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ARTICLE INFO ABSTRACT

Atticle history: AgoW; xMoy04 (x = 0.0 and 0.50) powders were synthesized by the co-precipitation (drop-by-drop) method
Received 24 February 2015 and processed using a microwave-assisted hydrothermal method. We report the real-time in situ formation
Received in revised form 19 August 2015 and growth of Ag filaments on the Ag, W, _,Mo,0, crystals using an accelerated electron beam under high vacuum.
Accepted 30 August 2015

Various techniques were used to evaluate the influence of the network-former substitution on the structural and
optical properties, including photoluminescence (PL) emission, of these materials. X-ray diffraction results con-
firmed the phases obtained by the synthesis methods. Raman spectroscopy revealed significant changes in local
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igw(;f& order-disorder as a function of the network-former substitution. Field-emission scanning electron microscopy
Ag:Mo0, was used to determine the shape as well as dimensions of the Ag,W,_,Mo,0,4 heterostructures. The PL spectra
Photoluminescence showed that the PL-emission intensities of Ag;W;_xMo,04 were greater than those of pure Ag,WO,, probably
Morphology because of the increase of intermediary energy levels within the band gap of the Ag,W; _xMo,0, heterostructures,

Raman spectroscopy

as evidenced by the decrease in the band-gap values measured by ultraviolet-visible spectroscopy.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, strategies for fabricating low-dimensional structures
of tungstate and molybdate compounds have received much attention
owing to the novel geometry-dependent properties of these compounds
and their potential applications in various fields [1]. In particular, silver
molybdate (Ag,Mo0Q,) and silver tungstate (Ag,WO,) exhibit excellent
electrical and optical properties; hence, they are ideal for application in
sensors, optical devices, as well as in photodegradation and catalytic
processes; they are also used as antibacterial agents and energy storage
materials [2,3].

The properties of such compounds are directly determined by their
structure, morphology, and dimension. Therefore, a fundamental
understanding of the structural evolution and features of these com-
pounds is essential before producing them by controlled synthesis; in
particular, achieving precise control over their parameters is an impor-
tant goal.

* Corresponding author at: Walter Brendel Centre of Experimental Medicine, Ludwig-
Maximilians-Universitat Miinchen, Marchioninistr. 27, D-81377 Miinchen, Germany.
E-mail address: rosanaf.gon@gmail.com (R.F. Gongalves).
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Previous research into the evolution and features of tungstate and
molybdate compounds used techniques that require high temperatures
and long processing times [4,5]. Lately, the microwave-assisted hydro-
thermal (MAH) method has received special attention owing to its in-
teresting advantages, which include rapid, uniform, and selective
heating; reduced processing costs; better production quality; and the
possibility of creating new, technologically important materials [6].

Recently, we used an electron beam to demonstrate the in situ
growth of Ag nanofilaments from a-Ag,WO, crystals [7,8]. An external
stimulus, such as an accelerated electron beam in field-emission scan-
ning electron microscopy (FE-SEM), is capable of initiating the nucle-
ation and growth of Ag filaments.

Some studies have been conducted to explore the properties of
silver tungstate [9,10], which exhibits three different structures: o-
orthorhombic [10], p-hexagonal [11], and y-cubic [12]. Pang et al. [13]
prepared Ag, WO, particles with good antimicrobial activity. Cavalcante
et al. [14] obtained hexagonal, rod-like, elongated silver tungstate (o-
Ag>WO0,) microcrystals and studied their optical properties. Recently,
a new ozone gas sensor based on a-Ag, WO, nanorod-like structures
was designed, and electrical resistance measurements proved the effi-
ciency of the Ag,WO, nanorods [15]. The sensor showed good
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sensitivity even for a low ozone concentration (80 ppb), fast response,
and short recovery time at 300 °C.

Silver molybdates have also received considerable attention owing
to their chemical stability at elevated temperatures, as well as their
applications in optical and electrochemical devices [16]. Ag;Mo00, can
be found in two forms: a-Ag,MoO,, which has a tetragonal structure,
and [3-Ag>Mo0O4, which is cubic with a spinel structure. The a-phase ir-
reversibly transforms to the 3-phase upon heating above the ambient
temperature. These compounds have been used in applications such
as catalysis, gas sensing, and surface-enhanced Raman scattering tech-
niques [6].

