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A B S T R A C T

In this work, the effect of polyvinylpyrrolidone (PVP) concentration as a surfactant was studied in the stabili-
zation of the metastable phase γ-Ag2WO4 by the coprecipitation method at room temperature. The phases ob-
tained were characterized by X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and spectroscopy in the ultraviolet–visible region (UV–Vis). The pho-
tocatalytic activity was estimated by varying the concentration of methylene blue dye. The diffractograms in-
dicate that 0.3 g of PVP is ideal for obtaining the single phase of γ-Ag2WO4, as larger or smaller amounts favor
the appearance of β-Ag2WO4 as a secondary phase while the absence of PVP formed the α-Ag2WO4 phase.
UV–Vis spectroscopy showed that both phases have absorption in the ultraviolet region, where the γ-Ag2WO4

phase has a higher absorption at shorter wavelengths. The micrographs indicate that the β-Ag2WO4 morphology
is formed by rods, while the γ-Ag2WO4 is formed by octahedrons, both in micrometer scale and with well-defined
morphology. The photocatalytic tests indicate that the γ-Ag2WO4 phase has better photocatalytic activity
compared to the β-Ag2WO4 phase. The scavenger's methodology indicated that h+ charges are the main me-
chanism in the photocatalysis of methylene blue dye.

1. Introduction

Metal tungstates have been widely studied due to their wide range
of applications such as photocatalysts, photoluminescence, batteries,
sensors, antimicrobial agents, among others [1–5]. Moreover, the
complexity of its structure compared to simple oxides allows greater
control of its properties [4]. Among these tungstates, silver tungstate
(Ag2WO4) has been gaining more attention due to the ease of being
reduced metallic silver on its surface, favoring the generation of
plasmon effect [6].

Silver tungstate has polymorphic characteristics, it can form in three
distinct phases: α-Ag2WO4 (orthorhombic), β-Ag2WO4 (hexagonal) and
γ-Ag2WO4 (cubic), where only the α-Ag2WO4 phase is stable under
normal conditions. The β-Ag2WO4 and γ-Ag2WO4 phases being me-
tastable [7,8]. Studies about the α-Ag2WO4 phase are easily found in
the literature [9]. Studies on morphological alterations, as well as lat-
tice modification or decorations to extend its properties, are found
[10–12]. Senthil et al. [13] showed that the photocatalytic activity of α-
Ag2WO4 can be optimized by the formation of heterostructure with
AgBr nanoparticles. On the other hand, metastable phases have recently

begun to gain attention. The main means of stabilization of the me-
tastable phases are the use of surfactants, pH control and synthesis
temperature [14–16]. Alvarez Roca et al. [8] synthesized the β-Ag2WO4

phase by precipitation for 20 min, controlling the reaction pH between
7 and 8, and showed the formation of silver nanoparticles on their
surface through controlled electron irradiation. While Yin et al. [17]
obtained β-Ag2WO4 particles without controlling the reaction pH, but
using longer stirring times (6 h).

The γ-Ag2WO4 phase lacks studies regarding its obtaining and,
mainly, characterization of its properties. Roca et al. [18] reported the
synthesis of the γ-Ag2WO4 pure phase by a precipitation method using
low temperature (5 °C) and short synthesis time (20 min), com-
plementing the results with a DFT theoretical study. Thus, aiming to
obtain this metastable phase γ-Ag2WO4 without the need for tempera-
ture control, the effect of the amount of PVP (nonionic surfactant) on
the co-precipitation method at room temperature was studied. In ad-
dition, tests were conducted on the adsorptive and photocatalytic ca-
pacity against the methylene blue dye (cationic) and the scavenger's
methodology was applied to determine the principles that act in pho-
tocatalysis.
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2. Materials and methods

2.1. Synthesis

Silver nitrate (AgNO3 - Synth, 99%), sodium tungstate
(Na2WO4%2H2O - Synth, 99.5%), polyvinylpyrrolidone (PVP -
(C6H9NO)n - Vetec P.M. 40.000), ammonium hydroxide (NH4OH –
Synth, 30%) and deionized water were used as precursor materials.

