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ABSTRACT: New, effective antimicrobial agents are constantly
being evaluated for addressing the increased prevalence of bacterial
and fungal infections and emerging drug resistance. In this study, α-
Ag2WO4 microcrystals were prepared by controlled coprecipitation
(90 °C for 10 min) in different solvents (e.g., water, an alcoholic
solution, and an ammoniacal solution). From the X-ray diffraction
results, the newly synthesized α-Ag2WO4 microcrystals are well-
indexed to the orthorhombic structure. Two morphologies were seen
by field-emission scanning electron microscopy: microrods in the
alcoholic solution and flowerlike structures in water and the
ammoniacal solution. The synthesized α-Ag2WO4 microcrystals
exhibited antimicrobial activity against Candida albicans, Escherichia
coli, and methicillin-resistant Staphylococcus aureus. In addition, the
antibacterial performance of the α-Ag2WO4 samples as a function of
their structural and morphological features was discussed.

1. INTRODUCTION

Transition-metal tungstates, which represent an important class
of functional materials, have been intensely investigated because
of their interesting structures; intriguing physicochemical
properties; and diverse applications as photoluminescence
agents, photocatalysts, sensors, and antimicrobial and anti-
cancer materials.1−9 Among the family of tungstates, silver
tungstate, particularly α-Ag2WO4, exhibits interesting physical
and chemical properties that can be modulated for various
applications, including sensors, optical devices, photodegrada-
tion, and catalytic processes.10−29 Notably, α-Ag2WO4 is
interesting because of its electronic structure, which is related
to the combination of covalent, ionic, and metallic chemical
bonds. Different studies have demonstrated that α-Ag2WO4

exhibits good photocatalytic activity under visible light for the
degradation of organic dyes and for the destruction of
Escherichia coli (E. coli).30,31

Recently, research has been focused on the preparation of
antimicrobial materials for multiple applications, such as
sanitary materials and household, food packaging, medical,
and military items.32−38 In this context, and in view of the
critical need to discover families of new materials, our group
carried out a study using α-Ag2WO4 as the antibacterial
agent12,39 and β-Ag2MoO4 as the antifungal agent.

40 However,
the resulting activities are extremely sensitive to experimental

conditions, e.g., the solvent used during the synthesis, leading
to potentially different behavior and performance. Herein, the
application of α-Ag2WO4 as an antimicrobial agent was
discussed; to this end, α-Ag2WO4 samples were synthesized
by controlled coprecipitation (CP) and characterized using
three separate solvents: water, alcoholic solution, and
ammoniacal solution. The sample structures were examined
by X-ray diffraction (XRD) and Raman spectroscopy, while the
crystal morphology was observed by field-emission scanning
electron microscopy (FE-SEM). Ultraviolet−visible (UV−vis)
diffuse reflectance spectroscopy and photoluminescence (PL)
measurements were used to analyze the optical properties. The
antimicrobial activity against planktonic cells, i.e., fungi Candida
albicans (C. albicans), Gram-positive methicillin-resistant Staph-
ylococcus aureus (MRSA), and Gram-negative E. coli, was
evaluated by determining the minimum inhibitory concen-
tration (MIC) and minimum fungicidal or bactericidal
concentration (MFC/MBC). The remaining paper is divided
into three sections. The experimental details are discussed in
section 2, including experimental techniques and antimicrobial
activities of the different as-synthesized α-Ag2WO4 micro-
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crystals, followed by the results and discussion in sections 3 and
4, respectively.