In this paper, we discuss the structure, optical properties, and
growth of silver filaments on Ag,W;_xMo,0,4 (x = 0.0 and 0.50) pow-
ders synthesized via the MAH method.

2. Experimental details
2.1. Synthesis of AgoW; _xMox0, crystals

Ago W1 _xMo,0, crystals (x = 0.0 and 0.5) were synthesized by the
co-precipitation (drop-by-drop) method. The precursors were
0.001 mol of sodium tungstate dihydrate (Na,W0,4.2H,0) (99.5% purity,
Aldrich), 0.001 mol of sodium molybdate dihydrate (Na;MoO,4-2H,0)
(99.5% purity, Aldrich), and 0.001 mol of silver nitrate (99% purity,
Aldrich). A Masterflex 77240-10 L/S compact variable-speed pump
was used to drip 30 mL of an aqueous solution of Ag* ions at a flow
rate of 10 mL min~! into 50 mL of an aqueous solution containing
WO03~ and Mo0O3 ~ ions (at 368 K) in a 250 mL beaker. For all systems,
the temperature was maintained at 343 K for 30 min, and the agitation
rate in the IKA C-MAG HS-7 magnetic stirrer was 700 r min~ .

After precipitation, the suspensions were transferred to a Teflon
autoclave, sealed, and placed in the MAH system (2.45 GHz, maximum
power 800 W). The reaction mixture was heated at 140 °C for 1 h.
Then, the autoclave was naturally cooled to room temperature. Finally,
the product was washed with deionized water several times and dried
at50 °Cfor 6 h.

2.2. Characterization of Ag,W;_xMo 04 crystals

The synthesized crystals were structurally characterized with X-ray
diffraction (XRD) (D/Max-2500PC diffractometer (Rigaku, Japan))
using Cu-Ka radiation (N = 1.5406 A) in a 26 range from 10° to 70°
with a scanning rate of 1° min~ !. The FT-Raman spectra were recorded
(Bruker-RFS 100 (Germany)). The Raman spectra were obtained using a
1064-nm line with a Nd:YAG laser having a maximum output power of
100 mW in the range of 50-1000 cm™'. The morphologies of the
AgoW, _xMo 404 crystals were observed with an FE-SEM (Carl Zeiss,
model Supra 35-VP (Germany)) operated at 6 kV. Ultraviolet-visible
(UV-vis) spectra were recorded using a Varian spectrophotometer
(Varian, Cary 5G model) in the diffuse reflectance mode. PL measure-
ments were performed using a Monospec 27 monochromator (Thermal
Jarrel Ash, USA) coupled to a R446 photomultiplier (Hamamatsu, Japan).
A krypton ion laser (Coherent Innova 90 K, USA) (N = 350.7 nm) was
used as the excitation source, with the output power maintained at
500 mW. The laser beam was passed through an optical chopper, and
its maximum power on the sample was maintained at 40 mW. All PL
measurements were performed at room temperature.

3. Results and discussion
3.1. XRD analysis
Fig. 1 shows typical XRD patterns of the Ag,(W;_,Mo,)O, crystals

with (a) x = 0.0 and (b) x = 0.50 synthesized at 140 °C for 1 h by the
MAH method.
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Fig. 1. XRD patterns of Ag,(W_xMoy )04 crystals with (a) x = 0 and (b) x = 0.50 synthe-
sized at 140 °C for 1 h by the MAH method. Vertical lines indicate the position and inten-
sity relative to the ICSD card No. 4165 for the a-Ag; WO, phase and card No. 28891 for the
3-Ag,Mo0, phase.

The sharp and well-defined diffraction peaks indicate a high degree
of crystallinity; i.e., all precipitated crystals are structurally ordered at
long ranges. The XRD patterns illustrated in Fig. 1(a) reveal that the dif-
fraction peaks for ai-Ag,WO, crystals with x = 0.0 are monophasic and
can be indexed to the orthorhombic structure with space group Pn2n,
which is in agreement with the Inorganic Crystal Structure Database
(ICSD) No. 4165 [17]. However, Fig. 1(b) shows that the diffraction
peaks for Ag,(W;_xMo, )04 (with x = 0.50) crystals present two phases
that can be indexed to the orthorhombic structure with space group
Pn2n for the a-Ag,WO, phase (ICSD No. 4165) and to the cubic structure
with space group Fd-3 m for the 3-Ag;MoO, phase (ICSD No. 28891).

