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Mohamad El-Roz,™ Igor Telegeiev,” Natalia E. Mordvinova,’ Oleg 1. Lebedev,® Nicolas Barrier,’ Asma
Behlil," Moussa Zaarour, ' Louwanda Lakiss,” Valentin Valtchev’™

"Normandie Univ, ENSICAEN, UNICAEN, CNRS, Laboratoire Catalyse et Spectrochimie, 14050 Caen, France
SNormandie Univ, ENSICAEN, UNICAEN, CNRS, Laboratoire CRISMAT, 14050 Caen, France

ABSTRACT: Sub-nanometer silver clusters that exhibit discrete electronic structure with molecular-like properties are highly desir-
able in various technologies. However, the methods for their preparation suffer from limitations related with the reproducibility and
particles uniformity, and/or the possibility of the scaling-up. Another critical drawback is that free sub-nanometer silver clusters tend
to aggregate into larger particles. In this work, a new approach that successfully overcomes the above limitations is developed. It
allows, for the first time, an ultrafast preparation of sub-nanometer silver particles with high abundance, uniformity (7 A) and stability
into the cages of nanosized zeolite crystals. The new method consists in UV excitation of a water suspension of nano-zeolite contain-
ing photoactive vanadate clusters in the presence of ethanol (as an electron donor) and silver precursor. The characteristic features of
sub-nanometer silver particles are presented and the mechanism of their formation is discussed. Sub-nanometer Ag clusters exhibit
exceptional photocatalytic activity and selectivity in the reforming of formic acid to H, and CO, under visible light.

Keywords: Sub-nanoparticles, Silver clusters, Zeolite,
Photocatalysis, Formic acid reforming, H2
Introduction

It is well known that the properties of sub-nanometer silver
clusters differ strongly from those of the bulk materials and con-
ventional nanoparticles.'* Silver nanoparticles exhibit a signif-
icant surface plasmon resonance absorption due to a coherent
oscillation of the conduction band electrons induced by light
(electro-magnetic field).’ In contrast, sub-nanometeric silver
clusters (<1 nm) show a discrete electronic structure with mo-
lecular-like properties (HOMO-LUMO gap). Thus, size-de-
pendent fluorescence is often observed in the tiny metal clus-
ters.*® Their unique electronic and optical properties render
them potential candidates for application in various fields rang-
ing from heterogeneous catalysis to biomedical application.*!!
Metallic nanoparticles with size between 1-12 nm are widely
used in catalysis. The control of their preparation at an atomic
scale is crucial for tuning their properties. There is a continuous
quest for developing highly efficient methods of size-selected
metal clusters synthesis and their integration in appropriate
solid carriers. However, the instability of the clusters due to
their tendency to aggregate irreversibly into larger nanoparti-
cles is a recurrent problem. The use of confining scaffolds, such
as the regular system of cages in crystalline zeolite-type mate-
rial, could be an efficient solution to overcome this problem.
Silver-zeolite composites are often employed as catalysts,'* ad-
sorbents,'* molecular sieves,' and recently as highly lumines-
cent materials.'>!

The usual wet-chemistry method for preparing supported
metal clusters involves anchoring of well-defined precursors to
a suitable support.””?' The ligands are then removed by post-
synthesis treatments, which usually results in clusters of high

polydispersity.”>? Soft landing of monodisperse metal clusters
grown in a gas phase and sorted in size by mass spectrometry is
an efficient method, however, it requires sophisticated equip-
ment and the scaling up of the process is difficult.””-**

Here, we report the formation of sub-nanometer silver clus-
ters with an enhanced narrow size distribution using uniform in
size cages of FAU-type zeolite as a scaffold. A suspension of
nanosized zeolite Na-X (FAU-type), denoted as ZX, was em-
ployed in this study. The extra small zeolite nanocrystals (10-
30 nm) were synthesized without organic template. The small
size of zeolite scaffold is indispensable for the uniform incor-
poration and stabilization of the photoactive sites during the in-
situ synthesis as well as for the silver reduction, which requires
a rapid ionic exchange ability. Sub-nanometer silver clusters in
ZX (Ag@ZX-V) samples were prepared in two consecutive
steps. The first step involves in-situ incorporation of vanadate
clusters (ZX-V), which are introduced to initiate the formation
of Agn®" (with m>8) sub-nanometer clusters in zeolite cages.”
The second step comprises photocatalytic reduction of silver
ions using a suspension of ZX-V to form Ag@ZX-V (SI-
Section 2, Figure S1-S6). Ag@ZX-V(HT) prepared by a con-
ventional hydrothermal method® is used as a reference. The
main objective of this study is to selectively generate uniform
sub-nanometer silver clusters that exhibit photocatalytic activ-
ity under visible light and can be used as a catalyst for hydrogen
production.