First, 4 mmol of silver nitrate was kept under magnetic stirring in
40 mL of deionized water until complete solubilization. Then, ammo-
nium hydroxide was used to set the pH to 10, forming the solution (I).
Simultaneously, a solution containing 2 mmol sodium tungstate and
40 mL deionized water was prepared, forming the solution (II). In both
solutions PVP was added in the amounts of 0, 0.1, 0.3, 0.5 and 0.7 g.
The solutions were stirred for 15 min to ensure complete dissolution
and then the solution (I) containing the Ag+ ions was quickly immersed
in the solution (II) containing the W6+ ions and stirred for 30 min at
room temperature, forming the final solution (III) at pH 7. The super-
natant was then separated by centrifugation, washed with deionized
water and dried at 60 °C for 24 h. After this period, the material was
macerated. Fig. S1 (supplementary materials) shows the scheme of the
synthesis. The samples were named according to the amount of PVP
used in the synthesis: WS (without surfactant) and 0.1PVP, 0.3PVP,
0.5PVP and 0.7PVP referring to the quantities of 0.1, 0.3, 0.5 and 0.7 g
of PVP, respectively.

2.2. Characterization

The powders were characterized by X-ray diffraction (Shimadzu,
XRD-6000) using CuKα radiation (1.5418 Å), the powders were
scanned from 10 to 60° using the speed of 1°/min and step of 0.01°.
Rietveld refinement using the General Structure Analysis System
(GSAS) program with graphical interface EXPGUI [19]. The Raman
scattering spectra were recorded at room temperature with a resolution
of 4 cm−1 and 64 scans, using a VERTEX 70 RAMII Bruker spectro-
photometer (USA) with a Nd:YAG laser (1064 nm) and the maximum
output power kept at 100 mW. A scanning electron microscope (SEM)
was performed in a Hitachi tabletop microscope (model TM-3000) to
observe the morphology of the Ag2WO4 phases. Transmission electron
microscopy (TEM) and high-resolution transmission electron micro-
scopy (HRTEM) was performed in FEI TECNAI G2 F20 microscope
operating at 200 kV. The UV–Vis spectroscopy was performed on a
Shimadzu UV-2550 equipment, with a wavelength range of
200–900 nm and programmed for the diffuse reflectance mode. Ku-
belka-Munk function [20] was applied to convert reflectance data in
absorbance and Wood and Tauc methodology [21] was used to the
energy of the bandgap (Egap) estimation.

2.3. Photocatalytic properties

The photocatalytic activity was estimated against the cationic me-
thylene blue (MB) dye, at pH 5.0.05 g of the catalysts were placed in
contact with 50 mL of the aqueous solution of MB (10−5 mol L−1

concentration) and kept under stirring for 30 min and an aliquot was
taken every 10 min for analysis of adsorbent effects. After that time, six
UVC lamps (TUV Philips, 15 W) illuminated the solutions for 60 min.
The photocatalytic activity was then determined by the variation of the
dyes absorption bands in Shimadzu UV-2600 spectrophotometer.

The mechanism acting on the photocatalytic process was de-
termined by the use of charge, electron (e−) and hole (h+), and hy-
droxyl radical (·OH) sequestrants. For this, isopropyl alcohol (1 mL
alcohol/100 mL dye), EDTA (7.2 mg EDTA/100 mL dye) and AgNO3

(8.5 mg AgNO3/100 mL dye) were used to suppress the action of hy-
droxyl radicals (·OH), positive charges (h+) and negative charges (e−),
respectively.