2. MATERIALS AND METHODS
2.1. Synthesis of α-Ag2WO4 Using Different Solvents. The α-

Ag2WO4 microcrystals were synthesized by CP using water, an
alcoholic solution, and an ammoniacal solution as the solvents, without
the use of surfactants. Sodium tungstate dihydrate (Na2WO4·2H2O;
99.5% purity, Synth) and silver nitrate (AgNO3; 99.8% purity, Sigma-
Aldrich) were used as the starting precursors. With the use of water as
the solvent, the two precursors (Na2WO4·2H2O, 1 mmol; AgNO3, 2
mmol) were separately dissolved in two beakers, each containing 50
mL of deionized water, affording solutions 1 and 2, respectively. Next,
solution 2 was added in a dropwise manner into solution 1 under
vigorous magnetic stirring at 90 °C for 10 min.
During the synthesis using the alcoholic solution as the solvent, two

solutions (1 and 2) were also separately prepared. First, Na2WO4·
2H2O (1 mmol) was dissolved in 50 mL of an alcoholic solution (50%
anhydrous ethanol, 99.95% purity, Synth, and 50% water) and AgNO3
(2 mmol) was dissolved in 50 mL of water. Next, solution 2 was added
to solution 1 in a dropwise manner with vigorous stirring at 90 °C for
10 min.
Using the ammoniacal solution as the solvent, solution 1 was

prepared by the dissolution of Na2WO4·2H2O (1 mmol) in 50 mL of
deionized water, and ammonium hydroxide solution (34%, Sigma-
Aldrich) was added until a pH of 11 was reached. Separately, solution
2 was obtained by dissolving AgNO3 (2 mmol) in 50 mL of deionized
water. Solution 2 was then added in a dropwise manner to solution 1
under vigorous magnetic stirring, and the mixture was heated at 90 °C
for 10 min.
The precipitates were collected by centrifugation and washed

several times with water until a pH of 7 was attained. Then, the
powders were dried at 60 °C for 12 h.
2.2. Sample Characterization. The α-Ag2WO4 microcrystal

structure was examined by XRD using a Rigaku-DMax/2500PC
(Japan) diffractometer, with Cu Kα radiation (λ = 1.5406 Å), in the 2θ
range of 10°−70° at a scanning rate of 2°/min. Raman spectra were
recorded using a T64000 spectrometer (Horiba Jobin-Yvon, Japan)
coupled to a CCD Synapse detector and an argon-ion laser, operating
at 514 nm with a maximum power of 7 mW. The spectra were
measured in the 280−950 cm−1 range. UV−vis spectra were recorded
on a Varian spectrophotometer (model Cary 5G, United States) in the
diffuse-reflection mode. The sample morphologies were examined by
FE-SEM (Supra 35-VP Carl Zeiss, Germany) operated at 15 kV. PL
measurements were carried out using a Monospec 27 monochromator
(Thermo Jarrell Ash, United States) coupled with an R955
photomultiplier (Hamamatsu Photonics, Japan). A krypton-ion laser
(Coherent Innova 200 K, United States; λ = 350 nm) was used as the
excitation source with an incident power of approximately 14 mW on
the sample. All measurements were carried out at room temperature.
2.3. Antimicrobial Effects of α-Ag2WO4 Microcrystals

Obtained in Different Solvents. In this study, the antimicrobial
activity of the synthesized α-Ag2WO4 microcrystals was investigated
against one yeast, C. albicans, one Gram-positive bacterium, MRSA,
and one Gram-negative bacterium, E. coli. The antimicrobial activity of
the α-Ag2WO4 microcrystals was evaluated by the measurement of the
MICs and MFCs/MBCs for planktonic cells of the three strains from
the American Type Culture Collection (ATCC): C. albicans ATCC
90028, E. coli ATCC 8739, and MRSA ATCC 33591. Susceptibility
tests were performed using the Clinical and Laboratory Standards
Institute broth microdilution method [documents M27-A3 (2008) and
M7-A7 (2006) for yeast and bacteria, respectively].41,42

Candida albicans were cultured according to the methodology
described by Fabbro et al.40 Briefly, the strain were cultured from
frozen stock onto Sabouraud dextrose agar plus chloramphenicol (0.05
g/L, SDA, Acumedia Manufacturers Inc., Baltimore, MD) and
incubated for 48 h at 37 °C before being tested. MRSA and E. coli
were cultured onto Mueller−Hinton agar plates (Acumedia
Manufacturers Inc., Baltimore, MD) and incubated at 37 °C for 24−

