liquid
nitrogen; harmonic rejection has been performed using Rh-
coated silicon mirrors. The spectra were collected in trans-
mission mode by means of ionization chambers lled with
appropriate gases (88% N2 + 12% Kr for I0 and 100% Kr for I1).
Samples in the form of self-supported pellets of optimized
thickness have been located inside an in situ cell described by
Guilera el al.37 XAS spectra of the samples were collected upon
reduction at 100 �C, 200 �C and 400 �C following the temperature
proles shown in Fig. S4.† All the samples were subsequently
oxidized at 400 �C following the prole shown in Fig. S4a.† Several
scans were acquired at each measurement step (allowing 20 min
for temperature stabilization in each step) to ensure spectral
reproducibility and a good signal-to-noise ratio. The data reduc-
tion and extraction of the c(k) function have been performed
using the Athena code.38 EXAFS data analysis has been performed
using Artemis soware.38 Themethodology of data tting consists
of a co-renement approach in which determined parameters are
constrained to decrease correlation problems usually found in
XAS data analysis. As a common strategy, DE0 is allowed to vary
but is xed (and equal) for spectra with atoms in the same local
environment and the Debye–Waller factor (DWF) can be con-
strained considering similar disorder within the absorber atoms.
This strategy was adopted due to the reliability of the ts in terms
of small errors. Additional information will be displayed as a note
below the table of EXAFS results. Phases and amplitudes have
been calculated with the FEFF6 code using crystallographic les
for well-known Ag-based standards as input. In the case of the as-
obtained AgCHA(2) and AgRHO(4) spectra, crystallographic data
of similar materials were used, which were modied to obtain
experimentally reasonable results.
2.3 NH3-SCO catalytic experiments

NH3-SCO-activity measurements over the Ag-zeolite catalysts
were carried out in a xed-bed quartz tubular reactor of 1.2 cm
27450 | J. Mater. Chem. A, 2021, 9, 27448–27458
diameter and 20 cm length, using a gas mixture of 500 ppm
NH3, 7 vol% O2 and N2 as a balance. The total ow rate and
amount of catalyst were 0.8 L min�1 and 0.25 g, respectively,
resulting in a 192 L h�1 g�1 WHSV for the catalytic experiments.
Three online detectors were used to analyze the outlet gases:
a UV-based detector for monitoring NH3 (Tethys Instruments
EMX400), an infrared analyzer for N2O analysis (Servomex 4900)
and a chemiluminescence analyzer which allows the quanti-
cation of NOx concentration (Thermo 42C).
3. Results and discussion

The silver-exchanged zeolites with the chemical compositions
summarized in Table 1 were characterized by the combination
of several spectroscopic techniques. All samples have similar
Ag/Al molar ratios z 1, suggesting that all Ag-zeolites under-
went nearly full Ag+ exchange. Thus, AgCHA(2) with a lower Si/Al
ratio (Si/Al z 2) has higher silver content (�26 wt%) than the
two other AgCHA(4) and AgRHO(4) zeolites (Si/Alz 4; �15 wt%
Ag). The presence of compensating Ag+ cations was conrmed
by EXAFS data (Fig. S5, S6 and Table S1†), which show that Ag+

is coordinated to two O atoms at Ag–O distances of 2.26 Å and
2.43 Å, respectively, with an average coordination number close
to three, in good agreement with previous results reported for
the AgLTA zeolite.39 The presence of silver as Ag+ in the Ag-
zeolites is further supported by a signal at d 109Ag around
40 ppm in the solid-state NMR spectra and a band at 220 nm in
the UV-Vis spectra (see Fig. S7†).
3.1 The state of silver in Ag-zeolites upon reduction under
hydrogen

The reduction of Ag+ was studied by treating the Ag-exchanged
zeolites under hydrogen at 400 �C. The X-ray diffractograms,
displayed in Fig. 1, show the characteristic patterns of the CHA-
(Fig. 1a) or RHO- (Fig. 1b) type zeolite accompanied by the
characteristic diffraction lines of silver metal, with a relative
intensity that depends on the sample. So, the diffraction peaks
of the Ag0 metal are considerably less intense for the AgRHO(4)-
R when compared with the AgCHA(4)-R with similar silver
loading, indicating that at least in sample AgRHO(4)-R, there
must be smaller NPs or other species such as metal clusters, not
observable by XRD. To gain additional information on the
species formed, the reduced Ag-zeolite samples were charac-
terized by XAS and UV-Vis spectroscopies.

