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ABSTRACT: In this paper, we investigate the structural and morphological changes caused by the electron-beam irradiation
that led to the growth of complex extruded filaments on the surfaces of a-Ag,WO,. To provide a complete description of this
phenomenon, both scanning electron microscope (SEM) and transmission electron microscope (TEM) were employed in this
study. Our experimental results evidenced that the extruded material was able to exhibit growth on different crystallographic
faces, depending on the kind of microscope adopted during the electron-beam irradiation. For a more complete analysis,
different electron-beam current densities in TEM were used to investigate all in situ modifications in the microcrystals. For the
first time, besides the metallic silver, the presence of silver oxides (Ag,O and Ag;O,) were detected in the composition of
extruded material. The diffusion mechanisms related to morphological modifications in the samples irradiated in SEM and TEM
were discussed in detail. The coprecipitation reaction in dimethyl sulfoxide was chosen as the synthetic route, which favored the
appearance of rectangular rod-like a-Ag,WO, microcrystals. A growth mechanism was proposed to explain the formation and

growth processes of these microcrystals.

1. INTRODUCTION

In recent years, silver-based pure and hybrid materials have
attracted considerable attention of several research groups and
diverse industrial fields because of the wide variety of
technological applications, which include mainly the following:
photocatalysts for the degradation of organic pollutants in
wastewater,'~” molecular labels in chromogenic reaction for
tumor marker detection,® antibacterial/antifungal agents to
combat bacteria/fungi responsible for some infectious diseases
harmful to human health,’~'? photoelectrochemical semi-
conductors to produce hydrogen via water splitting,"*~'°
substrates in surface-enhanced Raman scattering analysis for

. ) .
the detection of molecules in complex matrices,”” and so on.
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Currently, one of the most promising silver-based materials
for these multifunctional purposes is the silver tungstate
(Ag2W04).18_20 According to a study carried out by van den
Berg et al,”’ this tungstate has three polymorphic forms: (a)
orthorhombic phase (@) with space group Pn2n (thermody-
namically stable), (b) hexagonal phase () with space group
P6,/m (metastable), and (c) cubic spinel-type phase (y) with
space group Fd3m (metastable). Besides polymorphism,
another amazing behavior verified in these tungstates is the
complex growth of silver (Ag) filaments emerging from the
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surface of Ag,WO, crystals, when exposed to electron-beam
irradiation.””~

The physicochemical properties of any material are
controlled by a set of parameters, such as particle size, shape,
agglomeration state, chemical composition, crystal structure,
surface area, and chemistry.”’ > Analyzing from the point of
view of bulk and surface features, the physicochemical
properties of Ag,WO, can be tailored by understanding all
stages involved in the growth process of Ag nanostructures. A
considerable number of published papers, based on exper-
imental evidence and/or theoretical data, has tried to elucidate
the key factors responsible for the origin of this phenomenon.
For example, Longo et al.'' described that the excess of
electrons, during the direct electron-beam irradiation, is able to
provoke electronic and structural changes in a-Ag,WO,
crystals. This structural instability was considered the main
responsible for the growth of metallic Ag filaments and
appearance of oxygen (O) and Ag vacancies. The absence of a-
Ag,WO,/Ag interfaces was interpreted as the formation of a
continuous hybrid structure (semiconductor-metal junction).

In another interesting study, San-Miguel et al.’" explained
that there is a predominant growth of Ag on the (001) surface
of a-Ag,WO, crystals. According to these authors, Ag species
(with different coordination numbers) found in this specific
surface have a predisposition to growth as metallic Ag
nanostructures in pathways with a low energy barrier (less
than 0.1 eV). As these Ag species migrate toward the surface,
Ag vacancies are created in the bulk. In the interpretation of
Longo et al,”” the driving force responsible for the redox
process is arising from order—disorder effects on the clusters
belonging to the Ag,WO, structure. Based on the scientific
evidence, the understanding of in situ electron-beam-induced
modifications in Ag,WO, crystals represents a paradigm in
materials science, mainly in terms of electron-beam manipu-
lation protocols (total current, acceleration voltage, current
density, and so on). A precise analysis of this curious
phenomenon in Ag,WO, has great importance to describe
the origin of Ag nanostructures grown on the surface of other
Ag-based materials.”* ™