Results and discussion

The evolution of the absorbance spectra of AgNO;/ZX-V
suspensions as a function of exposure time to UV irradiation is
reported in Figure 1. For comparison, the UV-visible spectrum
of ZX suspension prepared under the same conditions and sub-
jected to a longer irradiation time is also included. There is no
reduction of silver in vanadium-free zeolite (ZX) suspension,



while new UV-visible bands at 275, 300, 325, 371 and 414 nm
appear after 30 s of UV irradiations of the vanadium-containing
sample (ZX-V). The intensities of these bands increase with the
irradiation time. In addition new bands at 432 and 562 nm at-
tributed to the formation of silver nanoparticles with a particle
size >12 nm and >20 nm, respectively, appear in the spectrum
after 30 seconds of treatment.>*>3!3* The later bands originate
from the formation of silver nanoparticles on the external sur-
face of some of zeolite crystals (Figure S7). However, the ma-
jor part of these particles is eliminated by a simple washing as
demonstrate the UV-visible spectra of the washed samples (Fig-
ure S8). The bands between 275 and 380 nm are characteristic
of the electronic transitions of reduced Ag species (Agm’") with
sub-nanometer particles size.*>*® The presence of narrow UV
bands at specific wavelength indicates that the silver clusters
have well-defined size and charge. For the samples prepared by
conventional hydrothermal process under similar reaction con-
ditions, only a broad visible band at 430 nm in both ZX and ZX-
V samples is observed (Figure S9). This is a strong evidence
for the formation of polydisperse silver particles with size larger
than 12 nm.
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Figure 1. UV-visible spectra of ZX-V-1 suspensions after (a) 30
(b) 120 and (c) 300 s of UV irradiation in presence of 5x10 M of
AgNOs. UV visible spectrum of ZX suspension after 10 minutes of
UV irradiation in the presence of 5x103 M of AgNO; (d). Inset:
Optical images of the corresponding suspensions.

A direct evidence of the formation of sub-nanosized silver
clusters in zeolite cages was obtained by HAADF-STEM anal-
ysis. The size (10-30 nm) and the morphology of ZX nanopar-
ticles remain intact with respect to the untreated sample (Figure
S1), with clearly expressed faceting with <111> and <100>
planes (Figure 2a). Since HAADF-STEM contrast is propor-
tional to atomic number (~Z?) and thickness, the heavier Ag
(Z=47) sub-nanoparticles appear as bright white dots within the
pores. The dark spots correspond to surrounding ZX framework
which is not clearly resolved due to the low density and large
difference in atomic number between Ag and silica-alumina ze-
olite framework (Zsi=14; Za=13, Zo=8). It should be noted that
the framework of Ag-free ZX crystallites is visible in HAADF-
STEM images (Figure S10). Despite the high sensitivity of the
Ag@ZX-V particles to the electron beam and tendency to ag-
glomerate in larger Ag NPs (supporting information, Section
III-A, Figure S11), it was possible to acquire almost an intact
high resolution image along the [011] zone axis of a Ag@ZX-
V crystallite (Figure 2¢) using low doses and weak e-beam con-
ditions.* The corresponding Fast Fourier Transform (FFT) pat-
tern confirms the presence of Ag sub-nanoparticles within the
pores of FAU-type structure. The Ag sub-nanoparticles appear
in projection to have close to square shape with side lengths
about 0.7 nm, sharing common corners and forming checker-
board pattern reflecting the FAU structure symmetry. Their size
is compatible with the diameter of the 12-member ring window
of FAU super cage, as shown in Figure 2c¢ insert, where the
[011] FAU&Ag structural model is laid over the experimental
image. HAADF-STEM image and the corresponding structural
model of FAU&Ag projected on (112) plane are shown in Fig-
ure 2d. Large area of zeolite nanocrystals are almost com-
pletely filled with Ag (bright white contrast needles). The di-
ameter of these needles is around 0.7 nm and perfectly fits with
the entrance window diameter of the supercages. These needles
can explain the visible absorbance of the silver sub-nanoparti-
cles (Figure 1). However, the HAADF-STEM image and cor-
responding intensity plot profile reveals different degree of
loading among the channels; some of them being completely
free of Ag particles (Figure 2d). This result is attributed to a
non-uniform distribution of photoactive vanadate clusters in the
zeolite crystals and/or to an internal shielding of some of the
crystals during the UV irradiation.