Fig. 2 shows the jFTj spectra of the AgCHA(2)-R, AgCHA(4)-R
and AgRHO(4)-R zeolites and of silver foil used as a reference,
all of them containing only a peak centered at about 2.6 Å due to
the Ag–Ag bond. The intensity of the Ag–Ag peak for the two
AgCHA zeolites is similar to that of metal foil, while that of
AgRHO(4)-R is considerably weaker. Indeed, the analysis of the
EXAFS oscillations (curve-ttings shown in Fig. S8†) leads to the
structural data summarized in Table 2. The Ag–Ag coordination
number is similar to that of the metal foil (CNAg–Agz 12) for the
two chabazite samples (AgCHA(2)-R and AgCHA(4)-R) and
signicantly smaller (CNAg–Agz 8.6) for the AgRHO(4)-R zeolite.
Therefore, besides silver NPs, the AgRHO(4)-R zeolite must
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 X-ray diffractograms of AgCHA (a) and AgRHO (b) zeolites in their as-obtained and reduced states.

Fig. 2 jFTj of the k3-weighted EXAFS spectra of the AgCHA(2),
AgCHA(4) and AgRHO(4) zeolites treated under hydrogen at 400 �C.
The reduced samples were cooled down to RT under a H2 atmosphere
before data collection to minimize the DWF and allow direct
comparison.
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contain small aggregates of silver atoms, thus decreasing the
average Ag–Ag coordination number.

The complete reduction of isolated Ag+ cations is supported
by the absence of any signal in the high eld spectral region of
the 109Ag NMR (d 109Ag z 40 ppm) representative of Ag+

(Fig. S9†). Indeed, the spectra of the reduced Ag-zeolites consist
of a unique resonance at d 109Agz 5270 ppm assigned to Ag0 as
illustrated in Fig. 3 for the AgCHA(2)-R and AgRHO(4)-R
Table 2 Summary of the EXAFS fit of the reduced Ag-loaded zeolitesa

Sample CN R (Å) s2 (Å2) DE0 (eV) r-factor

AgCHA(2)-R 11.1(8) 2.852(12) 0.0093(6) 2.0(5) 0.0045
AgCHA(4)-R 11.3(6) 2.857(2) 0.0102(5) 0.0029
AgRHO(4)-R 8.6(7) 2.850(14) 0.0114(9) 0.0085
AgNaRHO-R 9.3(5) 2.845(3) 0.0124(6) 0.0032

a The ts were performed on the rst coordination shell (DR ¼ 2.0–3.0
Å) over FT of the k1k2k3-weighted c(k) functions performed in the Dk
¼ 2.3–11.8 Å�1 interval. S0

2 ¼ 0.80.

This journal is © The Royal Society of Chemistry 2021
zeolites. The shape of the peak of AgCHA(2)-R is quite similar
to that of silver metal used as a reference, while that of
AgRHO(4)-R is signicantly narrower in agreement with the
lower aggregation of silver in this sample.