Fig. 1 shows a displacement of the diffraction peaks, which leads us
to believe that there is some substitution of tungsten ions by ions of
molybdenum. To quantify the actual concentration of molybdenum in
each phase and to determine if solid solutions were formed, Rietveld
refinement was performed on the synthesized crystals.

3.2. Rietveld refinement analysis

Fig. 2 shows observed and calculated Rietveld refinement plots for
Ag,(W_xMoy)04 crystals with different compositions (x = 0.0 and
0.50) synthesized at 140 °C for 1 h by the MAH method.

In this work, the Rietveld refinements were performed through the
general structure analysis (GSAS) program [18]. Space groups Pn2n
and Fd-3 m were assumed for the orthorhombic and cubic (Ag,WO,)
structures, respectively, and they were adjusted to ICSD No. 50821
[19] and ICSD No. 173120 [20]. In these analyses, the scale factor, back-
ground, lattice-constant shifts profile half-width parameters (u, v, w),
isotropic thermal parameters, lattice parameters, strain anisotropy fac-
tor, preferred orientation, and occupancy and atomic functional posi-
tions served as the refined parameters. The background was corrected
using a Chebyshev polynomial of the first kind. The peak profile function
was modeled using a convolution of the Thompson-Cox-Hastings
pseudo-Voigt (pV-TCH) function [21] with the asymmetry function
described by Finger [22], which accounts for asymmetries due to axial
divergence. Stephens' model [23] was used to account for the anisotro-
py in the half width of the reflections. The results we obtained from the
Rietveld refinements are listed in Tables 1 and 2.

Table 1 indicates that there are low deviations in certain statistical
parameters (Ryp, Rp, Rgragg, and x?), indicating that structural refine-
ment and numerical results are of a good quality. In this table, it can
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Fig. 2. Rietveld refinements of the Ag,(W;_xMoyx)0O4 crystals with (a) x = 0 and
(b) x = 0.50.

be seen that a single Ag,WO, phase is formed for the composition with
x = 0.0. For the composition with x = 0.50, we can observe two solid
solutions. The composition (x = 0.50) showed 67.15% of
Ag,(Wop.92M0g 03)04 solid solution with an orthorhombic structure and
Pn2n space group, and 32.85% of Ag;(Wg,08M0g.92)04 solid solution
with a cubic structure and Fd-3 m space group. These results reveal
the formation of a heterostructure.

Table 2 lists the lattice parameters and unit-cell volumes obtained by
the Rietveld refinement analyses for Ag,(W;_xMo,)O4 (x = 0.0 and
0.50) crystals. The variations in lattice parameters and volume indicate
that there are distortions in the unit cell caused by the replacement of
WOg clusters by MoOg clusters and vice versa in the formation of solid
solutions.

3.3. Analysis of micro-Raman spectra

Raman spectroscopy can be employed as a probe to investigate the
degree of short-range structural order—disorder in materials [24,25].
Indeed, this technique provides information on the structure of the mol-
ecule, as changes in the Raman spectral profile may indicate structural
transformations from one phase to another. The Raman spectrum of
pure Ag,WO, crystals synthesized using the MAH method is depicted
in Fig. 3(a), where we can experimentally detect seven Raman-
active modes: 82 cm™' (B, mode), 202 cm~' (A;; mode),
301 cm ™! (A mode), 660 cm™ ! (B, mode), 733 cm™ ! (B;; mode),
799 cm ™! (Aye mode), and 879 cm ™! (A mode).

An important feature of the crystals is the more pronounced struc-
tural local order presented by the lattice in the form of [WOg] clusters
(879 cm™ '), as opposed to the lattice modifier assigned to [AgOy] clus-
ters [8]. Internal vibrations are associated with movements inside the
[WOg] molecular group, which are revealed as peaks with Raman-
active internal modes of octahedral [WOg] clusters.