In terms of morphological aspects, Ag,WO, has a strong
natural tendency in forming one-dimensional microparticles,
for example, wires and rods.’>’® The most traditional
experimental methods employed for the preparation of these
microparticles are microwave-assisted hydrothermal,””** con-
ventional hydrothermal,”’40 sonochemical route,”' ™ and
coprecipitation reaction (CR).**° Among these chemical
synthetic techniques, CR is more interesting because of its
simplicity, cost-effectiveness, and unnecessary use of harmful
organic solvents/reagents.”” The CR proceeds via a burst of
nucleation followed by growth stages, coarsening, and/or
agglomeration processes of nanoparticles.”’” In recent years,
polymeric or surfactant molecules have been dispersed in
solvent media to prepare the Ag;WO, via CR, mainly with the
fundamental aim of controlling the particle sizes and finding
new particle shapes in order to improve the physicochemical
properties of this material.***’ Another viable strategy to
change the morphological features of this tungstate is to
employ other kinds of chemical solvents, for example, the
dimethyl sulfoxide (DMSO). The DMSO is suitable for the
synthesis of inorganic materials because of its unique features,
such as polar aprotic solvent, stabilizing dispersion medium,
excellent solvating power, high dielectric constant (46.5),
nontoxicity, miscibility with water in all proportions, slightly
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high boiling point (189 °C), and large latent heat of
evaporation (53 kJ/mol at 25 °C).>°7>* All these features
have played an essential role for the controlled growth of
several nanostructured oxides.”>

Therefore, in the present study, a-Ag,WO, powders were
synthesized via CR by using a fast injection-based method. The
investigation was mainly focused on the structural and
morphological changes in a-Ag,WO, microcrystals by the
electron-beam irradiation in scanning electron microscope
(SEM) and transmission electron microscope (TEM). Based
on the experimental results, the difference in energy of the
electron beam in both types of microscopes resulted in distinct
nucleation and growth processes of extruded Ag filaments. For
a more detailed study, the electron-beam current density
(EBCD) in TEM was varied from 2.5 A/m* to 42 A/m? so
that all growth stages of the extruded material were carefully
monitored in real time and recorded in videos.

2. MATERIALS AND METHODS

2.1. Synthesis. a-Ag, WO, microcrystals were synthesized via CR
by using a fast injection-based method. Sodium tungstate dihydrate
[Na,WO,2H,0] (99%, Aldrich) and silver nitrate [AgNO5] (99.8%,
Cennabras) were chosen as chemical starting precursors and used
without further purification. For a typical synthesis, 2 mmol of AgNO;
were dissolved in 80 mL of DMSO (Synth) contained in an angled
three-neck round-bottom flask connected to a condenser and a
thermocouple. This solution was maintained under constant stirring
at 120 °C for § min. In a beaker, 1 mmol of Na,WO,-2H,0 was
solubilized in 20 mL of deionized water, which was stirred at room
temperature for 10 min. This procedure was adopted because the
Na,WO,2H,0 is insoluble in DMSO. This liquid medium
(containing Na* and WO}~ ions) was sucked with a plastic syringe
(maximum capacity of 60 mL) and then quickly injected into the
DMSO (containing Ag* ions). The water instantaneously evaporated
during contact with the heated DMSO, so that the interaction
between Ag" and WO}~ ions resulted in a burst of nucleation. After
this stage, the system was stirred for another 10 min at 120 °C. After
naturally cooling to room temperature, the solid precipitates were
separated from the liquid phase via centrifugation (7000 rpm for S
min), washed with deionized water and acetone (ten times), and
dried in a lab oven at 50 °C for 12 h.