The differences in the aggregation state of silver in the
AgCHA and AgRHO samples are evidenced by the UV-Vis spectra
shown in Fig. 4. The two AgCHA zeolites yield similar spectra
displaying two broad bands with one maximum at 375–400 nm
assigned to silver NPs and another one at �275 nm that may
contain signals from Agm

d+ and/or Agn
0 clusters.40 Meanwhile,

the spectrum of the AgRHO(4)-R zeolite (see Fig. 4) is quite
different, presenting distinct absorption bands in the region
between 250 nm and 400 nm. Although the interpretation of the
UV-Vis spectra and the assignment of the UV-Vis bands to
specic silver species are uncertain, according to literature data,
the bands at 310 nm and 325 nm can be tentatively assigned to
Ag8 and the band atz360 nm to larger Agn

0 clusters. It must be
noted that the spectrum of the AgRHO(4)-R zeolite also shows
a weak component at 400–450 nm indicating the presence of
some metal NPs.40 Fig. S10† shows the TEM images of the
AgCHA(2)-R and AgRHO(4)-R zeolites (reduced under H2 at 400
�C). In this gure, it is evident that AgRHO(4)-R zeolite has
Fig. 3 109Ag MAS NMR spectra of Ag metal and AgCHA(2) and
AgRHO(4) zeolites treated under hydrogen at 400 �C.

J. Mater. Chem. A, 2021, 9, 27448–27458 | 27451
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Fig. 4 UV-Vis spectra of AgCHA(2), AgCHA(4) and AgRHO(4) treated
under H2 at 400 �C.
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a much lower concentration of metal nanoparticles at its
external surface. This indirectly indicates that most of the Ag
remains inside the zeolite cavities as clusters.

Therefore, the results reported here indicate that although
some metal NPs must be present, silver clusters are dominant
in the AgRHO(4)-R zeolite, while most silver atoms are involved
in metal NPs in the two Ag-chabazites. Besides the zeolite
topology, the main difference between the two types of material
is the alkaline co-cation compensating for the framework
charge, K+ for the two AgCHA zeolites and Cs+ for the AgRHO
zeolite. The Cs+ acting as a compensating co-cation in the
AgRHO(4) zeolite is bulkier than the K+ and might hinder the
diffusion of silver atoms within the zeolite, inhibiting the
formation of metal NPs at relatively high temperatures. To
check this hypothesis, the AgNaRHO zeolite with a chemical
composition similar to AgRHO(4) but containing Na+ instead of
Cs+ (see Table 1) was prepared and the corresponding reduced
sample (at 400 �C) was analyzed by XAS and UV-Vis
Fig. 5 (a) Time-resolved rapid scan FT-IR spectra in the region of O–D st
(b) Normalized trace of the absorbance change of high- and low-frequen
the grey circle represents the starting point (in time) of all normalized ba

27452 | J. Mater. Chem. A, 2021, 9, 27448–27458
spectroscopies (Fig. S11 and S12).† The curve-tting of the
EXAFS oscillations of the AgNaRHO zeolite (Fig. S11†) gives
a Ag–Ag coordination number of�9.3 and RAg–Agz 2.84 Å, close
to those obtained for AgRHO(4)-R (see Table 2), indicating that
the average Ag–Ag coordination is similar for the two AgRHO
zeolites containing Cs+ or Na+ as a co-cation. Also, the UV-Vis
spectra of AgNaRHO(4)-R and AgRHO(4)-R (see Fig. S12†) are
consistent with the predominance of silver clusters in the two
samples. These results conrm that the preferred formation of
small aggregates of few silver atoms in the AgRHO zeolite and of
Ag0 NPs in the AgCHA zeolites is determined by the framework
topology and not by the alkaline co-cation.

Since Ag NPs are the predominant Ag species in AgCHA
zeolites upon reduction at 400 �C, the study of Ag aggregation
under reduction conditions was performed at lower tempera-
tures. The analysis of the EXAFS data and the UV-Vis spectra of
the AgCHA(2) reduced at 100 �C and 200 �C are provided in the
ESI (Fig. S13–S15†). The jFTj of the EXAFS data shows the
growth of the Ag–Ag peak as the temperature rises from 100 �C
to 200 �C, but with the intensity lower than that of the silver foil.
Indeed the Ag–Ag coordination number of AgCHA(2) is around
NAg–Agz 7 at 200 �C (Table S2†). Accordingly, the UV-Vis spectra
(Fig. S15†) show discrete absorption bands between 250 nm and
400 nm, indicating that silver clusters are the main species in
the AgCHA(2) zeolite reduced at 100–200 �C. Therefore, it is
possible to stabilize silver clusters of few atoms in the AgCHA
zeolite by decreasing the reduction temperature. Comparing
this behavior to that observed for the AgRHO(4) zeolite, it can be
concluded that similar Ag species are formed in both materials
but at different temperatures, suggesting that the reducibility of
Ag species differs depending on the zeolite structure.