Fig. 3(b) depicts the FT-Raman spectrum of the Ag,Wq 50Mo0 5004
powders, where the peaks can be assigned to the heterostructure. All
of the peaks ascribed to Ag,WO, (Fig. 3(a)), except for the most intense
peak that was shifted to a lower wave number, remain on the spectrum.
The shift of the most intense peak is probably due to the mixed-phase
formation, as observed in the XRD pattern in Fig. 1. Indeed, new vibra-
tional modes ascribed to Ag,MoO, appear, suggesting that a new com-
pound containing a two-phase mixture, or a heterostructure, has
formed.

Therefore, only five Raman-active vibrational modes are expected
for AgMoO, crystals, as expressed by Eq. (1):

l—‘(Raman) = Alg + Eg + 3T2g- (1)

In addition to the vibrational modes associated with Ag,WO,,
Fig. 3(b) shows that the peak at 867 cm ™! (A;; mode) may be attributed
to the symmetric stretching of the Mo-O bond in the MoO, units,
whereas the peak at 756 cm ™" (T, mode) is assigned to the bridging
of Mo-0-Ag bonds, and the peaks in the 200-400 cm™ ! range (E4 and
T,z mode) correspond to the bending modes of the crystal. However,
one T, mode related to the mobility of O atoms into the structure is
not experimentally detectable. These findings are in good agreement
with the existing literature [26,17,27].

It is notable that the Raman spectra of the synthesized crystals
exhibited broad vibrational modes, indicating short-range structural
disorder. This characteristic can be related to the very rapid kinetics of
the synthesis conditions in the MAH method. It is well known that the
physical and chemical properties of materials are strongly correlated
with some structural factors: mainly the structural order-disorder
in the lattice. Breaking the symmetry processes of these clusters
with distortions, breakings, and tilts creates a huge number of differ-
ent structures and subsequently different material properties related
to local (short), intermediate, and long-range structural order-disorder
[28,29].

3.4. Ultraviolet-visible absorption spectroscopy analysis

The optical band-gap energy (E,,p,) was calculated using the method
proposed by Kubelka and Munk [30]. This method uses a transformation

Table 1
Phase compositions and statistical parameters of quality obtained by Rietveld refinement for the Ag,(W;_/Moy)O4 crystals with (x = 0 and 0.50) synthesized at 140 °C for 1 h by the MAH
method.
Ag>(W;.xMo,)04 Phase 1 Phase 2 7 RBrage Rp Rwp
x=0 Ago, WO, — 100% - 1.77 4.15 9.60 13.80
x = 0.50 AgrWo.9:M0g 0304 AgrWo,08M0g 9204 2.09 5.10 11.20 15.16
67.15% 32.85%
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-{:tl::sezparameters and unit cell volume obtained by Rietveld refinement for the Ag,(W;_,Mo,)O4 crystals with (x = 0 and 0.50) synthesized at 140 °C for 1 h by the MAH method.
Ago(W;.xMoy)04 Phase 1 Phase 2
Lattice parameters (A) Volume (A 3) Lattice parameters (A) Volume (A%)
a b C a=b=c
x=0 10.887(1) 12.015(4) 5.890(3) 770.525(3) - -
x = 0.50 10.834(5) 12.035(6) 5.906(0) 770.13(5) 9.325(8) 811.079(2)

of the diffuse reflectance measures, extracting the Eg,, values with good
accuracy [31]. Therefore, this method can be used in the limiting case of
an infinitely thick sample, as the thickness and sample holder have no
effect on the reflectance (R) value. In this case, the Kubelka-Munk
function at any wavelength is as follows:

_ 2
F(R.) = % = 1§< (2)

where F(R.) is the remission or Kubelka-Munk function, i.e., the diffuse
reflectance of the layer relative to a non- or low-absorbing standard
(MgO in our case), which is related to the term R.. = Rsampie/Rmgo; K is
the molar absorption coefficient of the samples; and s is the scattering
coefficient.
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Fig. 3. FT-Raman spectra for Ag,(W;_xMoy )04 crystals with (a) x = 0 and (b) 0.50 synthe-
sized at 140 °C for 1 h by the MAH method.