48 h. A loopful of fresh cells of each microorganism grown on the agar
plates was transferred to an RPMI-1640 culture medium (Sigma-
Aldrich, St. Louis, MO) for C. albicans; tryptic soy broth (TSB,
Acumedia Manufacturers, Inc. Baltimore, MD) for MRSA; and
Mueller−Hinton broth (MHB, Acumedia Manufacturers, Inc.
Baltimore, MD) for E. coli. After overnight incubation at 37 °C in
an orbital shaker (75 rpm), the cells were harvested and washed twice
using a phosphate-buffered saline (PBS, pH 7.2) solution at 5 000g for
5 min. C. albicans cells were resuspended in the medium RPMI-1640,
and bacterial cells were resuspended in TSB and MHB culture media
for MRSA and E. coli, respectively. C. albicans, MRSA, and E. coli
suspensions were spectrophotometrically standardized to a final
concentration of 107 colony-forming units per milliliter (CFU/mL).

The MICs and MFCs/MBCs were determined by incubating the
microorganisms for 24 h at 37 °C on 96-well microtiter plates, exposed
to serial dilutions of each α-Ag2WO4 solutions (from 1000 to 0.061
μg/mL) in specific culture media. Positive controls were inoculated
with microbial suspension but no α-Ag2WO4 microcrystals, while the
negative controls consisted of uninoculated culture medium. MICs
were recorded as the lowest concentrations of each solution to achieve
complete inhibition of growth (without visible growth by visual
inspection).43,44

MFCs/MBCs were determined by inoculating 25 μL aliquots, taken
from 10-fold serial dilutions (10−1 to 10−8) of each well, on plates
containing SDA for C. albicans and Mueller−Hinton agar for MRSA
and E. coli, in duplicate. After the cells were incubated at 37 °C for
24−48 h, the CFU/mL was calculated and log10-transformed. The
MFCs/MBCs were defined as the lowest concentrations of each of the
α-Ag2WO4 solutions that result in no microbial growth on plates.43,44

The assays were performed in three independent experiments, in
triplicate.

3. RESULTS
3.1. X-ray Diffraction. Figure 1 displays the XRD patterns

of the α-Ag2WO4 obtained employing water and the alcoholic

and ammoniacal solutions. All of the diffraction peaks observed
for the α-Ag2WO4 are related to the orthorhombic structure
with the Pn2n space group (C2v

10 symmetry). This result is in
concordance with the Joint Committee on Inorganic Crystal
Structure Database card no. 416520,45 without secondary
phases.

3.2. Raman Spectroscopy. Raman spectroscopy is a
powerful and effective measurement for investigating the short-
range ordered structure (Figure 2). Twelve active modes are
observed in the Raman spectra of α-Ag2WO4 samples obtained

Figure 1. XRD patterns of the α-Ag2WO4 microcrystals synthesized in
water, ammoniacal (NH3), and alcoholic solutions.
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using different solvents. The most intense peak at 883 cm−1

corresponds to the symmetric stretching of the O−W−O
bonds in the [WO6]

25 and the bending modes of the Ag−O−
W unit.20,46 The active modes between 805 and 483 cm−1

correspond to the vibration in the [WO6] clusters, while those
observed between 368 and 307 cm−1 correspond to the
vibrational modes of [AgOx] (x = 7, 6, 4, and 2) clusters.47

3.3. FE-SEM Analysis. Figure 3 presents the FE-SEM
micrographs for the α-Ag2WO4 synthesized in water and in the
ammoniacal and alcoholic solutions.