2.2. Characterizations. The structural analysis of a-Ag,WO,
microcrystals was performed via X-ray diffraction (XRD) by using a
D/Max-2500PC diffractometer (Rigaku, Japan) with Cu Ka radiation
(4 =0.154184 nm). Data were collected over 20 ranging from 10° to
110° with a scanning scan rate and step size of 0.2°/min and 0.02°,
respectively. X-ray photoelectron spectroscopy (XPS) was performed
by using an ESCA + spectrometer (ScientaOmicron, Germany) with a
high-performance hemispheric analyzer (EA 125) adjusted to a pass
energy of 50 eV. A monochromatic Al Ka radiation (1486.6 eV) was
used as an excitation source. The operating pressure in the ultrahigh
vacuum chamber during the XPS analysis was maintained at around 2
X 107° mbar. Energy steps of 0.5 and 0.05 eV were used for survey
and high-resolution spectra, respectively. The binding energies in all
spectra were calibrated in reference to the C 1s peak (284.8 eV). The
W 4f, Ag 3d, and O Is core levels were measured in high-resolution
mode. CasaXPS$ software®" was used to analyze the XPS spectra, in
which the core-level signals were individually fitted with Gaussian—
Lorentzian functions and background subtraction according to the
Shirley method. The morphological aspects were examined by using
an Inspect FS0 scanning electron microscope equipped with a
Schottky Field Emission source (FE-SEM) and a TECNAI G2 F20
transmission electron microscope (TEM) (both from Philips-FEI,
Netherlands). For in situ analysis in FE-SEM of extruded Ag
structures grown from a-Ag,WO, microcrystals, the microscope was
operated with an accelerating voltage of 10 kV, spot size of 3, work
distance of approximately 10 mm, and by using secondary electron
detectors (ETD, Everhart—Thornley Detector).

DOI: 10.1021/acs.cgd.8b01076
Cryst. Growth Des. 2019, 19, 106—115


http://dx.doi.org/10.1021/acs.cgd.8b01076

Crystal Growth & Design

In the case of TEM, an FEI Tecnai G2 F20 X-TWIN (200 kV)
with a Gatan CCD camera was used for the video acquisition. The
samples were initially prepared by using 30 mg of a-Ag,WO,
dispersed in 4 mL of acetone via ultrasonication. The copper TEM
grids with carbon film (3 nm) were rapidly submerged in this
dispersion and then dried in vacuum for 12 h (vacuum chamber
protected from ultraviolet irradiation). Before the insertion of the
sample inside the microscope, the spot size was changed to 4, and the
EBCD was reduced (at around 6 A/m?). All alignments and EBCD
optimizations were performed on a square of the TEM grid, different
from that used to record the videos. In our test conditions, the
diameter of the electron-beam did not exceed a square of the mesh.
The videos were recorded in a new region, located two squares away
from the alignment zone. The delay of a few seconds between arrival
on a new zone and the start of the video recording (due to the search
by representative particles and focus adjustment) did not have a
significant influence on the growth of extruded Ag structures in the
microcrystals because of the low EBCD (=~ 6 A/m?*). Several minutes
of exposure of the sample at low EBCD were necessary for the growth
of Ag structures to be representative. The original videos were
recorded at a frame rate of 8 fps with a resolution of 480 X 480.

For the experimental tests involving both FE-SEM and TEM, the
previously prepared copper TEM grid was fixed in an aluminum stub
with carbon conductive tape. This stub was placed inside the FE-
SEM, which was operated by using an accelerating voltage of 10 kV, a
spot size of 3.5, a work distance of 10 mm, and a dwell time of 300 s.
All microcrystals found in the four central squares of the grid were
individually irradiated with the electron beam for 10 min. Posteriorly,
this grid was placed inside the TEM and irradiated with an EBCD of
6000 A/m” for 20 min.

3. RESULTS AND DISCUSSION

3.1. Structural Ordering. The Rietveld refinement plot of
a-Ag,WO, is displayed in Figure Sla (Support Information
(SI)). According to our results, a-Ag,WO, was well-
characterized by an orthorhombic structure with space group
Pn2n, exhibiting the lattice parameters a = 10.89 A b=1201
A, and ¢ = 05.89 A as well as a unit cell volume of 770.34 A3,
These structural data are in perfect agreement with other
published studies.'**>>%*

Another way of analyzing the final refinement results is to
model the crystalline structure of this tungstate in a
visualization program for structural models. Thus, our Rietveld
refinement data were used as input parameters in VESTA
software.”* The three-dimensional simulation of a-Ag,WO,
revealed seven distinct clusters (one for W—O bonds and six
for Ag—O bonds). From a general point of view, all W atoms
are bonded to six O atoms, resulting in distorted octahedral
[WOq] clusters. On the other hand, Ag atoms are coordinated
to two, four, six and seven O atoms, forminzg [Ag0O,], [AgO,],
[AgO¢], and [AgO;] clusters, respectively. > There are three
kinds of [AgOg] clusters, which differ in bond lengths and
angles associated with O—Ag—O bonds (Figure S1b in SI).