The optical band gap and the absorption coefficient of a semiconduc-
tor oxide are calculated using Eq. (3):

ahv = Gy (hv—Egyp)" 3)

where « is the linear absorption coefficient of the material, hv is the
photon energy, C; is a proportionality constant, Eg,, is the optical band
gap, and n is a constant associated with the different types of electronic
transitions. In this phenomenon, the electronic charges located in the
maximum-energy states in the valence band enter the minimum-
energy states in the conduction band after an absorption process, but
they always occur in the same region of the Brillouin zone [32]. Based
on this information, the Eg,, values for the Ag,(Wq sMog5)04 crystals
were calculated using the remission function presented in Eq. (2). Fur-
thermore, by replacing the term k with 2, we obtain the modified
Kubelka-Munk function as follows:

[F(Re)hw]* = Cp (hv—Egap). 4)

Therefore, by obtaining F(R..) from Eq. (2) and plotting [F(R..)hv]?
against hv and C; (proportionality constant), we can determine the
Egap values of the compounds by extrapolating the linear portions of
the curves.

40

| ——Agwo, (@)
354 — Linear Fit of Ag,WO,

| === Extrapolation of Ag WO,

30

N
v
1

N
o
1

Eg= 3,03 eV

[F(R)hv]" arb. units
s W
1 1

(5]
1

o

T
2.0 2.5 3.0 35
Photon Energy (eV)
80

A_gzwo‘so_Moo‘soo‘ (b)
Linear Fit of Ag. W, Mo O,
-—-- Extrapolation of AgW, Mo, O,
60 +
2
c
=]
o
© 404
R~
>
=
x
L,
20
0 T T T

T T T T T
1.6 1.8 2.0 22 24 26 28 3.0
Photon Energy (eV)

3.2 34

Fig. 4. UV-vis spectra for Ag,(W;_xMoy)O4 crystals with (a) x = 0 and (b) 0.50 synthe-
sized at 140 °C for 1 h by the MAH method.
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Fig. 4(a-b) depict the UV-vis diffuse reflectance spectra of Ag,W;_
xMo0,04 (x = 0.0 and 0.50) crystals. The exponential optical absorption
edge and the optical band-gap energy are controlled by the degree of
structural disorder in the lattice. Thus, a replacement of W atoms by
Mo atoms into the Ag; WO, lattice is accompanied by the reduction of
Egap values (Fig. 4 a-b). We believe that this significant reduction is at-
tributable to intrinsic defects at the local range introduced by the pres-
ence of two network formers. The partial substitution of a network
former induces a decrease of the band gap from 3.03 eV (Ag,WO,) to
2.71 eV (AgaWo.50M005004) and introduces new intermediary energy
levels within the optical band gap. This effect results in distortions in
the [AgOy], [WOg], and [MoO,] clusters that are interlinked in the lattice
and causes the appearance of new intermediate electronic levels in the
band gap. The decrease in the band gap can also be attributed to defects,
local bond distortion, intrinsic surfaces states, and interfaces that yield
these localized electronic levels in the forbidden band gap [33].

Our results for the values of the direct energy band gap for pure
Ag>,WO, microcrystals agree well with those reported in the literature
[34]. To our knowledge, the heterostructures and band-gap values
obtained in this work (Ag,Wys5Mo0o504) have not previously been
reported.

3.5. Photoluminescence emission of AgZ;W;_xMo,04 crystals

Fig. 5 shows the PL emission spectra recorded at room tempera-
ture for the Ago,W;_xMo,04 samples (x = 0.0 and 0.50) excited at
350.7 nm. All the samples exhibited a broad band in the range of
300-600 nm with a maximum at the violet end (ca. 450.0 nm) of
the visible spectrum.

The PL results show behavior typical of multiphonon or multilevel
processes; i.e., a solid system where reactions occur by several path-
ways, which involve the participation of numerous energy states within
the band gap [35]. PL is a powerful probe to investigate certain aspects
of short- and medium-range orders for clusters in which the degree of
local order is such that structurally different sites can be distinguished
by modifications in electronic transitions that are linked to a specific
structural arrangement [36].

