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1 | INTRODUCTION

Due to their physical and chemical properties, silver vana-
dium oxide (SVO) semiconductors have a wide range of
applications, including in electrochromic devices, lithium
batteries, catalysts, gas sensors, and electrical and optical
devices.'” The literature shows that their electronic prop-
erties can be improved by incorporating metallic Ag
nanoparticles (NPs) on the surface. This is because the
formation of a heterojunction creates a synergistic effect
between Ag NPs and SVOs, improving their electronic
properties.*

Recently, our group discovered a unwanted real-time
in situ nucleation and growth processes of metallic Ag NPs
on different silver-based semiconductors, such as o-
Ag2W04,5 [3—Ag2MoO4,6'8 Ag3PO4,9 and B—AgVO3.10 The
nucleation and growth processes were driven, in all cases,
by accelerated electron beam irradiation from an electron
microscope under high vacuum. The reasons for this
physicochemical phenomenon have been discussed in
recent publications.®%!!

In this communication, we report for the first time the nucleation and growth of
metallic Ag nanoparticles on the surface of 3D flower-like Ag,V,0; crystals,
induced by accelerated electron beam irradiation. The growth of metallic Ag on
the surfaces of Ag,V,0; crystals were studied by transmission electron micro-
scopy (TEM) and energy dispersive X-ray spectroscopy (EDXS). According to
TEM images and EDXS analyses, exposure to the electron beam induces a reduc-
tion process and the growth of metallic Ag nanoparticles on the surface of
Ag4V,0; crystals. Moreover, the inductively coupled plasma optical emission
spectrometry measurements indicated an excess of Ag and V vacancies at
Ag,V,0; lattice. Finally, it was observed that the electrical resistance varies con-

siderably with the exposure time to electron beam irradiation.

Ag4V,0; crystals, electrical resistance, metallic Ag nanoparticles

Therefore, in this communication, we present new find-
ings on the electrical resistance changes with the growth of
metallic Ag NPs in the surface of the 3D flower-like
Ag4V,0; crystals.

2 | EXPERIMENTAL PROCEDURE

The details related to synthesis, characterization, and
setup for electrical measurements of 3D flower-like
Ag,V,0; microcrystals are presented in Supplementary
Information.

3 | RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern of Ag,V,0, crystals no
irradiated by electron beams.

All the diffraction peaks can be assigned to the
orthorhombic structure (ICDS No. 38065, space group:
Pbca).'* The lack of other peaks demonstrates the high
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FIGURE 1 XRD patterns of 3D flowers-like Ag,V,0-,
microcrystals obtained at 0°C for 10 min [Color figure can be viewed
at wileyonlinelibrary.com]

(A)

FIGURE 2 (A) Morphology and microstructure of the 3D
flowers-like Ag,V,05 microcrystals and (B) Slicing of the 3D
flowers-like Ag,V,0; microcrystals [Color figure can be viewed at
wileyonlinelibrary.com]

purity of the materials. Detailed Rietveld refinement results
are displayed in Figure S1 Supplementary Information (SI).

The morphology and microstructure of nonirradiated
Ag,V,0; crystals were investigated by field-emission scan-
ning electron microscopy (FE-SEM). In Figure 2A, can be
seen that the Ag,V,07 crystals exhibit a uniform 3D flower
and nearly spherical shape with an average diameter of
4.3 pm. The flower-like precursor is composed of very thin
petals with an average thickness of approximately 170 nm.
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FIGURE 3 FE-SEM images of Ag,V,0; microcrystals: (A)
before; and (B) after a 5 min exposure to the electron beam at 10 kV
[Color figure can be viewed at wileyonlinelibrary.com]

Crystal size distributions were statistically analyzed by
measuring 100 microcrystals from FE-SEM images (Fig-
ure S2 in Supporting Information). Only small variations in
average particle sizes were observed, confirming the
monodisperse nature of these particle systems.

A possible formation mechanism of the flower-like
Ag4V,0; crystals could be described as follows: initially
vanadium and silver complex clusters form in separate
aqueous solutions. When the two solutions are mixed,
Ag,V,0; nuclei clusters form and subsequently grow. The
growth mechanism is governed by the Ostwald ripening
process. The nanocrystals pass through a self-organization
process and a few tiny nanoplates (NPLs), with some
poorly defined hexagonal faces develop. Ten minutes after
the reaction starts, undeveloped flower-like Ag,V,0O; crys-
tals start forming by self-assembly and preferential orienta-
tion process. Moreover, internal pores and channels were
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observed when the flower-like crystals are sliced (Fig-
ure 2B). It is believed that these defects arise from the fast
nucleation process, growth, and agglomeration onset of pri-
mary NPLs at a low temperature (0°C), which lead to the
formation of relatively unordered flower-like crystals.

The growth process of metallic Ag NPs on the surface
of Ag,V,0; crystals as a function of exposure time was
investigated via FE-SEM under an accelerating voltage of
10 kV. The onset of Ag nanoparticle nucleation on the sur-
face of the Ag,V,0; crystals was observed (Figure 3A,B)
as soon as the sample analysis by FE-SEM image was
started. Figure 3A shows an SEM image of the flower-like
crystals immediately after a rapid approach and focus
adjustment (time zero). After 5 minute of exposure to the
electron beam, the Ag,V,0, crystals were already showing
regions with Ag NPs on the surface, as can be seen in
Figure 3B.