3. Results and discussion

Fig. 1 shows the diffractograms obtained for the materials synthe-
sized in this work by varying the concentration of PVP. For synthesis
without surfactant, there is the presence of the α-Ag2WO4 and β-
Ag2WO4 phases. Previous work [1] showed that synthesis without the
addition of ammonium hydroxide favors the formation of only α-
Ag2WO4 stable phase, which does not occur for this synthesis at the
final reaction pH 10. As PVP is inserted into the synthesis, the γ-
Ag2WO4 phase stabilizes to 0.3PVP. Amounts greater than 0.3 g of PVP
gradually destabilizes the γ-Ag2WO4 phase. For quantities greater than
0.7 g of PVP, no significant differences in metastable phase stabilization
were observed, Fig. S2 (supplementary material) shows the diffractogram
for the sample obtained using 2 g of PVP, being very similar to the
sample obtained with 0.7 g. Thus, the study was restricted to quantities
of up to 0.7 g of PVP. The α-Ag2WO4 phase has an orthorhombic
crystalline system with space group Pn2n (no. 34), characterized by the
ICSD card 243987 and β-Ag2WO4 phase has a hexagonal crystalline
system with space group P6 (no. 168), characterized by the ICSD card
857465. While the γ-Ag2WO4 phase has a cubic crystalline system of
space group Fd-3m (no. 227), characterized by ICSD card 864459.

As previously mentioned, the α-Ag2WO4 phase obtained by the
coprecipitation method is stable for neutral/acid reaction media, while
the shift to basic medium favors the appearance of metastable phases
[17]. As indicated in the diffractograms, the use of PVP, nonionic sur-
factant, favors the stabilization of the γ-Ag2WO4 phase, obtaining an
optimal ratio by adding 0.3 g of surfactant to the synthesis. PVP mo-
lecules interact with crystalline growth plans (111), favoring equivalent
growth in all directions so that the γ-Ag2WO4 phase cubic structure is
expected. The use of surfactants, whether ionic or nonionic, is widely
studied due to their interaction with the crystalline growth planes, fa-
voring the desired phase or morphology [22–24].

The Rietveld refinement was performed using GSAS software with
the EXPGUI interface in all samples, to quantify the present phases and
estimate the crystallite size and microstrain. For this, the refinement
was performed using scale factor, phase fraction, Chebyshev poly-
nomial function for background, Thomson-Cox-Hastingpseudo-Voigt
peak format, changes in lattice parameters, atomic fraction coordinates
and isotropic thermal parameters as parameters. Fig. 2 presents the
curves obtained for the Rietveld refinement, illustrating the difference
between theoretical (obs) and practical (calc) curves. The small

Fig. 1. Diffractograms obtained for the samples synthesized in this study with
different amounts of PVP.
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difference between curves, associated with the low values of refinement
constants, indicates the high quality of refinement, providing reliable
data. Table 1 presents the microstructural values obtained through re-
finement and Table 2 shows de refinement parameters obtained by
Rietveld refinement. According to the results shown, it is confirmed
that the insertion of PVP in the synthesis, up to 0.3 g, provides the
stabilization of the γ-Ag2WO4 phase, characterized by increased crys-
tallite size and reduced crystallite size relative to the phase. β-Ag2WO4.
As the amount of PVP is increased to 0.5 and 0.7 g, the γ-Ag2WO4 phase
destabilization occurs.

Fig. 3 shows the Raman scattering spectra obtained with scanning
from 100 to 1200 cm−1. According to the spectra, there are scattering
bands at 914, 882, 300 and 288 cm−1. The 882 cm−1 band refers to the
antisymmetrical elongation v3 between W-O present in the [WO4]
cluster, while the 914 cm−1 band refers to the symmetrical elongation
v1. The 882 cm−1 band may still be associated with the symmetric
stretching vibration of the W-O bond in [WO6] octahedron cluster [25].
A comparison between intensities in the WS and 0.3PVP samples in-
dicate that symmetrical elongation is more evident for the γ-Ag2WO4

phase, while the asymmetric elongation is β-Ag2WO4. On the other
hand, the bands at 288 and 300 cm−1 correspond to symmetrical

elongation v2 between O-W-O [26]. The displacement of the symme-
trical elongation v2 from 300 to 288 cm−1 is associated with the change
of the crystal structure regarding the transition from the β-Ag2WO4 to γ-
Ag2WO4 phase. In all curves is still visible the appearance of fluores-
cence at the beginning of the curves, coming from metallic silver [27].
The relationship between Raman intensities for elongations v1 and v3 is
consistent with the quantifications of the phases present in diffracto-
grams, shown earlier in Fig. 1.