The PL intensity of the Ag, W, 50M0g 5004 heterostructure presents an
improvement over that of the pure Ag,WO, compound (Fig. 5). There-
fore, the maximum broad band related to the compound with [MoO4]
clusters moves towards a lower energy region (400 nm) than that
observed for the Ag,WO,4 compound (450 nm). In addition, a weak
contribution (diffuse emission) in the red region (~600-700 nm)
appears for the Ag,WO, sample, while the AgyWq50M005004
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Fig. 5. PL emission for Ag;(W;_xMoy)O4 crystals (with x = 0 and 0.50) synthesized at
140 °C for 1 h by the MAH method.

compound showed no emission in this wavelength region. According
to Longo et al. [8], the emission in the red spectrum is most likely related
to the [AgOy] clusters. In this manner, an increase in the violet PL emis-
sion in the Ag; Wy 50Mo0g 5004 sample is also related to order-disorder
effects, which significantly influence the luminescence properties of
the tungstates [37].

The synergy between the two network formers results in a special
structural condition associated with the appearance of stronger violet
PL emissions. Other factors are involved in the PL behavior observed
and include the degree of aggregation and orientation between parti-
cles, variations in the particle size distribution, and surface defects. All
these factors greatly influence the intensity of PL emission. In addition,
distortions on [AgOy], [WOg], and [MoOy4] clusters at the local range
and morphology changes can be considered other key factors responsi-
ble for the emission profiles of this Ag;WO, matrix. Therefore, theoret-
ical calculations are required to gain further insight into the possible
mechanisms.

De Santana et al. [33] prepared a core/shell structure with silver
tungstate and silver molybdate composites. They reported an enhance-
ment of the PL spectrum for the decorated sample attributable to the
presence of an Ag;MoQy, shell covering the surface of the oi-Ag, WO, core.

In another work [38], a heterostructure composite formed by two
semiconductors was recognized as promising for the development of a
new, efficient material. According to the authors, heterostructures can
promote efficient electron-hole separation and, thus, improve the phys-
ical and chemical properties compared to those of a single semiconduc-
tor [39]. Kong et al. [40] synthesized BiOBr-ZnFe,0, heterostructures,
which were found to exhibit higher photocatalytic activity in the
visible-light degradation of rhodamine B than single BiOBr and ZnFe,0y.

3.6. FE-SEM analyses

Fig. 6(a-b) shows FE-SEM images of Ag,W; xMox04 (x = 0.0
and 0.50) crystals synthesized by the co-precipitation method.
Fig. 6(a) shows several rod-like, elongated, agglomerated Ag,WQO,4 mi-
crocrystals with a polydisperse shape. The image reveals that the crys-
tals are large and irregular with diameters of ~3 pum. This morphology
may be attributed to the growth mechanism of the crystal during the
precipitation reaction. The formation of Ag,WO, nuclei occurs when
the solution containing Ag™ ions comes into contact with the solution
containing W03~ ions, with the subsequent aggregation of several nu-
clei to form Ag; WO, crystals. After some time, these original crystals
grow to form rod-like structures. The last drops of the solution contain-
ing W07~ ions tend to form smaller crystals. Then, new nucleation
events can occur. These events are characterized by the appearance of
small crystals that have not yet grown because they have been formed
at the end of the precipitation reaction and lack further material for
growth by the drop-by-drop methodology [41]. This nucleation is het-
erogeneous; i.e., when a drop falls, some nuclei are formed while
other nuclei grow simultaneously. At this stage, random collisions
may still occur. On the other hand, some smaller rod-like crystals may
possibly have been formed after the dissolution of some larger crystals
under hydrothermal conditions.

When MoO3 ~ ions were simultaneously added to the co-precipitation
reaction of Ag,WQy,, it was found that the morphologies of the final
products greatly changed. Fig. 6(b) shows an FE-SEM image of the
Ag,WosMog 504 crystals. These crystals are formed by the self-
assembly of several nanocrystals partially oriented with each other
and have an average size of approximately 3-5 um. The growth ten-
dency of double-structure microcrystals is clear, as shown in the
heterostructure crystals Ag;W04/Ag>,Mo0Q, in Fig. 6(b). When the
Mo ions were added to the reaction mixture, we can observe the
presence of rounded microcrystals corresponding to the Ag,MoO,
phase reported in the literature. Therefore, the morphology changes
depend on the presence of Mo. Recent attention has been focused
on the synthesis and application of heterostructure compounds,
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Fig. 6. FE-SEM images of Ag,(W;_xMoy)0, crystals with (a) x = 0 and (b) 0.50 synthesized at 140 °C for 1 h by the MAH method.

which can have superior performance compared to single-structured
materials [42].