Another important aspect to be considered is that diffraction
peaks related to secondary phases were not detected in XRD
patterns, which could diverge the final refinement results.
There is difficulty inherent in determining by means of XRD
diffractograms any secondary phase below 3% in a crystalline
material. For example, some published papers'®~"> have
demonstrated the formation and growth of irregular metallic
Ag filaments on the surface of a-Ag,WO,. If this quantity is
less than the limit imposed by the XRD technique, it is
necessary to use other instrumental analyses to assist in the
structural investigation. Thus, XPS can be considered one of
the fundamental characterization techniques for this specific
purpose.
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3.2. X-ray Photoelectron Spectroscopy (XPS). The
surface oxidation states and chemical composition of as-
prepared samples were analyzed by XPS. As shown in Figure
S2a, the XPS survey spectrum revealed only the presence of
peaks associated with Ag, W, and O. Cavinato et al.® and Xie
et al.% reported several high-resolution XPS spectra for a
variety of W species, which are very useful for a qualitative
identification of W oxidation states in other materials
(containing traces of this element in their composition). In
our XPS spectrum for the W (Figure S2b), three peaks were
identified by means of the fitting with Gaussian—Lorentzian
functions (G-L components). The first most intense peak
located at 34.70 eV is assigned to W 4f,,,, while the other
doublet peaks with binding energies at 36.80 and 39.80 eV are
due to W 4f;;, and W Sp; ,, respectively.®~"" All these W 4f
core levels correspond to the W®" oxidation state arising from
W—0 bonds in octahedral [WO,] clusters.”*

Two Ag 3d core level signals were detected in the XPS
spectrum (Figure S2c), and they are directly related to Ag
3ds;; and Ag 3d;),. Each of these levels were perfectly fitted
into two G-L components, which were found at 367.60 and
368.70 eV for Ag 3ds;, and at 373.60 and 374.70 eV for Ag
3d;,, respectively. The components at 367.60 and 373.60 eV
arise from the Ag" oxidation state of Ag—O bonds in [AgO,]
clusters (n = 2, 4, 6, and 7). On the other hand, both low-
intensity components detected at 368.70 and 374.70 eV are
caused by the Ag® oxidation state.””***"*>”%” In principle, as
Rietveld refinement did not detect the presence of any
secondary phase (Figure Sla), we suppose that the Ag’ signals
in the XPS spectrum are caused by metallic Ag sites randomly
distributed on the surface of the samples. Therefore, the
chosen preparation route by using DMSO as solvent was not
able to completely avoid the reduction from Ag* to Ag’.

In addition, three G-L components were needed to obtain a
good fit for deconvolution of the O 1s envelope (Figure S2d).
According to the literature,”*”*~"° the component at 529.80
eV is due to W—O bonds in [WO,] clusters, while the other
two verified at 531.45 and 533.25 eV are usually attributed to
the hydroxyl group (—OH) and O species (O,”) chemisorbed
on the surface of a-Ag,WO,, respectively

3.3. Morphological Aspects. The low- and high-
magnification FE-SEM micrographs revealed that the a-
Ag,WO, powders are composed of several rectangular rod-
like microcrystals (Figure 1a—b). According to the theoretical
calculation based on the Wulff construction,” a-Ag,WO,
microcrystals are typically characterized by (100) and (001)
side facets and (010) end facets. When water is adopted as
solvent in a CR maintained at around 90 °C, these
microcrystals have showed (010) facets with hexagon-like
shape.””>*** In contrast, a remarkable feature observed in our
a-Ag,WO, microcrystals was the occurrence of (010) facets
with rectangular-like shape (dotted green circles and inset in
Figure 1b). Hence, both DMSO and synthesis temperature
(120 °C) were responsible for this morphological change. A
crystal growth mechanism was proposed in order to elucidate
the formation and growth stages of these microcrystals. More
details are presented in Figure S3 (SI).

The quantitative analysis of the particle size distribution
(height and width) of these microcrystals revealed an average
height ranging from 0.27 to 0.62 ym (26% at around 0.47 ym)
and an average width ranging from 0.07 to 0.15 um (20% at
around 0.11 ym) (Figure lc—d). The geometric dimensions of
the microcrystals are smaller than those reported by
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Figure 1. Low (a) and high-magnification (b) FE-SEM micrographs
of rectangular rod-like a-Ag,WO, microcrystals, respectively. The
green dotted circles and inset in (b) show the (010) end facets with
rectangular-like shape. Average particle size distribution (height and
width) of a-Ag,WO, microcrystals (c,d).