A considerable amount of three-dimensional (3D) flowerlike
α-Ag2WO4 microcrystals are observed in the aqueous solution.
Clearly, these structures are essentially composed of aggregated
nanorod particles exhibiting partial orientation and attachment
on the irregular faces (Figure 3A). These crystals exhibit an
agglomerate nature but are observed as hexagonal rods, which
are grown in the y-axis along the [010] direction. Several
nanocrystallites exhibit nucleation and grow into small
nanorods. To reduce the system energy, these small nanorods
have a tendency to clump together, affording 3D flowerlike α-
Ag2WO4. The same 3D flowerlike α-Ag2WO4 structures are
obtained using the ammoniacal solution (Figure 3B). However,
in this case, the crystals exhibit three faces, with the (001),
(101), and (010) crystallographic planes, which are more
defined than the crystals obtained using water as solvent. Figure
3D shows these faces of the α-Ag2WO4 and the index of the
crystal planes on the rod that was previously done by Roca et
al.39 by means of modeling. With the synthesis using the
alcoholic solution, α-Ag2WO4 nanorods with three faces are
observed, and the same crystallographic planes as those
observed in the case of the α-Ag2WO4 structures synthesized
using the ammoniacal solution (Figure 3C) are seen.

3.4. UV−Vis Absorption Spectroscopy. The optical
bandgap energy (Egap) was estimated using the method
proposed by Kubelka and Munk,48 which can be summarized
by eq 1:

= ν −∞F hv C h E[ (R ) ] ( )n
1 gap (1)

Here, F(R∞) is the Kubelka−Munk function; R∞ is the
reflectance; hν is the photon energy; C1 is a proportionality
constant; Egap is the optical band gap; and n is a constant
associated with different electronic transitions (n = 0.5, 2, 1.5,
and 3 for directly allowed, indirectly allowed, directly forbidden,
and indirectly forbidden transitions, respectively).
The optical absorption spectra for the α-Ag2WO4 are subject

to direct electronic transitions.18,49 Therefore, after obtaining
the F(R∞) value from the Kubelka−Munk equation and
plotting a graph of [F(R∞)hν]

2 as a function of hν, the Egap
values for α-Ag2WO4 were estimated by extrapolating the linear
portion of the UV−vis curves. Figure 4 shows the UV−vis
diffuse reflectance spectra and Egap values of the α-Ag2WO4
microcrystals synthesized in water and in the alcoholic and
ammoniacal solutions.

Figure 2. Raman spectra of the α-Ag2WO4 microcrystals synthesized
in water, ammoniacal (NH3), and alcoholic solution.

Figure 3. Micrographs of the α-Ag2WO4 microcrystals synthesized in
water (A), ammoniacal solution (NH3) (B), and alcoholic solution
(C). Illustrative scheme for the α-Ag2WO4 crystal with the
crystallographic planes (001), (101), and (010) for the three faces
(D).

Figure 4. UV−vis diffuse reflectance of the α-Ag2WO4 microcrystals
synthesized in water, ammoniacal (NH3), and alcoholic solutions.
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3.5. Photoluminescence. Figure 5a displays the room-
temperature PL spectra of the three samples of α-Ag2WO4

microcrystals synthesized in water and in the alcoholic and
ammoniacal solutions at an excitation wavelength of 350 nm.
The PL bands of α-Ag2WO4 correspond to the recombination
between electron−hole pair processes and the electronic
transition among the valence band (mainly formed by 2p
levels of O atoms and 4d levels of Ag atoms) and the
conduction band (mainly composed by 5d levels of W atoms).
The spectra exhibit typical broad band profiles as a result of
multiple relaxation pathways, including the contribution of
many energy states inside the band gap. This behavior, which is
associated with the structural mess of α-Ag2WO4, endorses the
existence of extra electronic levels in the forbidden band gap of
the semiconductor.50

To enhance understanding of the PL properties and their
relation to the structural order−disorder of the lattice, the PL
curves were deconvoluted with the PeakFit program51 (Figure
5a). The curve was simulated through the overlapping peaks,
and the separate influence of each component was evaluated by
their corresponding areas and intensities. Hence, PL profiles are

arranged by the addition of three peaks by using the area Voigt
function for the α-Ag2WO4 synthesized in the alcoholic and
ammoniacal solutions, and four peaks were used for the α-
Ag2WO4 microcrystals synthesized in water. The peak positions
were fixed in a position of the spectrum. These four peaks
match to blue (447 nm), green (510 nm), orange (613 nm),
and red (750 nm) and agree with the position at which the
maxima of the curve are observed. Figure 5b shows the
percentage contribution for each area.