In situ electron microscopy is an important technique that can
uncover dynamic processes in the growth of nanocrystals. Recent
technological advancements, in conjunction with high-resolution imag-
ing, provide a new opportunity to view nanoscale processes [43]. In
Fig. 7(b), we can observe silver filaments on the Ag,W,Mo0,04 (x =
0.0, 0.50) crystals driven by an accelerated electron beam from an elec-
tronic microscope under high vacuum at different exposure times.
(DRX) and Raman analysis (Figs. 1 and 2) were incapable of detecting
any significant change in the Ag,W;_,Mo,04:Ag samples. In contrast,
the FE-SEM images (Fig. 7(b)) reveal that after receiving a small

electron dose, the Ag,WyMo,0,4 (x = 0.0, 0.50) crystal surface contains
a small amount of Ag nanoparticles. After 5 min of exposure to a 10-kV
electron beam, the metallic Ag nanoparticles begin to grow on the sam-
ple surface. This reduction process converts [AgO,] clusters to Ag®.
Longo et al. [33] demonstrated the similar behaviors of growth process-
es of Ag filaments on ai-Ag, WO, crystals induced by electron-beam irra-
diation by using electron microscopy. They postulated that after
irradiation, the growth of the first Ag particles and the onset of the
growth of new nuclei were observed in all the samples heat treated at
different temperatures (100, 120, 140 and 160 °C). However, the sample
prepared at 160 °C shows a higher number of Ag nuclei as well as a
higher absorption of existing particles. In another work [44], our

Fig. 7. FE-SEM images of Ag, W 50M0g 5004 crystals after electron beam exposure for different times (a) 0 min, (b) 1 min, (c) 2 min, (d) 3 min, (e) 4 min and (f) 5 min.
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group proposed the antibacterial effect of Ag;WO,4 microcrystals with
Ag metallic nanofilaments obtained by irradiation, employing an
electron beam to combat planktonic cells of methicillin-resistant
Staphylococcus aureus (MRSA). Experimental data and theoretical
calculations suggest that this effect originates from the coupling be-
tween a-Ag, WO, and Ag and promotes electron and hole transfer pro-
cesses that can readily participate in anti-microbacterial processes.

Fig. 8 shows an FE-SEM image showing Ag nanoparticles on the sur-
face of the Ag;WxMo,0,4 compound after 5 min of exposure to a 10-kV
electron beam as well as the size distribution of silver nanoparticles.
The sizes of the irradiated Ag nanoparticles vary from 17-79 nm with
a distribution maximum at approximately 28 nm (Fig. 8(b)). The forma-
tion of silver nanoparticles of similar sizes was observed by Pereira et al.
[45], who investigated the formation and growth of silver on ai-Ag, WO,
at different times and with different chemical compositions, size distri-
butions, and element distributions. The diameters of most Ag particles
were in the range of 20-40 nm. In this work, the injection of electrons
decreases the activation barrier for the Ag diffusion process, and the for-
mation of Ag nanoparticles is not dependent on the electron-beam
voltage.

4. Conclusion

Ag>Wj 50Mo0g 5004 crystals were successfully grown with the MAH
method. We observed the partial replacement of WOg clusters by
MoOg clusters and vice versa. These results suggest that the combina-
tion of silver tungstates and molybdates results in heterostructures
with interesting morphologies showing PL performance superior to
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Fig. 8. FE-SEM image of Ag,;W 50M0g 5004 crystals (a) after 5 min electron beam exposure
(b) mean particle diameter distribution for Ag nanoparticles.

that of single-structured Ag,WO,. An electron-irradiation process
strongly affects the nucleation and growth of Ag filaments and can pro-
vide deep insight into the electronic structure of other silver-oxide-
based materials. Moreover, the present work can be used to explore
the potential of Ag nanoparticles for use in various applications.
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