Cavalcante et al.>> This behavior reflects the impact caused by
the DMSO molecules in the morphological behavior of
rectangular rod-like @-Ag,WO, microcrystals.

A temporal analysis was performed by FE-SEM (accelerating
voltage of 10 kV and spot size of 3) with the intention of
detecting any occurrence of extruded filaments on the surface
of a-Ag,WO, microcrystals by the direct incidence of the
electron beam. The initial time or 0 min was considered the
exact instant in which the electron beam was focused on the
selected region of the sample (Figure S4a). During the first S
min of irradiation (Figure S4b), a fast and spontaneous matter
transport (as irregular filaments) emerged from the surface of
these microcrystals. Practically, no significant evolution was
detected in the growth of these nanostructures for exposure
periods from 10 to 25 min (Figure S4c—f). In a preliminary
analysis, the structural and morphological modifications
provoked by the electron beam in a-Ag,WO, microcrystals
are practically inevitable. An interesting observation is that the
growth of extruded filaments preferentially progressed on
(100) and (001) facets. These complex structures were not
found on (010) facets of the microcrystals (Figure la—b and
S4a—f). A similar phenomenon has been verified in hexagonal
rod-like a-Ag,WO, microcrystals synthesized in aqueous
medium, when analyzed from the point of view of FE-SEM
images.””** The growth of long Ag filaments on (010) facets
was clearly noted in real-time TEM images. Nevertheless, the
main scientific aim in these papers was not focused on this
experimental evidence. To validate our assumption, we
conducted a controlled experiment in TEM, in which the
EBCD was carefully varied to identify whether there is a
threshold situation or some modification in the growth kinetics
of extruded Ag structures in the microcrystals by the electron-
beam irradiation.

Figure 2 shows TEM snapshot images extracted from real-
time videos (included in the SI), which reveal several
rectangular rod-like a-Ag,WO, microcrystals when exposed
to the electron-beam irradiation at different EBCDs for $ min.
In all these situations, the electron beam was responsible for an
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Figure 2. TEM snapshot images of a-Ag,WO, microcrystals before
and after being exposed to electron-beam irradiation for 5 min. The
EBCD was maintained at 2.5 A/m? (a, b), 6 A/m? (¢, d), 23 A/m? (e,
f), and 42 A/m? (g, h), respectively. In these images were identified
the following phenomena: growth of filaments or agglomerates on the
surface of the microcrystals (red arrows), shrinkage of microcrystals
(yellow arrows), and resorption of extruded material (blue arrows).

intense and dynamic matter diffusion along the microcrystals,
resulting in preferential growth of long filaments or
agglomerates on (010) facets (red arrows in Figure 2a,c,e,g).
This transport phenomenon was most prominent and faster
when high EBCDs were employed in these experiments. For
example, when the sample was irradiated with low EBCD
(approximately 2.5 A/m*) (video SV1 in SI), longer times
were necessary for the system to reach an equilibrium
condition, i.e., when the matter mobility in the microcrystals
was finally concluded (Figure 2a—b). This time was reduced
when the electron dose was selectively increased (Figure 2c—
h) (videos SV2, SV3, and SV4 in SI). Independent of the
EBCD, we presume that the final result would be the same, i.e,,
a set of microcrystals containing an enormous amount of
extruded material on their surfaces. This assum7ption was based
on the study performed by Gong et al,”” in which Ag
nanoparticles were synthesized by electron-beam irradiation.
According to these authors, the growth of these nanoparticles
was influenced by the EBCD, but was not affected by the
exposition time. In addition, they reported that the critical
EBCD found to grow the Ag nanoparticles was 1.5 X 10* A/
m?® This value is extremely superior to that adopted in our
experiments (42 A/m?). In our particular study, as previously
mentioned, a high EBCD accelerated the matter transport, as
can be seen in videos SV3 and SV4 in SI. Thus, a-Ag,WO,
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microcrystals have reached the equilibrium state in approx-
imately 20 min with an EBCD selected at 6 A/ m?, while, at 42
A/m?, this time was less than 3 min. The choice of an EBCD
that is a hundred times higher could promote a faster matter
transport with the final growth of extruded structures in a few
seconds. Hence, the evolution of time-dependent phenomena
would be difficult to detect. It is important to emphasize that,
according to previous studies,”””>* the extruded material is
abundantly composed of Ag atoms.