Thus, the inuence of the framework topology on the
reducibility of atomic Ag+ at 200 �C to form silver clusters was
investigated by means of rapid scan FT-IR spectroscopy (one
spectrum taken every 0.6 s) under operando conditions using D2.
To keep the charge neutrality of the Ag-zeolites, the reduction of
Ag+ to Ag0 is accompanied by the formation of Si(OD)Al groups,
which gives high frequency (HF) Si(OD)AlHF and low frequency
retching vibrations of AgRHO(4) in contact with D2 at 200 �C for 5 min.
cy OD group bands during reduction with D2 at 200 �C for 5 min. Note:
nds.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 jFTj of the k3-weighted EXAFS spectra of the AgCHA(2),
AgCHA(4) and AgRHO(4) samples reduced at 400 �C and subsequently
treated under O2 at 400 �C.

Fig. 7 109Ag MAS NMR spectra in the regions of Ag0 (a) and Ag+ (b) of
the AgCHA(2)-R-Ox (blue) and AgRHO(4)-R-Ox (red) zeolites. Ag
metal (black) and AgCHA(2) (green) are the references for Ag0 and Ag+,
respectively.
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(LF) Si(OD)AlLF bands in the 2800–2450 cm�1 region associated
with different oxygen sites of the zeolite framework. The
development of OD bands as a function of the heating time is
illustrated in Fig. 5a for zeolite AgRHO(4) (Fig. S16† for zeolites
AgCHA(2) and AgCHA(4)) while Fig. 5b compares the evolution
of the normalized intensity of the HF and LF bands for the three
Ag-zeolites. For the CHA type structure, the HF band is associ-
ated with –OD groups exposed to the barrel-shaped cages (rth
cavity), which are interconnected by eight-membered ring
windows.41 The data plotted in Fig. 5b indicate that the HF band
appears immediately aer adding D2 for the AgCHA(2) sample
and reaches the maximum intensity aer heating for 50 s,
whereas it requires at least 150 s for AgCHA(4), indicating that
the aggregation of Agn

0 in the CHA cavities is favoured at higher
silver loading. Regarding the kinetics of Ag reduction, the
intensity of the Si(OD)Al bands increases more rapidly for the
AgRHO(4) than for the AgCHA(4) zeolite. Thus, when the
two zeolite types having similar Si/Al molar ratio are considered,
the reduction is more favorable for AgRHO than for AgCHA
zeolites.
3.2 The state of silver aer oxidation of reduced Ag-zeolites

As mentioned in the introduction, heating under an oxidizing
atmosphere increases the dispersion of noble metal particles
and may be a potential alternative for obtaining silver clusters
or even atomically dispersed species in small pore zeolites. For
this purpose, the AgCHA and AgRHO zeolites reduced at 400 �C,
containing mainly NPs and clusters, respectively, were treated
under oxygen at 400 �C and fully characterized to identify the
formed silver species.

The XRD patterns of the Ag-zeolites show that oxidation of
the reduced zeolites provokes a sharp decrease in the intensity
of the peaks of metallic Ag in the AgCHA zeolites and their
disappearance in the AgRHO (see Fig. S17†). These changes
indicate that, effectively, the oxidation treatment provokes the
This journal is © The Royal Society of Chemistry 2021
dispersion of the silver NPs in the two zeolites. More informa-
tion is gained by the study of the oxidation process by means of
XAS and UV-Vis spectroscopies.