The EDXS and TEM analyses were used to prove that
Ag NPs had grown on the surface of the Ag,V,0; crystals.
The samples were subjected to electron beam irradiation in
a TEM microscope for 2 minute, and two regions in the
focused flower-like Ag,V,0; crystals were selected for
examination. Figure 4A,B correspond to the sample before
and after irradiation, respectively. In Figure 4B, two dis-
tinct regions (indicated in the figure by blue squares) were
selected. In Region 1, Ag NPs were found and their pres-
ence was confirmed by EDXS analysis. The EDXS results
(Figure 4B, Region 1) confirmed that the electron beam
promoted the random growth of metallic Ag NPs. The
material in Region 2 was composed of Ag, V, and O. The

inductively coupled plasma optical emission spectrometry
(ICP-OES) measurements are presented in Table S1 and
shown in (Supporting Information) indicated an excess of
Ag and V vacancies at Ag,V,0; lattice.

To the best of our knowledge, this phenomenon had not
been previously observed for Ag,V,0,; and was found to
occur in all regions irradiated by the electron beam. A
complex clusters model based on Krdger-Vink'® notation
was employed to further explain the electrical properties of
Ag,V,0; crystals and propose a possible electrical resis-
tance observed at system. In this model, intrinsic (bulk/sur-
face) defects in the lattice of the material facilitate
polarization of the lattice and lead to the electronics transi-
tions between ordered and disordered clusters. Therefore,
electron (¢')-hole (h") pairs are present even before excita-
tion of lattice. The before and after exposure to electron
beam enhances the formation of €’-h” pairs leading to elec-
tron transfer within the band gap. The cluster-to-cluster
charge-transfer (CCCT) in a crystal, containing more than
one kind of cluster,14 is characterized by excitations involv-
ing electronic transitions from one cluster to another, which
is possible according to Equations (1-6):
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FIGURE 5 Variation in the electric resistance of AgsV,0;
microcrystals subjected to electron beam irradiation for different times
[Color figure can be viewed at wileyonlinelibrary.com]
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When the surface of 3D flower-like Ag,V,0; crystals is
irradiated with an electron beam, the lattice composed by
ordered(o)/disordered(d) [AgOs]/[AgOs] and o/d [VOs]/
[VO,] clusters interact with the incoming electrons, result-
ing in the reduction process of Ag NPs, formation of
excess Ag and interstitial Ag (Ag;), as well as the forma-
tion of V vacancies (V\z,/). Moreover, Ag migrates from the
bulk to the surface; hence, regions in the crystal lattice
with negatively charged vacancies form. This process
induces a short- and medium-range disorder within the
material. The regions where the metallic Ag has migrated
exhibit a p-type semiconducting behavior. Since Ag,V,0;
crystal is an n-type semiconductor and oxygen vacancies
(Vo) are already present, an n/p interface is created
between the Ag NPs and Ag,V,0; crystals, thereby form-
ing a semiconductor diode. A semiconductor diode has the
valuable property that electrons only flow in one direction
across it, and as a result, it acts as a rectifier.'”

Since the Ag growth on flower-like Ag,V,0; crystals
can affect the electrical properties of the material, electrical
resistance measurements were performed, and the results
were evaluated as a function of the exposure time, ie, as a
function of the growth of these metallic Ag nanoparticles.
Figure 5 shows the variation in the electrical resistance of
flower-like Ag,V,0; crystals subjected to electron beam
irradiation at different exposure times.

Before the formation of Ag NPs, the electrical resis-
tance is governed by the bulk properties, the shape of the
crystals, and the presence of pores and channels in the
bulk. After 5 minute irradiation, a slight increase in

Journalﬂ

#American Ceramic Society

resistance is observed, which can be attributed to the pores
and channels in the bulk. From this time until 10 minute,
the bulk and surface properties equally contribute to the
semiconductor resistance. After 10 minute, the growth of
Ag NPs silver on the Ag,V,0; surface creates Ag vacan-
cies (V'Ag), Ag; and V\z,’ in the semiconductor bulk (Equa-
tion 1). The formation of negative V's,, along with the
already present oxygen vacancies (V'p), causes an increase
in the electrical resistance of the semiconductor, until the
irradiation time reaches 27 minute. However, after 27 min-
ute, the resistance decreases, probably due to the formation
of a thick layer of metallic Ag on the Ag,V,0; semicon-
ductor surface, which continues to grow with the irradia-
Since the Ag is the best-known electric
conductor (room temperature), this growth of the Ag
metallic layer acts decreasing the electrical resistance of
the material.

tion time.

4 | CONCLUSION

In summary, we have observed, for the first time, that elec-
tron beam irradiation, such as that produced by FE-SEM/
TEM, induces the formation and growth of metallic Ag NPs
on the surface of 3D flower-like Ag,V,05 crystals. ICP-OES
measurements showed the presence of V vacancies and
excess of Ag at Ag,V,05 lattice. Moreover, it was observed
that the electrical resistance of the flower-like Ag,V,0; crys-
tals is largely influenced by the growth of Ag NPs on the sur-
face of the semiconductor. Therefore, the irradiation-
generated Ag NPs have two advantageous effects: the forma-
tion of Ag NPs on the crystal surface and control of the semi-
conductor properties by electron beam irradiation.
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