Fig. 4 shows SEM images for Ag2WO4 particles obtained at different
amounts of PVP. According to Fig. 4a, the particles obtained without
PVP have a brittle aspect, with some incomplete rods. Thus, it can be
assumed that increasing the pH in parallel to the absence of PVP pre-
vents the growth of well-defined rods morphology particles. As reported
in the literature, the α-Ag2WO4 and β-Ag2WO4 phases grow pre-
ferentially in the form of dense rods in the micrometer scale [8,25]. The
growth of particles to form a well-defined surface morphology is di-
rectly related to the energy of each crystal surface. Roca et al. [28]
showed the influence of the crystalline plane energy on the formation of
specific morphology through DFT theoretical calculations, being fa-
vorable the growth on the lower energy planes. The formation of the
rods related to the β-Ag2WO4 phase occurs due to the influence of the
planes (011) and (110), being more influenced by the latter. On the
other hand, according to the theoretical data reported in another study
by Roca et al. [18], the preferential growth in (111) plane favors the
formation of octahedral particles, with balloon-like morphology, char-
acteristic of the γ-Ag2WO4 phase, as can be seen in Fig. 4c, being the
only morphology present.

Thus, the use of PVP as a surfactant tends to favor growth in-plane
(111) for up to 0.3 g. Increasing the amount of PVP during the synthesis
favors the growth in the (011) and (110) planes to the amount of 0.7 g.
Quantities greater than 0.7 g do not promote significant changes in the
formation of different phases and morphology. Fig. 5 illustrates the
growth plans for the β-Ag2WO4 and γ-Ag2WO4 crystals. The surfactants
are formed by molecules that can be divided into two parts, polar
(hydrophobic) and nonpolar (hydrophilic), where their use in small
amounts favors the adsorption in the surface of growth planes of the
materials, reducing their surface tension and favoring the growth at
well-defined morphologies [29]. On the other hand, the use of high
amounts of surfactant provides greater interaction between its func-
tional groups, favoring the micelle formation, rather than acting pri-
marily on the surface energy of growth plans [30]. The use of PVP in-
creases the viscosity of the solution as concentration increases, inducing
a steric effect on crystalline growth and preventing transformation to
the stable phase α-Ag2WO4 [31,32].

Fig. 6 shows the TEM and HRTEM images for the 0.3PVP sample.
According to the image, the growth of metallic silver on the octahedron
surface can be seen, as shown in Fig. 6a–c. TEM images confirm that the
particles are dense, not allowing the viewing of the diffraction planes.
The silver particle grown on the surface does not allow visualization of
the diffraction plane due to its constant growth due to the high power of
the incident beam. Fig. 6b illustrates the appearance of several Ag0

nanoparticles on the surface of Ag2WO4 and Fig. 6c confirms their
growth with beam permanence. Spot EDX analysis was performed on
the grown particle as indicated in red, confirming that it was Ag0. These
nanoparticles act by producing the surface plasmon effect (SPE), in-
creasing the capacity of electron capture and storage [16]. Thus, the
electrons present in the conduction band of Ag2WO4 migrate to the Ag0

nanoparticles on their surface, acting as a charge separator. Finally,
these electrons (e−) in the conduction band act as reducing centers,
while the holes (h+) present in the valence band act as oxidation
centers.

Diffuse reflectance spectroscopy was performed on Ag2WO4 pow-
ders and the data obtained were converted for absorption by the
Kubelka-Munk methodology. The equation proposed by Wood and Tauc
was then applied using the allowed direct transition to estimate the gap
band energy (Egap) of the powders. Fig. 7a shows the absorption curves

Table 1
Microstructural parameters obtained by Rietveld refinement.