Fig. 6 shows the jFTj of the k3-weighted EXAFS spectra of the
Ag-zeolites reduced and oxidized at 400 �C (AgCHA(2)-R-Ox,
AgCHA(4)-R-Ox, and AgRHO(2)-R-Ox). Comparison of the
spectra of the reduced samples (see Fig. 2) with those of the
oxidized materials (Fig. 6) shows a sharp decrease of the Ag–Ag
contribution indicating the dispersion of the metal NPs.
Moreover, the spectra show a peak of Ag–O similar to that
observed in the as-prepared samples suggesting that some silver
is oxidized to Ag+, besides the metal dispersion. The shapes of
the FT spectra of the two AgCHA samples are similar, while that
of the AgRHO(2)-R-Ox zeolite is slightly different, with a smaller
Ag–Ag contribution and larger Ag–O signal than those observed
in CHA zeolites. Quantitative estimation of the Ag–Ag coordi-
nation number and interatomic distances is challenging due to
overlapping between the contributions from the scattering of
silver nanoparticles and the higher shells of cationic silver.
Nevertheless, the main features of the FT spectra of the oxidized
Ag-zeolites indicate that Ag0 NPs are dispersed and oxidized to
Ag+ upon treatment under O2 to a higher extent for the AgRHO
zeolite.

Further information on the oxidation state of the dispersed
species on the oxidized samples was obtained by solid-state
NMR and UV-Vis spectroscopies. The 109Ag NMR spectra of
the AgCHA(2)-R-Ox and AgRHO(4)-R-Ox zeolites, shown in
Fig. 7, contain two peaks at d 109Ag z 5270 ppm (Fig. 7a) and
d 109Ag z 40–50 ppm (Fig. 7b) assigned to Ag0 and Ag+,
respectively. The relative intensity of the peak of Ag+ and the
extent of silver oxidation is greater for the AgRHO(4) than for
the AgCHA(2). It is interesting to note that the peak of Ag0 of the
AgCHA(2)-R-Ox sample becomes narrower than that of the
reduced sample, suggesting smaller NPs.
J. Mater. Chem. A, 2021, 9, 27448–27458 | 27453
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Fig. 8 UV-Vis spectra of AgCHA(2) and AgRHO(4) zeolites treated
under hydrogen at 400 �C and then under O2 at 400 �C.

Table 3 The concentration of Ag+ and Ag0 species in Ag-loaded
zeolites determined from FT-IR quantitative experiments of CO
sorption at RT and the total concentration of Ag derived from chemical
analysis

Sample
Ag/u.c.
EDX

Ag+

(FT-IR)
Ag0

(FT-IR)
Ag+ + Ag0

(FT-IR)

AgCHA(2)R2O
a 7.4 3.9 0.2 4.1

AgCHA(4)R2O
a 3.7 3.6 0.1 3.7

AgRHO(4)R2O
a 6.0 5.9 0.0 5.9

a The nomenclature R2O aer the Ag-zeolite name stands for reduced at
200 �C and subsequently oxidized under O2.
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Fig. 8 compares the UV-Vis spectra of the AgCHA(2) and
AgRHO(4) zeolites reduced and oxidized at 400 �C. The spec-
trum of the AgCHA(2)-R sample aer oxidation shows an
intensity decrease in the region around 275 nm, which suggest
that silver clusters are oxidized to Ag+, being supported by the
appareance of a new band at 220 nm.40 Meanwhile, the UV-Vis
spectrum of the AgRHO(4)-R zeolite suffers important changes
aer oxidation. The disappareance of the bands at 300 and 325
nm indicates that Ag clusters evolve mostly to Ag+, as suggested
by the evolution of the band at 220 nm. Meanwhile, the weak
signal at 360 nm, attributed to Agn

0 clusters or small NPs,40

remains. Therefore, the whole set of physicochemical charac-
terization spectroscopies clearly indicates that the oxidation of
the reduced Ag-zeolites causes the dispersion of silver NPs and
the formation of cationic Ag+, to a higher extent on the AgRHO
zeolite because it contains silver clusters. This is further sup-
ported by studying AgCHA samples pre-reduced at 100 �C and
200 �C that contain mostly silver clusters. These samples upon
oxidation yield mostly cationic Ag+ (see Fig. S18–S19†).
Fig. 9 (a) Time-resolved rapid scan FT-IR spectra in the region of O–D s
during heating up to 400 �C. (b) Normalized trace of the absorbance chan
O2 at 200 �C.