Figure 2. TEM analysis of the Ag@ZX-V sample: (a) Low magnification HAADF-STEM images of different Ag@ZX-V nanoparticles
along [011]rau zone axis. Enlargement of the edge of Ag@ZX-V nanoparticle is given as inset (a) and shows well defined single Ag cluster
with a characteristic size of around 0.7 nm. (b) Triangle shaped Ag@ZX-V nanoparticle (outlined) imaged along [011]rau. (¢) High resolution
HAADF-STEM of Ag@ZX-V nanoparticle along [011]ray direction and corresponding FFT pattern confirm the presence of Ag nanoparti-
cles within ZX-V material. Enlarged image with an overlaid structural model of Ag@ZX-V is given as inset. (d) HAADF-STEM image
viewed along the channel close to [112]rau zone axis. Enlargement and corresponding intensity line profile show channels with different
levels of Ag filling: from high (maximum intensity) to almost empty (marked with red arrows). Corresponding structural model is in the

right bottom corner.

The evolution of faujasite crystals prior to (ZX-V) and after
Ag loading (Ag@ZX-V) was studied by PXRD (Figure S12).
For ZX-V, Rietveld refinement showed the following chemical
formula Nag>Al73S11100384(H20)130. The projection of the ZX-V
structure along the [011] axis is shown in Figure 3a. In this
projection, the visible channels result from the alignment along
[011] directions of the supercage “windows” and sodalite cages
overlapping within the FAU framework. Both the sodalite (Fig-
ure 3c¢) and the supercage of faujasite (Figure 3e) are occupied
by sodium cations and water molecules. The amount of sodium
in sodalite and super cages are 21 and 55 out of 82 Na" cations
per formula unit, respectively. In contrast, the double six-mem-
ber rings (D6R) are only occupied by Na* cations (6 on 82 Na*
cations). For Ag@ZX-V the chemical formula calculated from
the Rietveld refinement was AgyNassAls3Sii100384(H20)120
with the stoichiometric sum of the Ag®" and Na' cations equal
to 82, as previously observed for ZX-V.

The projection of Ag@ZX-V structure along [110] axis is
shown in Figure 2b. Notably, faujasite framework is preserved
after the Ag loading. The comparison of the two structures,
ZX-V and Ag@ZX-V, revealed that sodalite cages are occupied
by Na' ions (32 out of 56 Na' sites) and H,O molecules. After
iexchange with Ag®, Na' located in proximity to the D6R is
completely replaced by Agn"" ions (Figure 3g). Only a few Na*
ions and water molecules remain in the supercage. 24 Na*

cations are localized in the supercages of Ag@ZX-V, which is
significantly lower than the 55 Na* found in the supercages of
ZX-V before Ag loading. Ag.’" cations are also present at the
border of the supercages in the vicinity of the 6 members ring.
It should be noted that the positions of the Ag cations in
Ag@ZX-V are consistent with those observed in other silver-
containing faujasites.'®4**> The Ag metal atoms that do not oc-
cupy zeolite crystallographic sites and form sub-nanometer sil-
ver clusters could not be localized from the PXRD data. How-
ever, difference Fourier maps were investigated during Rietveld
refinement process and no residues attributable to Ag clusters
were found. This suggests no ordering of silver clusters inside
the 3D lattice of the faujasite. This result is fully consistent with
the HAADF-STEM studies, which show sub-nanometer silver
clusters randomly distributed inside the pores of the zeolite.
Such a distribution produces only a weak diffuse scattering sig-
nal instead of XRD diffraction peaks. To underline the fact that
after Ag exchange the supercage in Ag@ZX-V are partially
filled, the Na positions in the supercages occupied at 25% are
drawn with a reduced radius (Figure 3b). This figure illustrates
an average of ions/water distribution showing that a part of su-
percages is filled with silver atoms while the others remain oc-
cupied by Na* ions and water molecules. It should be noted that
the characteristic XRD peaks of vanadate are not detected due
to their low concentration (< 0.2 wt. %) .+



Figure 3. Schematic drawing of the faujasite structure along the [110] direction (a) before and (b) after Ag loading. (¢) Sodalite cage, (d)
D6R cage, (e) supercage of ZX-V before Ag loading. (f) Sodalite cage, (g) D6R cage, (h) Supercage of Ag@ZX-V after Ag loading.