3.6. Antimicrobial Effects of the α-Ag2WO4 Micro-
crystals Synthesized Using Different Solvents. The results
showed that all the obtained microcrystals exhibit fungistatic
and fungicidal activity against C. albicans. Moreover, for each of
the three samples obtained, namely, α-Ag2WO4 synthesized in
water and in the alcoholic and ammoniacal solvents, the
concentration that completely inhibits visible growth by visual
inspection (i.e., the MIC value) also does not allow the growth
of colonies in the agar plates (MFC). However, using the
alcoholic solution as the solvent, a lower MIC/MFC value
(3.90 μg/mL) compared to those observed for the samples
synthesized using water (7.81 μg/mL) and the ammoniacal
solution (7.81 μg/mL) is observed (Figure 6). Notably, even at

concentrations less than the MIC/MFC, the α-Ag2WO4
microcrystals can reduce yeast growth. With the incubation of
C. albicans in the absence of α-Ag2WO4 microcrystals, a count
of 6.1 log10 CFU/mL is obtained (control). At sub-MIC/MFC
concentration (1.95 μg/mL), the sample synthesized using the
alcoholic solution reduces C. albicans growth by greater than 4
orders of magnitude (to approximately 2.0 log10 CFU/mL,
Figure 6). At 0.98 and 0.49 μg/mL, the counts of C. albicans are
also less than that of the control (3.5 log10 CFU/mL and
4.5 log10 CFU/mL, respectively). Although the effects of the α-
Ag2WO4 microcrystals synthesized using water and the
ammoniacal solution are less pronounced, at 3.90 μg/mL
(half of the MIC/MFC), the yeast growth is reduced to
approximately 2.4 log10 CFU/mL and 3.1 log10 CFU/mL, re-
spectively. Compared with the control, the reduction of
approximately two logs is also observed at 1.95 μg/mL and

Figure 5. (a) PL spectra and deconvolution PeakFit of PL spectra of
the α-Ag2WO4 microcrystals synthesized in water, ammoniacal (NH3),
and alcoholic solution. (b) Percentage of area obtained via PL spectra
deconvolution of the α-Ag2WO4 microcrystals synthesized in water,
ammoniacal (NH3), and alcoholic solution.

Figure 6. Summary of log10 CFU/mL values of C. albicans obtained for
the subinhibitory concentrations of the α-Ag2WO4 synthesized in
water, ammoniacal (NH3) and alcoholic solution. Control =
6.6 log10 CFU/mL.
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0.98 μg/mL for water (to ∼4.2 log10 CFU/mL) and the
ammoniacal solution (to ∼4.4 log10 CFU/mL), respectively.
The results obtained from the microbiological tests

performed with MRSA revealed that for the three solvents
used to synthesize α-Ag2WO4 microcrystals, the MIC values
were the same as the MBCs. When the microcrystals were
synthesized using the alcoholic solution, the MIC/MBC (15.62
μg/mL) is less than that observed for the microcrystals
synthesized using the ammoniacal solution (62.5 μg/mL), and
the bactericidal activities of both α-Ag2WO4 microcrystals are
greater than that observed for the samples obtained using water
(125 μg/mL). In addition, Figure 7 shows that compared with

the control (8.6 log10 CFU/mL), at half of the MIC/MBC,
bacterial growth is reduced by approximately four logs for the
α-Ag2WO4 microcrystals synthesized using the alcoholic
solution (to 4.4 log10 CFU/mL), five logs for the microcrystals
synthesized using the ammoniacal solution (to 3.2 log10 CFU/
mL), and three logs using water (to 4.9 log10 CFU/mL).
Figure 8 shows the log10 CFU/mL values of E. coli when