27454 | J. Mater. Chem. A, 2021, 9, 27448–27458
The whole evolution of Ag+ has been completed by studying
the oxidation at 200 �C of the Ag-zeolites pre-reduced at this
same temperature according to the experiment depicted in
Fig. 5 for the AgRHO(2) zeolite (Fig. S16† for the AgCHA
samples). The FT-IR spectra recorded under operando condi-
tions during oxidation are presented in Fig. 9a for the AgRHO(4)
zeolite (and in Fig. S20† for the AgCHA samples). The Ag+

formed upon oxidation compensates for the negative frame-
work charges, thus decreasing the number of Si(OD)Al groups,
which can be monitored by the intensity decrease of the cor-
responding FT-IR bands. The results, plotted in Fig. 9b, show
that the oxidation of silver to Ag+ at 200 �C is almost complete
aer 3 min in the two AgCHA samples, whereas it reaches
completion aer 20 min for the AgRHO(2) zeolite (only about
20% is oxidized in 5 min).

The relative stability of the silver clusters at a higher
temperature was studied by oxidizing at 400 �C for 20 min the
samples pre-reduced with D2 at 200 �C. The quantitative anal-
ysis of Ag+ and Ag0 species was carried out by means of infrared
spectroscopy using CO as a probe molecule and the absorption
coefficients of the Ag+(CO) and Ag0(CO) bands. The results,
summarized in Table 3, show that the amount of Ag+ plus Ag0 in
AgCHA(2) (reduced at 200 �C and oxidized at 400 �C) is
considerably lower than themetal loading, indicating that silver
tretching vibrations of the AgRHO zeolite in contact with O2 for 20 min
ge of high- and low-frequency OD group bands during oxidation with

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Catalytic activity in the NH3-SCO reaction of AgCHA(2),
AgCHA(4) and AgRHO(4) reduced at 400 �C.

Fig. 11 UV-Vis spectra of (top) the AgCHA(2) zeolite reduced at
400 �C and after the NH3-SCO reaction at 400 �C, and (bottom) the
AgRHO(4) zeolite reduced at 400 �C and after the NH3-SCO reaction
at 400 �C.
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clusters and/or NPs persist aer oxidation. Meanwhile, practi-
cally all silver is in the form of Ag+ in the AgCHA(4) and
AgRHO(4) samples with lower metal loadings (Table 3). There-
fore, silver is completely oxidized in Ag-zeolites with lower Ag
content at 400 �C, in good agreement with the UV-Vis results.

3.3 Ag-zeolites as catalysts for the NH3-SCO reaction

Fig. 10 shows the light-off curves for the NH3 conversion during
the NH3-SCO reaction on the AgCHA(2)-R, AgCHA(4)-R and
AgRHO(4)-R zeolites, as well as the blank reaction run without
any catalyst. There, it can be seen that the most active catalyst is
AgCHA(2)-R (T50% ¼ 200 �C) followed by AgCHA(4)-R (T50% z
275 �C) and the less active AgRHO(4)-R (T50% ¼ 475 �C), while
the T50% for the thermal test is 550 �C. Thus, for the same zeolite
structure (CHA type), in which the metal forms NPs, the activity
increases with the silver loading. However, the AgRHO(4)-R
zeolite is less active than AgCHA(4)-R despite the fact that
they have similar chemical composition. This can be associated
with the presence of silver clusters (i.e. absence of Ag NPs) in the
AgRHO catalyst or with the blockage of the porosity by Ag
species placed at the external surface of the RHO zeolite. We
have excluded the latter possibility based on (i) the CO2