FTIR spectroscopy of adsorbed CO provides valuable infor-
mation on the oxidation state of silver nanoparticles. The FTIR
spectra of CO adsorbed on Ag-exchanged ZX-V samples dis-
play broad absorption bands in the range 2170-2200 cm™' corre-
sponding to linear carbonyls Ag'-CO (Figure S13).** The
overlapping bands at 2180 and 2185 ¢cm™' are assigned to the
CO adsorbed on Ag" ions located on the external surface and
inside the pores, respectively.*” For Ag@ZX-V sample, the
band at 2185 cm' is more intense pointing out that the Ag ions
are mainly located inside the pores. In addition, this sample dis-
plays a broad band around 2140 cm! characteristic of adsorbed
CO on reduced silver clusters. It is known that CO does not ad-
sorb on the Ag® at room temperature.*® Therefore, the low in-
tensity of the band at 2140 cm™ is rather induced by the weak
adsorption ability of Agn.®" clusters due to their low effective
charge rather than their low concentration. It should be under-
lined that at room temperature no signal was observed in Na-ZX
and the ZX-V samples. This result points out that silver clusters
possess partial positive charge (not completely metallic) and
that they are accessible to CO (the pores are not completely
filled).

The sub-nanometeric silver species represent the missing link
between atomic and nanometer sized silver particles. The small
size of these particles (<1lnm) render them photoluminescent
with a molecular behavior. Their fluorescence emission is an
undisputable evidence of this feature. The fluorescence spectra
of the Ag@ZX-V suspension are reported in (Figure S14). An
emission band centered at 550 nm can be clearly observed after

the excitation of the sample at 270 or 320 nm, but no fluores-
cence signal was observed for Ag"/ZX-V suspension (Figure
S15). This result confirms the molecular behavior of the sub-
nanometer particles absorbing at 270 and 320 nm. The excess
of energy received by these particles is then released as radia-
tive emission in visible region. In contrast, no emission is ob-
served for the Ag@ZX-V suspension after excitation with 370
or 435 nm. Therefore, the silver species that absorb at these
wavelengths are nanoparticles with size larger than 2 nm (Fig-
ure 1).* The absorption band at >370 nm is attributed to needle
silver nanoparticles connected through the window of super-
cages as demonstrated by the TEM analysis (Figure 2). The
band at 435 nm originates from a few large particles attached to
the external surface of zeolite crystals (Figure S16)

In order to shed light on the mechanism of silver cluster gen-
eration, series of experiments under different wavelength irra-
diations were performed. As mentioned, no silver photoreduc-
tion was observed in vanadium-free zeolite (ZX). This reveals
the crucial role of vanadate species in the generation of Ag clus-
ters. On the other hand, the concentration of vanadium is very
low (< 0.2 wt. %), which precludes the uniform and abundant
presence of vanadium species in zeolite cages. The use of long
wave ultraviolet light (UV-A or UV-B) did not result in Ag
cluster formation. This is mainly due to the selective absorbance
of vanadate species that takes place in the short-wave region of
ultraviolet light (UV-C).*” In the following experiment the sam-
ple was shortly (30 s) irradiated with polychromatic light (UV
A - C), which
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Scheme 1. Illustration of the photocatalytic process leading to the formation of silver clusters in the super cage of FAU-type
zeolite: (I) silver photoreduction by excitation of the vanadate clusters (VC) with A<300 nm (D); (II) photoreduction Ag’
formed in the stage (I) by exicitation of silver clusters with A>320 nm (D).