incubated with subinhibitory concentrations of the evaluated α-
Ag2WO4 microcrystals. For the three samples synthesized in the
different solvents, the MIC and MBC values were coincident.
In addition, the same MIC/MBC (0.49 μg/mL) is observed for
the microcrystals synthesized using the alcoholic and
ammoniacal solutions. This value is less than that observed
using water (MIC/MBC = 0.97 μg/mL). The incubation of the
bacteria in the presence of one-half the MIC of the
microcrystals led to the reduction in bacterial growth, relative
to the control (7.2 log10 CFU/mL), of approximately four logs
for the α-Ag2WO4 microcrystals synthesized using the alcoholic
solution and water (∼3.4 log10 CFU/mL for both samples) and
three logs for those synthesized in the ammoniacal solution
(∼4.3 log10 CFU/mL). Notably, the concentrations required to
inactivate and kill E. coli are considerably less than those needed
to achieve the same antimicrobial effects on C. albicans and
MRSA planktonic cells.

4. DISCUSSION
In this study, α-Ag2WO4 microcrystals were successfully
synthesized by CP using three separate solvents: water,

alcoholic solution, and ammoniacal solution. The CP method
of synthesis, generally, produces ceramic materials with
structural defects, such as distortions in the chemical bonds,
vacancies, and surface/interfaces defects, which diminish the
symmetry of the structure. Local distortions are defects at
short-range, as is evidenced by the distances of the silver−
oxygen bond (Ag−O) and tungsten−oxygen bond (W−O).
Distortions (defects) in these chemical bonds decrease
symmetry at short-range.
The relative intensities and sharp diffraction peaks of the

XRD patterns (Figure 1) indicated that the obtained micro-
crystals are well-crystallized. However, a small widening of the
peaks can be observed, suggesting a little disorder at long range
in the structure. The intensity and width of the peaks in the
Raman spectra also reflect these distortions at short range.
Besides that, the Raman peaks (Figure 2) clearly indicated that
the α-Ag2WO4 structure is similar to that reported previously in
the literature.20,25,46,47

FE-SEM images are essential for the study of the
morphological evolution of α-Ag2WO4 synthesized using
different solvents. Gong et al.52 and Chen et al.53 have
independently explained that obtaining nanorod morphologies
is related to the oriented aggregation mechanism, involving the
natural self-organization of neighbor particles beside a mutual
crystallographic orientation. The α-Ag2WO4 crystals obtained
using the three solvents exhibit distinguished morphologies.
When the reaction occurs in water and ammoniacal solution,
the reactants are dispersed more regularly than in the alcoholic
solution, and the growth of the crystal nucleus is subordinated
to less confinement in a boiling droplet of the medium.
Consequently, α-Ag2WO4 is predisposed to form a flowerlike
morphology in water and the ammoniacal solution (Figure
3A,B), but it forms nanorods when using the alcoholic solution
as the solvent (Figure 3C).
The results show that the flowerlike morphology of α-

Ag2WO4 obtained using water has a more defective surface than
that observed using ammoniacal solution as the solvent. This is
because of a higher reaction rate in pure water that results in a
fast and messy growth. In the presence of ammonium, the
diammine complex [Ag(NH3)2]

+(aq) is formed that makes
difficult the release of Ag cations along the α-Ag2WO4

Figure 7. Summary of log10 CFU\mL values of MRSA obtained for
the subinhibitory concentrations of the α-Ag2WO4 microcrystals
synthesized in water, ammoniacal (NH3) and alcoholic solution.
Control = 8.6 log10 CFU\mL.