adsorption at 0 �C (see Fig. S21†) following the IUPAC recom-
mendation for ultra-microporous solids42 that unambiguously
conrms the microporous nature of the AgRHO adsorbing
4.5 mmol CO2 per g (see Fig. S21†) and (ii) the ammonia
adsorption followed by a thermo-programmed desorption
experiment coupled with mass spectrometry (TPD-MS) and
adsorption and stepwise desorption of ammonia followed by IR
spectroscopy (see Fig. S22 and S23† and the accompanying
discussion in the ESI†). Thus, it may be concluded that Ag
clusters are nearly inactive for the selective oxidation of
ammonia.

The NH3 conversion in the NH3-SCO reaction at 400 �C of the
AgCHA(2)-R is 100% and the sample keeps its brown coloration
aer the test. Meanwhile, the conversion is practically null for
the AgRHO(4) zeolite at this temperature and its color turns
This journal is © The Royal Society of Chemistry 2021
white aer the reaction. To gain further insight into the silver
species, UV-Vis spectra of the post-mortem AgCHA(2) and
AgRHO(4) zeolites were measured aer the catalytic test at
400 �C and are compared with those of the samples reduced at
400 �C in Fig. 11. The spectrum of the AgCHA(2)-R sample aer
reaction shows a decrease in the intensity of the band at
z275 nm, assigned to silver clusters and the growth of the
intensity of the band at 220 nm attributed to Ag+, while the band
at 420 nm of NPs remains. The UV-Vis spectrum of the post-
mortem AgRHO(4)-R zeolite also changes, being mainly
formed by the signals at 220 nm and 355 nm assigned to Ag+

and to Agn
0 clusters, respectively. These results are supported by

an in situ EXAFS. The jFTj spectra of the zeolites treated under
reaction conditions at 550 �C and measured at room tempera-
ture indicate that while the NPs still exist in the used AgCHA(2)-
R sample, total oxidation to Ag+ occurs in the AgRHO(4)-R
catalyst (see Fig. S24†). Finally, XRD data of the post-mortem
catalysts further support the UV-Vis and XAS results. Indeed,
Ag0 peaks are clearly visible in the patterns of the reduced
samples (see Fig. S25†). Aer NH3-SCO reaction, the metallic Ag
XRD reections disappear or strongly diminish, while the
characteristic peaks of the zeolite at low angle decrease their
intensities. These ndings suggest that Ag0 species are oxidized
to Ag+ during the NH3-SCO reaction and these cationic Ag+

species compensate for the negative charge of the zeolite
framework in the recovered catalysts aer the reaction.

Therefore, silver NPs are much more active for the NH3-SCO
reaction than silver clusters, which are practically non-active
below 400 �C.
3.4 General remarks

The results presented here give an overview on the silver species
formed in the AgCHA and AgRHO zeolites submitted to different
treatments. In the as-prepared materials, the Ag+ and alkaline
J. Mater. Chem. A, 2021, 9, 27448–27458 | 27455
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cations are placed at exchange positions compensating for the
negative charges associated with the presence of framework
aluminum. Heating the Ag-zeolites under hydrogen provokes the
reduction of Ag+ to form silver clusters within the small cages and/
or NPs placed at the external surface of the zeolite. The reduction
process is accompanied by the formation of Brønsted acid sites
needed to keep the charge neutrality of the material. Meanwhile,
the opposite effect occurs upon the oxidation of pre-reduced Ag-
zeolites, i.e., the redispersion and oxidation of clusters or NPs
and even formation of Ag+ with the concomitant decrease in the
number of Brønsted acid sites. Thus, different proportions of
isolated Ag+, neutral or positively charged clusters and metal NPs
are present in the Ag-zeolites depending on the specic reduction–
oxidation treatment and most remarkably on the framework
topology.