Additional impressive behavior was observed when the
microcrystals were stacked, where contact areas acted as
“bridges”, forming a single system. These “bridges” provided a
new and easy way for matter to flow from one microcrystal to
another during the electron-beam irradiation. In some
situations identified in this system, a substantial amount of
atoms was able to migrate to only a microcrystal among the
various available, as can be seen in Figure 2g—h and video SV4
in SI. From our understanding, the final amount of extruded
material is independent of the EBCD, but intrinsically related
to the total mass of all microcrystals (when they are
connected) during the period of electron-beam irradiation.

Other two phenomena found with a lower occurrence were
shrinkage of microcrystals (yellow arrows in Figures 2ce,g)
and reabsorption of nanostructures previously nucleated on the
surface (blue arrow in Figure 2e). In the first case, the
microcrystal (referred as to “mother”) is shrunk once the
electron beam initiates the atomic diffusion. As all micro-
crystals are composed of Ag, O, and W, low mobility of W
atoms (lattice former) followed by the amorphization of the
“mother” microcrystal is likely to happen. In relation to the
second phenomenon, the nanostructures initially grow on the
surface and they were posteriorly reabsorbed by the “mother”
microcrystal due to the electronic conductivity imposed by the
electron beam. This reabsorbed matter was able to migrate
from the “mother” microcrystal to other neighbors, when
contacts were created between them (blue arrow in both
Figure 2e and video SV3 in SI).

Figure 3 shows TEM and high-resolution transmission
electron microscopy (HRTEM) images as well as the
elemental analyses obtained by using energy-dispersive X-ray
spectroscopy (EDX) of microcrystals irradiated for 18 min
with an EBCD of approximately 40 A/m’ As expected, after
interaction with the electron beam, a long and irregular
filament grew as a function of the matter flow arising from
several stacked microcrystals (Figure 3a). For a complete
chemical analysis, two distinct regions were chosen in this
system, the first one on the grown filament ((b) in yellow
circle), and the second one on the “mother” microcrystal ((c)
in yellow circle). EDX performed on the grown filament
indicated an absolute predominance of Ag species in relation
to O and W (Figure 3b). On the other hand, the “mother”
microcrystal showed a high contribution of both W and O, and
a small concentration of Ag (Figure 3c). These results suggest
that the Ag atoms of the “mother” microcrystal migrated to
form the extruded filaments (or agglomerates in some
situations). Similar behavior was reported in a study published
by Longo et al.*

HRTEM was fundamental in order to identify which Ag
species or structures can be found along the filament. An
HRTEM image was acquired on the tip of the filament (Figure
3d), so that the Fast Fourier Transform (FFT) in this region
revealed the presence of spots (Figure 3e) corresponding to
[111] and [200] planes of metallic Ag (cubic structure, JCPDS
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Figure 3. (a) TEM image of a-Ag,WO, microcrystals irradiated at 40
A/m? for 18 min; (b—c) EDX spectra obtained on the grown filament
(b in yellow circle in (a)) and “mother” microcrystal (c in yellow
circle in (a)), respectively; (d) HRTEM image acquired on the tip of
the grown filament (d in red dashed square in (a)); (e) FFT pattern
corresponding to selected region in (d) (red dashed square); (f)
HRTEM image acquired close to the interface filament/“mother”
microcrystal (e in red dashed square in (a)); (g) FFT pattern
corresponding to selected region in (f) (red dashed square).

card no. 01-001-1167).”® No zone axis was identified,
indicating that the extruded material is composed of several
Ag crystals with different crystallographic orientations. For the
HRTEM image taken close to the interface filament/“mother”
microcrystal (Figure 3f), the FFT pattern was perfectly indexed
to silver oxide (Ag;0,) (monoclinic structure, JCPDS card no.
01-077-1846),”® which was oriented on the [111] zone axis
(Figure 3g). In order to form the Ag;O,, O atoms were able to
migrate for this region in the filament. Therefore, this
interesting behavior implies that there is a collective diffusion
of not only Ag atoms to grow the extruded nanostructures but
also O species.

In another test with TEM, the electron-beam irradiations
were conducted in two stages, which included changes in both
EBCD and exposition time on the same group of micro-
particles. Initially, the irradiation was conducted at 40 A/m? for
10 min (Figure 4a) to induce the mobility as well as initial
growth of Ag filaments. One of the filaments was selected
(dotted red square in Figure 4a), and an HRTEM image was
taken (Figure 4b). The FFT pattern acquired from the grown
material showed typical reflections of metallic Ag (cubic
structure) oriented along the [111] zone axis (Figure 4c).