irradiated that initiates the formation of silver clusters as re-
vealed by the UV-visible spectrum of the suspension (Figure
S17, a). The excitation of this sample with UV-B (365 nm) or
visible (>390 nm) light, where only the silvers clusters absorb,
led to an increase in the intensity of the characteristic bands of
the sub-nanometers reduced silver clusters (Figure S17, b-c).
These results unambiguously demonstrate that the vanadium
species initiate the process of silver clusters formation. After
this initial stage the obtained silver clusters generate new silver
particles under UV-B-visible light excitation. The clusters
grown until filling the zeolite cage and become immobile. The
second stage of the process can be described as autocatalytic
process where sliver clusters generation continues until ex-
hausting the available silver pool. The self-production of Ag
clusters explains their formation in neighboring supercages of
FAU-type zeolite and the fact that large number of zeolite crys-
tals exhibit rows of sub-nanometer Ag clusters (Scheme 1).

The photocatalytic activity of Ag@ZX-V was tested in the
reforming of formic acid (FAc) to H, and CO, under visible and
UV irradiations. This reaction offers an efficient route for hy-
drogen generation and thus attracts tremendous interest lately.*®
However, the elaboration of an efficient catalyst remains a chal-
lenge.*** Namely, the dehydration reaction of FAc must be
avoided in order to generate H, without CO poisoning the cata-
lyst in the fuel cells.”’ During past decades, various catalysts
combining noble metals and different supports have been ex-
plored to obtain a suitable catalyst for the selective

dehydrogenation of FAc.*>> The Ag@ZX-V has been tested in
the photocatalytic reforming of formic acid in liquid phase. The
reaction conditions are reported in the supplementary infor-
mation. For comparison, silver exchanged Ag"/ZX-V and
Ag@ZX-V(HT) prepared with by in-situ hydrothermal synthe-
sis are used as references. The results are reported in (Figure
4). Ag@ZX-V exhibits 3 times higher activity than that of
Ag@ZX-V(HT) with a very high selectivity (more than 99%)
toward H,/CO, formation. The silver content in Ag@ZX-
V(HT) is substantially higher than in Ag@ZX-V. Nevertheless,
the Ag@ZX-V shows impressively higher activity due to the
uniform, sub-nanosized and stable silver particles generated by
the new approach reported in the present study. There is no sig-
nificant deactivation of the material after 16h of reaction as
proves the second cycle of the photocatalytic test (Figure S18).
This demonstrates the high stability of the photocatalyst ob-
tained by the new synthetic approach.

It should be noted that no significant activity forAg@ZX-V
was observed under UV-light excitation (Figure S19). There-
fore, the silver particles excited by UV-light release their gain
of energy as radiative emission (fluorescence) while the excita-
tion under visible light promotes the plasmonic/photocatalytic
activity. The most plausible explanation of this phenomenon is
the presence of needle-like silver providing the high activity un-
der UV-light excitation, while the fluorescence emission is re-
lated with the isolated sub-nanometer clusters in the FAU cages.
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Figure 4. (A) Evolution of the formic acid conversion versus the visible irradiation (A>390 nm) time over: (a) Ag@ZX-V, (b) Ag@ZX-
V(HT), and (¢) ZX-V. Inset: figure correspond to the in-situ evolution of the CO; IR band of headspace of the corresponding samples. (B)
H,, CO; and CO content determined after 5h of visible-light irradiation of formic acid solution (0.35 ml in 10 ml of can; m¢,=50 mg) in the

presence of Ag@ZX-V(HT) and Ag@ZX-V as photocatalysts.

Conclusions

In summary, a new approach for encapsulation of sub-na-
nometer silver clusters in the pores of zeolite nanoparticles was
developed. The presence of vanadate clusters inside the zeolite
pores, introduced by in-situ synthesis, is crucial for the for-
mation of the first Ag clusters. Further, the self-photoreduction
of silver is the dominant mechanism leading to extensive for-
mation of sub-nanometer sized silver clusters encapsulated in
zeolite cages. A characteristic feature of the process is the size
uniformity of the generated sub-nanosized Ag clusters. The ob-
tained materials exhibit a florescence emission and impressive
photocatalytic activity in the reforming of formic acid (FAc) to
H, and CO;. The high performance of the new material in pho-
tocatalysis under visible light makes it a very promising candi-
date for renewable energy applications. In addition, the photo-
luminescent behavior makes the composite attractive for optical
applications such as sensors for UV emissions as well as bio-
medical, electrocatalytic and imagery applications.
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