The results presented here show that the silver species
present in the small pore RHO- and CHA-type zeolites
submitted to the same treatment are different, indicating that
there exists a strong dependence on the structure. Silver clusters
of few atoms are the main species in both AgCHA and AgRHO
zeolites aer reduction at low temperature (at 100 �C and 200
�C). However, when the temperature is raised to 400 �C no
signicant changes occur in AgRHO, while silver clusters
aggregate to form NPs in the AgCHA zeolite. The results ob-
tained aer subsequent treatment under O2 at 400 �C indicate
that the degree of silver oxidation depends on the initial state in
the pre-reduced Ag-zeolites. Thus, the aggregates of few atoms
are fully oxidized to atomic Ag+, while metal NPs are more
resistant against oxidation, being only partially dispersed and
then oxidized to Ag+. Indeed, the results obtained by FT-IR
spectroscopy under operando conditions on the reduction–
oxidation of Ag-zeolites at 200 �C show that silver clusters are
easier to form and more resistant to oxidation in the RHO-type
than in the CHA-type structure. Thus, silver clusters are stabi-
lized in the RHO-type structure persisting aer the treatment
under H2 at 400 �C, while they aggregate in the chabazite,
proving that the zeolite topology strongly affects the nature of
formed silver species.

The stabilization of sub-nanometer silver agglomerates
within the zeolite cavities has important consequences on the
physico-chemical properties of Ag-zeolites, but also on their
catalytic application, as illustrated here for the NH3-SCO reac-
tion. The AgCHA zeolites reduced at 400 �C are very active for
the NH3-SCO reaction, as they contain metal NPs which are the
most probable active sites. However, the AgRHO zeolite reduced
at 400 �C in which the metal forms clusters is practically inac-
tive for this reaction. Although it is not well established yet, this
result proves that silver sub-nanometric aggregates are inactive
for the NH3-SCO reaction. Moreover, silver clusters and metal
NPs also display different stabilities under the reaction condi-
tions since silver clusters are completely oxidized to Ag+ at
400 �C, which is also inactive for the reaction, while metal NPs
persist.

These results prove that the choice of the zeolite topology is
of key importance to develop Ag-zeolites optimized for
a particular application in catalysis or any other eld.
27456 | J. Mater. Chem. A, 2021, 9, 27448–27458
4. Conclusions

The results reported here indicate that the concentration and
stability of silver species, i.e., Ag+, silver clusters and metal NPs
formed in AgCHA and AgRHO zeolites, depend on the specic
reduction/oxidation conditions and more importantly on the
zeolite topology. Reduction at 100–200 �C gives rise to the
formation of silver clusters in the two zeolites. When the
temperature is raised to 400 �C, NPs are developed in the CHA-
type while small aggregates persist in the RHO-type zeolite,
indicating that they are highly stable in this structure. Silver
NPs formed in the AgCHA zeolite reduced at high temperature
are active for the NH3-SCO reaction, while silver clusters present
in the AgRHO zeolite even reduced at 400 �C are inactive for the
reaction. These species also display different stabilities under
oxidative conditions, so that metal NPs persist while silver
clusters are completely oxidized to Ag+ under oxidizing condi-
tions or reaction conditions at 400 �C.
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soal de Ńıvel Superior – Brasil (CAPES – Finance Code 001) for
the predoctoral fellowship. J. Mart́ınez-Ortigosa (SEV-2012-
0267-02) acknowledges the Severo Ochoa Program for
a predoctoral fellowship. We gratefully acknowledge the ALBA
synchrotron for allocating beamtime (proposals 2016021665
and 2017032119), CLÆSS beamline staff, and particularly Carlo
Marini for their help and technical support during our
experiment.
References

1 L. Liu and A. Corma, Metal Catalysts for Heterogeneous
Catalysis: From Single Atoms to Nanoclusters and
Nanoparticles, Chem. Rev., 2018, 118(10), 4981–5079.

2 A. Baldansuren, R.-A. Eichel and E. Roduner, Nitrogen oxide
reaction with six-atom silver clusters supported on LTA
zeolite, Phys. Chem. Chem. Phys., 2009, 11(31), 6664–6675.
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