In the second part of this experiment, the EBCD increased
up to 40000 A/m* and was maintained for 24 min on the
previously analyzed microcrystals (Figure Sa). Significant
changes were detected in this system only in the irradiated
local area; i.e., the extruded Ag filament started to shrink and
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Figure 4. (a) TEM image of a-Ag,WO, microcrystals irradiated at 40
A/m? for 10 min; (b) HRTEM image acquired on the grown filament
(red dashed square in (a)); (c) FFT pattern corresponding to
selected region in (b) (red dashed square).
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Figure 5. (a—b) TEM images of a-Ag,WO, microcrystals irradiated
at 6000 A/m? for 20 min and at 40 000 A/m? for 24 min, respectively;
(c) HRTEM image of an aggregate (red dashed circle in (b)); (d)
FFT pattern corresponding to selected region in (c) (red dashed
square).

an aggregate was formed (Figure Sa—b and video SVS in SI).
From the beginning to end of this stage, a typical manifestation
of the Ostwald ripening mechanism sometimes was evi-
denced,”” in which the small crystals were dissolved (due to
high dissolution and surface energy) and redeposited onto
large crystals.*”®" By indexing the FFT of the HRTEM image
acquired on this aggregated system, the presence of crystallo-
graphic planes related to silver(I) oxide (Ag,O) (cubic
structure, JCPDS card no. 00-043-0997)”° was confirmed
(Figure Sc—d). It is further evidenced that there is also the
atomic mobility of O species, together with the Ag atoms,
during the growth of extruded structures on the surface of the
microcrystals. In our knowledge, for the first time, the
existence of Ag,0 or Ag;O, in the arrangement of extruded
filaments in a-Ag,WO, microcrystals has been proven.

As previously demonstrated, FE-SEM and TEM techniques
were able to induce the growth of extruded filaments in a-
Ag,WO, microcrystals by electron-beam irradiation. The
fundamental difference is that these nanostructures preferen-
tially grow on the (100) and (001) side facets in FE-SEM and
on the (010) end facets in TEM. Based on this observation, a
new test involving both FE-SEM and TEM was elaborated.
The main intention was to investigate wherever local Ag

nucleation points (randomly distributed on (100) and (001)
facets), initially grown by the electron-beam in FE-SEM, could
act as preferential migration sites to grow the extruded
structures when irradiated during TEM.

In order to perform this test, each of the microcrystals found
on the four central squares of the TEM grid was first exposed
to the electron beam in an FE-SEM (maintained at 10 kV) for
10 min. In the sequence, this grid was irradiated in a
transmission electron microscope with an EBCD of 6000 A/ m?
for 20 min. As expected, FE-SEM yielded the growth of small
points or filaments in the microcrystals; however, these
microcrystals did not show any evolution process in terms of
matter diffusion as well as on the growth of extruded filaments
in TEM. Practically, the microcrystals remained in an
equilibrium state (Figure SS). A brief comment that needs to
be made is that high resolution FE-SEM images of a-Ag,WO,
microcrystals deposited on the copper TEM grid were not
possible to acquire.

From analyzing all results obtained through the electron-
beam irradiation, the key question that arises is “Why the
electron beam irradiation in FE-SEM and TEM causes distinct
growth of extruded nanostructures in a-Ag;WO, microcrystals?”
The answer can be associated with operating peculiarities of
each of these microscopes. A common feature in both
microscopes is that the electron beam transfers a fraction of
their energy for the sample. Sometimes, this transferred energy
is able to cause atomic mobility, surface defects, electrostatic
charging, and local heating in the crystals.””*

From the point of view of FE-SEM, the penetration depth of
incident electrons in a sample is dependent on the energy of
the electron beam and nature of the sample. Generally, for
electrons accelerated with high energies up to 1 MeV, the
penetration depth is approximately micrometers.*”*> In our
study, the electrons were accelerated at 10 kV (10 keV),
ensuring a penetration depth of a few nanometers on the
surface of @-Ag,WO, microcrystals. When the fast electrons hit
the microcrystals, local defects can be generated and an
electronic conduction process on the surface can be initiated.
These local defects (preferentially on (100) and (001) side
facets) were able to accumulate a high amount of electrons
(forming a negatively charged electrostatic field), inducing the
mobility of Ag" ions (previously bonded to Ag—O-W
clusters) via Coulombic attraction. These regions begin to
act as nucleation sites driving the continuous growth of
irregular Ag filaments.