Samples Crystallite size (nm) Microstrain (10−3) Phase (%)

WS β 38.27 2.35 65.86
α 30.08 3.14 34.14

0.1 PVP β 22.71 3.98 17.63
γ 42.56 2.26 82.37

0.3 PVP γ 47.63 1.99 100
0.5 PVP β 35.02 2.58 7.50

γ 46.50 2.04 92.50
0.7 PVP β 35.49 2.54 20.92

γ 42.75 2.22 79.08

Table 2
Adjustment parameters of the Rietveld refinement.

WS 0.1 PVP 0.3 PVP 0.5 PVP 0.7 PVP

wrp 11.87 11.75 10.11 12.42 15.16
rp 9.16 8.85 9.54 9.89 11.41
Chi2 1.91 1.49 1.26 1.59 1.91
R(F)2 6.36 4.76 4.41 8.31 9.52

Fig. 3. Raman spectra for the samples obtained at different amounts of PVP.
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obtained for the Ag2WO4 powders and the curves shown in Fig. 7b–f
illustrates the Egap obtained by the allowed direct transition (α2). Ac-
cording to Fig. 7a, WS and 0.1PVP samples show higher absorption
around 347 nm, as the amount of PVP increases, the maximum ab-
sorption shifts to shorter wavelengths in around 311 nm, this absorp-
tion being more evident for the 0.3PVP sample, which presents only the
γ-Ag2WO4 phase. All samples have an absorption band near 227 nm. As
shown in the diffractograms, WS and 0.1PVP samples show a higher β-
Ag2WO4 phase percentage. The absence of absorption at 347 nm for the
sample containing only the γ-Ag2WO4 phase, in parallel with the in-
crease in absorption for the WS sample, allows us to attribute this ab-
sorption to the β-Ag2WO4 phase. This increase in absorption for longer
wavelengths is best seen through the obtained Egap, where the samples
with the largest amount of the γ-Ag2WO4 phase have the highest Egap,
being 3.54, 3.53, 3.49, 3.18 and 3.23 eV for the samples. 0.3PVP,
0.5PVP, 0.7PVP, 0.1PVP and WS. These results are according to lit-
erature reports [33,34].

The discoloration capacity of the powders obtained in this work was
measured against the methylene blue (MB) dye, cationic, for 90 min,
being 30 min without the presence of external radiation source, for
consideration of the adsorptive effect and 60 min under UVC radiation,

for analysis of photocatalytic effect. Fig. 8 shows the concentration
curves of the MB dye variation by the test time. Adsorption tests are not
directly related to the amount of phase present. As highlighted in Fig. 8,
complete discoloration occurs after 70 min for the samples containing
0.3 and 0.5 g PVP, corresponding to the sample containing only the γ-
Ag2WO4 phase and the sample containing 7.5% of the β-Ag2WO4 phase,
respectively. As the amount of the β-Ag2WO4 phase increases, the MB
discoloration decreases, where the WS sample, which has the largest
amount, has the worst result. Thus, it can be assumed that the γ-
Ag2WO4 phase has better photocatalytic activity than the β-Ag2WO4

phase. After the photocatalytic test, XRD analysis was performed on the
powder, as shown in Fig. S3 (supplementary material), the non-formation
of secondary phases indicates the stability of the material.

As proposed by Roca et al. [18], the (111) plane has bigger energy
compared to other specifics growth surfaces for the γ-Ag2WO4. This
high energy is associated with more electrons in your surface, con-
tributing to the photocatalytic process. On the other hand, in your other
work, Roca et al. [28] showed that the (110) and (011) planes have the
lowest energy compared to the other planes for the β-Ag2WO4, reducing
the electrons in your surface. Furthermore, the Egap of the γ-Ag2WO4

phase can be attributed to the (111) plane, while the Egap for the β-
Ag2WO4 phase is related to the two growth (110) and (001) plans. The
greater Egap of the γ-Ag2WO4 phase generates a greater energy barrier,
making it difficult to recombine the photogenerated electron/hole (e−/
h+) pairs during the photocatalytic process, compared to the other
phases. The non-recombination of the e−/h+ pairs allows their action
in the degradation of the MB dye.