Figure 8. Summary of log10 CFU\mL values of E. coli obtained for the
subinhibitory concentrations of the α-Ag2WO4 microcrystals synthe-
sized in water, ammoniacal (NH3), and alcoholic solution. Control =
7.2 log10 CFU\mL.
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formation process, thereby forming flowers with a more defined
surface.
From the UV−vis spectra, the Egap values of the α-Ag2WO4

microcrystals were estimated. The Egap values are 3.13, 3.08,
and 3.17 eV for the α-Ag2WO4 microcrystals synthesized using
water, the ammoniacal solution, and the alcoholic solution,
respectively. Significant changes are not observed in the Egap
values of the Ag2WO4 microcrystals.
PL measurements were performed in order to study the

optical properties of materials. As the absorption edge of the α-
Ag2WO4 microcrystals synthesized in different solvents is
approximately 3.10 eV (400 nm) (Figure 4), according to the
hypothesis of Longo et al.54 the PL process on the oxide
semiconductor does not correspond to a band-to-band process.
α-Ag2WO4 is composed of [WO6] and [AgOx] (x = 2, 4, 6,

and 7) clusters in a crystal lattice.55 In addition, this
orthorhombic structure can be thought of in terms of a
network of [WO6] and [AgOx] clusters, connected by strong
bonds [···[WO6]−[AgOx]−[WO6]···) between themselves.56,57

Therefore, herein, the bonds between the [WO6] and [AgOx]
clusters in the structure are presumably dissimilar because of
the distortion in the [WO6] complex clusters, promoting a
slight deformation in the Ag−O and W−O bonds. Moreover,
these distortions can induce the symmetry break in the lattice,
leading to the formation of novel intermediate levels within the
band gap and charge gradients among the clusters, resulting in
the polarization and formation of the [WO6]′/[WO6]

• or
[AgOx]′/[AgOx]

• clusters.
According to our wide-band model, the distorted [WO6]

octahedral clusters, which are classified as shallow defects,
generate emissions in the blue-light region; their corresponding
peaks are observed at 447 and 500 nm. The peaks at 613 and
750 nm, corresponding to the emissions in the red-light region,
are related to the [AgOx] clusters with Ag or O vacancies25

(Figure 5b). Using the alcoholic solution as the solvent,
distortions in the [WO4] clusters are more pronounced as the
contribution of more energetic levels is evidenced by blue and
green component areas. Using the ammoniacal solution as the
solvent, the blue component decreases due the reduction in the
energetic defects and the intensification in the contribution of
deep defects related with electronic transitions in the red
regions, corresponding to the increase in the amount of
tetrahedral [AgOx] distorted clusters (Figure 5b). For the α-
Ag2WO4 microcrystals synthesized in water, the maximum
absorption in the orange region (peak at 613) becomes more
pronounced, and a new component in the red-light region is
observed, with the increasing contribution of deep defects
(Figure 5b). Consequently, in comparison to the other
solvents, water promotes more distortion in the tetrahedral
[AgOx] clusters, related to the less energetic defects.
Considerable differences in the PL profiles of the α-Ag2WO4
crystals can be explained by differences in the surface defects
caused by the solvents, which affect the attachment
(agglomeration), crystal formation, and growth processes as a
result of the dynamics of particle−particle collisions. However,
additional issues may too be implicated, including the degree of
aggregation; the orientation among particles; and the variation
in the morphology, particle size distribution, and surface defects
(Figure 3A−C). All of these factors affect the PL emission.
The ability of α-Ag2WO4 to generate electron−hole pairs is

related to the intrinsic defects, in the form of distortions or
vacancies, on [WO6] (shallow defects).39 The [WO6] distorted
clusters, with O atom vacancies ([WO6]

•), are known to

interact with H2O, affording ·OH* and ·H
•. On the other hand,

the [WO6] distorted clusters with e′ excess ([WO6]′) react
with O2 and generate O2′. Then, the newly formed O2′ and H•

react to form O2H*
39,40,44,58 (Figure 9).