In contrast, the electron beam in a transmission microscope
was accelerated in 200 kV (=~ 278 keV, considering relativistic
calculations) by using an EBCD from 2.5 A/ m? to 42 A/m>
Consequently, the electrons were transmitted through the
microcrystals. Therefore, there is an electronic conduction
(charging effect) along the microcrystals with a high amount of
electrons concentrated in their (010) end facets. Similarly as in
FE-SEM, these regions rich in negative charges (negatively
charged electrostatic field) attract the Ag® ions, causing the
growth of irregular Ag filaments (or agglomerates). The
reduction reaction promotes the appearance of long extruded
filaments mainly composed of metallic Ag. However, in the
areas of these filaments situated close to the interface of the
“mother” microcrystal, there is also the presence of Ag,O
(cubic structure) or (Ag;O,) (monoclinic structure). We
suppose two different hypotheses to explain the origin of these
oxides in the composition of extruded material. The first one is
the damage caused by the electron-beam irradiation promoted
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the formation of defects (for example, vacancies) in the
microcrystals. The O species were able to migrate through
these defects until they bond with Ag species (Ag—O bonds),
forming Ag,O and Ag;O, In the second one, after the
appearance of extruded material, the continuous electron
bombardment on these filaments again caused the formation of
Ag" (Ag® — Ag") by means of irradiation damage.®” These Ag*
ions were able to attract O~ ions (with low mobility), arising
from amorphous “mother” microcrystals, forming Ag—O
bonds. The atomic rearrangement of Ag—O bonds in
[AgO,] clusters (n = 2, 4, 6, and 7) promoted the formation
of Ag,0 and Ag;O, in the extruded material. An explanation of
the correlation between EBCD and damage accumulation is
reported in the SI. Particularly, future studies based on
cryogenic electron microscopy can be an alternative way to
clarify and describe with more detail the changes caused by the
electron beam in the local ordering and structural organization
of a-Ag,WO, microcrystals.

4. CONCLUSION

In summary, rectangular rod-like a-Ag,WO, microcrystals
were synthesized via coprecipitation reaction by using DMSO.
The intense and well-defined diffraction peaks confirmed that
the microcrystals have a high degree of crystallinity, i.e., a long-
range structural ordering. According to Rietveld refinement
data, a-Ag,WO, microcrystals crystallized in an orthorhombic
structure with space group Pn2n, without any trace of
secondary phases. XPS spectra showed typical peaks associated
with Ag, W, and O in the microcrystals, without other chemical
species bonded to the surface. The Ag® signals in the Ag 3d
spectrum were ascribed to local metallic Ag sites found on the
surface of the microcrystals. These sites grew during the
formation stages of a-Ag,WO, microcrystals by the copreci-
pitation reaction. The growth of complex extruded nanostruc-
tures was noted in the microcrystals during exposure to
electron-beam irradiation in FE-SEM and TEM. FE-SEM was
responsible for the growth of extruded Ag filaments
preferentially along (100) and (001) facets. The matter
diffusion as well as final stabilization of these filaments was
verified during the first S min of irradiation in FE-SEM
(accelerating voltage of 10 kV and spot size of 3). On the other
hand, TEM induced preferential growth of long filaments or
agglomerates on (010) facets of the microcrystals. The EBCD
influenced the growth rate of the extruded material. In samples
irradiated with low EBCD, longer times were necessary for the
system to reach a stable condition. The indexing of FFT
patterns taken from HRTEM images revealed that the
extruded materials are composed of cubic metallic Ag, cubic
(Ag,0), and monoclinic (Ag;O,) silver oxides. These results
suggested that the electron beam induced an atomic diffusion
of O and Ag species in the microcrystals. Real-time videos were
recorded, in which different phenomena were observed during
the electron-beam irradiation in TEM, such as growth of Ag
filaments, shrinkage of microcrystals, and reabsorption of
nanostructures previously nucleated on the surface. These
videos also indicated that there is mass transport between
stacked microcrystals, presenting typical behavior of the single
particle system. The way in which these atoms migrate from
one microcrystal to another is still unknown. Future TEM-
based studies will be necessary in order to accurately describe
the nature of this phenomenon.
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