Further information regarding the photocatalytic mechanism of γ-
Ag2WO4 particles obtained with 0.3 g PVP was obtained by applying
the charge scavenger methodology, which adds specific chemical re-
agents to the dye and photocatalyst solution to isolate the acting me-
chanisms. Fig. 9 shows curves of the methylene blue (MB) dye con-
centration comparing the solution without scavenger (WS) with
solutions containing silver nitrate (AgNO), Ethylenediaminetetraacetic
acid (EDTA) and isopropyl alcohol (IA). According to these curves, the
scavengers reduce the adsorption capacity of the 0.3PVP sample, this
reduction is most evident for the solution containing silver nitrate. In
contrast, this solution presented better photocatalytic results, superior
even the solution without scavenger. Silver nitrate in the solution acts
to capture available electrons, thereby removing negative charges (e−)

Fig. 4. SEM images for (a) without PVP, (b) 0.1PVP, (c) 0.3PVP, (d) 0.5PVP and (e) 0.7PVP samples.

Fig. 5. SEM images illustrating the plans present in the grown-up crystal for the
0.1PVP sample.
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Fig. 6. (a)-(b) TEM and (c) HRTEM images for the 0.3PVP sample and (d) EDX performed in nanorod of silver.

Fig. 7. (a) Absorption curves obtained by Kubelka-Munk function and extrapolation of the linear portion refer to permissible direct transition according to Wood and
Tauc methodology for (b) WS, (c) 0.1PVP, (d) 0.3PVP, (e) 0.5PVP and (f) 0.7PVP.
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from the surface of the material responsible for the electrostatic at-
traction of the dye MB cationic molecules. On the other hand, electron
restriction (e−) causes photogenerated holes (h+) to “lose” their re-
combination pair, remaining in the valence band and becoming avail-
able for the reduction reactions that produce H2O2 species with high
oxidative power [35]. One of the basic principles of photocatalysis is in
the generation and prevention of electron/hole (e−/h+) recombina-
tion, where the e− free in the conduction band migrates to the material
surface, producing reduction reactions, while the generated h+ in the
valence band migrate to the surface and produce oxidation reactions
[36]. The use of EDTA and isopropyl alcohol reduced photocatalytic
activity, this reduction is more evident for the EDTA solution. EDTA
acts in opposition to silver nitrate, restricting the holes (h+) and leaving
only the electrons (e−) available for catalytic reactions, while isopropyl

alcohol inhibits the catalytic action of ·OH radicals. Thus, the photo-
catalytic activity of the γ-Ag2WO4 phase occurs mainly due to the
oxidation reactions performed by the h+ available in the valence band,
which produce high oxidative capacity H2O2 against organic dyes.
While the small reduction in photocatalytic capacity from inhibition of
·OH radicals indicates its low influence on the degradation of methylene
blue dye. Fig. S4 (supplementary materials) shows a scheme of the dis-
ponible charges for act on photocatalysis in the γ-Ag2WO4 particles
surface.

4. Conclusion

The use of PVP as a surfactant was efficient in stabilizing the γ-
Ag2WO4 phase to 0.3 g, wherein larger or smaller amounts favored the
formation of α-Ag2WO4 and β-Ag2WO4 as secondary phases. The basic
reaction medium in parallel to the absence of PVP prevents the for-
mation of particles with definite morphology, while the presence of PVP
forms β-Ag2WO4 phase consisting of micrometer-scale rods, which
grow preferentially in the planes (011) and (110), and the γ-Ag2WO4

phase forms octahedron that grows through the plane (111). All phases
present absorption in the ultraviolet region. The photocatalytic tests
show that the γ-Ag2WO4 phase has better results than the β-Ag2WO4

and α-Ag2WO4 phases in the degradation of methylene blue dye. The
H2O2 species generated by the reduction reactions from h+ form the
main photocatalytic mechanism. The use of PVP was also efficient in
maintaining the γ-Ag2WO4 phase, where even after photocatalytic tests
under UVC radiation, the phase remains chemically stable.
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