According to previous studies, these oxidizing radicals, OH*
and O2H*, are mainly responsible for bacterial death. These
radicals are toxic to bacteria and can oxidize organic
compounds of the cells, causing breakdown of the cell
membranes and damage to protein structure and the
intracellular system, thus resulting in the death of the
microorganisms.58−62

For the α-Ag2WO4 microcrystals synthesized using the
ammoniacal solution and water, the maximum absorption is in
the red region of the spectrum, as observed by PL spectra and
deconvolution (Figure 5a,b); hence, they contain only distorted
[AgOx] clusters (modifier network), which are available to
produce a small amount of OH* and ·O2H*. On the other
hand, the α-Ag2WO4 synthesized using the alcoholic solution
exhibits the highest amount of defects in the blue and red
regions of the spectrum (Figure 5a,b). Thus, both [WO6] and
[AgOx] distorted clusters, which represent the network former
and modifier, respectively, act together to produce a large
amount of ·OH* and ·O2H*. Hence, the α-Ag2WO4 micro-
crystals synthesized using the alcoholic solution exhibit a better
antimicrobial efficiency compared to the other microcrystals
(Figure 10).
In addition, Roca et al.39 have observed that the (010) face of

the α-Ag2WO4 crystals exhibits low surface energy (0.20 J/m2),
as determined by ab initio calculations, and it is more efficient
for the inactivation of bacteria compared to the other faces.39

As previously observed in the FE-SEM images (Figure 3A−C),

Figure 9. Proposed reaction mechanism for the generation of the
oxidative radicals by the catalysts α-Ag2WO4 microcrystals.

Figure 10. Proposed action mechanism for the antimicrobial effect of
the catalysts α-Ag2WO4 microcrystals.
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the α-Ag2WO4 synthesized using the alcoholic solution exhibits
a larger amount of the (010) face compared with that
synthesized using the ammoniacal solution and water. As the
formation of flowers decreases the amount of the exposed
(010) face, the α-Ag2WO4 microcrystals synthesized using
alcohol showed the higher activity against all tested micro-
organisms, in comparison to the other solvents.
Based on the molecular weight of each component, the actual

silver content of the α-Ag2WO4 microcrystals at the MFC/
MBC concentrations was calculated. For C. albicans, the
content of silver in α-Ag2WO4 synthesized using the alcoholic
solution is 0.0018 μg/mL, and that in α-Ag2WO4 synthesized
using water and the ammoniacal solution is 0.0036 μg/mL. For
MRSA, the content of silver in the microcrystals synthesized
using the alcoholic solution, ammoniacal solution, and water is
0.0072, 0.029, and 0.057 μg/mL, respectively. With regard to E.
coli, the α-Ag2WO4 microcrystals synthesized using the
alcoholic and ammoniacal solutions exhibit the same silver
content (0.00023 μg/mL). This value is less than that observed
using water as the solvent (0.00045 μg/mL). The content of
silver in all of the synthesized α-Ag2WO4 microcrystals is
extremely low. In addition, as mentioned before, the alcoholic
solution produces α-Ag2WO4 microcrystals with a stronger
antifungal/antibacterial activity, thereby considerably decreas-
ing the concentrations required to kill the three micro-
organisms; hence, the amount of silver used decreases.

5. CONCLUSIONS

With the progress in materials science research, different
semiconductor materials corresponding to complex metal
oxides demonstrate potential as potent antimicrobial agents.
Here, α-Ag2WO4 microcrystals are obtained by coprecipitation
using different solvents. These microcrystal structures are
characterized by XRD, Raman spectroscopy, and FE-SEM,
while their optical properties are studied by UV−vis diffuse
reflectance spectroscopy and PL measurements. Our studies
demonstrated that α-Ag2WO4 microcrystals exhibit antibacterial
activity against the planktonic cells of the yeast C. albicans, the
Gram-positive bacterium MRSA, and the Gram-negative
bacterium E. coli.
On the basis of these results, α-Ag2WO4 microcrystals are

introduced as a new family of antimicrobial materials for their
potential use in water treatment and biomedical applications.
Hence, this investigation is useful for authenticating the α-
Ag2WO4 microcrystals as an antibacterial agent. Besides that,
this research provides helpful insight into the development of
novel antibacterial agents. Currently, more detailed experiments
to explain the nature of the corresponding mechanism of
antibacterial activity are underway in our laboratory.
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