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a b s t r a c t

In this work, Agþ and Zn2þ co-doped CaWO4 nanoparticles were obtained by fast and facile sonochemical
method. The nanoparticles were characterized by X-ray diffraction (XRD), Fourier transformed infrared
spectroscopy (FTIR), Raman spectroscopy, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), visible ultraviolet spectroscopy (UVeVis) and photoluminescence property. The
photocatalytic activity was studied against methylene blue (MB) dye under sunlight and CaWO4 powders
were tested in 3 reuse cycles. The diffractograms indicate the non-formation of secondary phases and the
Rietveld refinement estimated the crystallite sizes, being 27.38, 19.89, 18.70 and 16.39 nm for the pure,
Ag, Zn and Ag:Zn samples, respectively. SEM and TEM images showed that the particles are agglomerated
and have a mean diameter ranging from 16.76 (Ag:Zn) to 71.76 nm (pure). Defects generated by doping
shift the gap band to higher energies and act to prevent electron/hole (e�/hþ) pair recombination,
reducing photoluminescence and favoring CaWO4 photocatalysis. Scavenger methodology indicated that
hþ is the main mechanism acting in photocatalysis, and the reuse tests indicated that the silver-doped
sample, even with the better initial response, loses efficiency over the course of the cycle, while the
co-doped sample maintains efficiency, and is therefore indicated for reuse photocatalysis applications in
methylene blue dye degradation.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Environmental policies regarding industrial waste treatment
become stricter with industrial advancement. Waste from the
textile and food industries receives special attention due to the
generation of organic and water-soluble waste, which harms the
local fauna and flora [1]. Thus, treating these residues using
advanced oxidative processes (AOP) based on heterogeneous pho-
tocatalysis is widely reported in the literature, where a semi-
conductor material acts as a catalyst in the photocatalytic process
[2e5]. TiO2 is the most studied semiconductor material because it
has good photocatalytic properties and is non-toxic [6,7]. However,
this material has limited properties, mainly due to its crystalline
r, nfandraden@gmail.com
structure. Thus, materials that have a more complex structure, such
as two different cations, are gaining attention.

Semiconductormaterials of XWO4 (X¼Ca, Cu, Zn, Cd) structures
are widely reported in the literature due to the excellent properties
derived from their microstructure [8e11]. In heterogeneous pho-
tocatalysis, e�/hþ pairs are generated when the semiconductor is
excited by sufficient energy radiation to overcome its gap energy
(Egap) [11]. If these charges do not recombine to their initial state,
they migrate to the surface of the materials and react with the
medium to generate reactive oxygen species (ROS), which have a
high capacity for degradation of organic pollutants [12]. Among
these materials, CaWO4 has gained attention for photocatalytic
applications due to its chemical and thermal stability, in addition to
having a high direct Egap (~4.5 eV), making it difficult to recombine
the e�/hþ pairs [13e15].

Heterojunctions or doping are normally performed in order to
improve CaWO4 properties, thus altering the recombination rate of
the photogenerated e�/hþ pairs [15e17]. Zhang et al. [18] showed
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that one way to optimize CaWO4 photocatalytic activity is by syn-
thesizing a biochar composite, which reduces the recombination of
the electron/hole pairs photogenerated. Meanwhile, Huang et al.
[19] showed that CaWO4 co-doping with Er/Yb and Tm/Yb in-
creases their photocatalytic activity by generatingmore O2

� radicals.
The mechanisms of CaWO4 photocatalysis are little discussed in the
literature, as most of the studies report the photoluminescent and
electrochemical properties. In addition, the vast majority of works
report rare-earth doping of CaWO4. Thus, in this work transition
metal ions (Agþ and Zn2þ) co-doped CaWO4 nanoparticles were
synthesized by the fast and facile sonochemical method, explaining
the main photocatalytic mechanisms acting on pure and doped
material and reusability against methylene blue cationic dye.

2. Materials and methods

Calcium nitrate (Ca(NO3)2.4H2O - Alfa Aesar, 98%), silver nitrate
(AgNO3 - Synth, 99%), sodium tungstate (Na2WO4

. 2H2O - Synth,
99.5%), zinc nitrate (Zn(NO3)2.6H2O - Sigma-Aldrich, 98%), poly-
vinylpyrrolidone (PVP - (C6H9NO)n - Vetec P.M. 40.000), ammo-
nium hydroxide (NH4OH e Synth, 30%) and deionized water were
used as precursor materials.

A solution containing 2 mmol calcium nitrate, 10 mmol PVP and
40 mL deionized water (solution I) and a solution containing
2mmol sodium tungstate, 10mmol PVP and 40mL deionizedwater
(solution II) was initially prepared. Both solutions were kept under
stirring for 10 min for complete homogenization. After this time,
solution (I) was immersed in the solution (II) and stirred for 10 min,
forming a transparent solution (solution III). Ammonium hydroxide
was added for pH control, setting it to 10, making the solution a
whitish color. The solution (III) was then taken to a Branson 102C
ultrasonic tip (20 kHz) where it remained for 30 min. After ultra-
sonic treatment, the precipitate was centrifuged and washed with
deionized water until pH neutralization. The powders were then
dried for 24 h at 60 �C. Silver and zinc doped samples followed the
same methodology, with silver nitrate and zinc nitrate stoichio-
metrically added at 4 mol% proportions to calcium nitrate in solu-
tion (I). The co-doped sample was performed using 2% silver and 2%
zinc. The bare powder was named Pure, while the doped samples
were named Ag, Zn and Ag:Zn, according to doping.

The powders were characterized by X-ray diffraction (Shimadzu,
XRD-6000) using CuKa radiation (1.5418 Å), in which the powders
were scanned from 10 to 90� using a speed of 1�/min and step of
0.02�. Rietveld refinement using the General Structure Analysis
System (GSAS) program with graphical interface EXPGUI [20] was
performed to obtain more crystallographic information. To do so,
we used background, scale factor, microstructure, crystal, texture
and strain parameters for refinement. The Fourier Transform
Infrared (FTIR) technique was performed using the Shimadzu
IRTracer-100 equipment, with scanning from 500 to 4000 cm�1.
The Raman scattering spectra were recorded at room temperature
in the frequency range from 100 to 1200 cm�1 with a resolution of
2 cm�1 and 64 scans, using a VERTEX 70 RAMII Bruker spectro-
photometer (USA) with a Nd:YAG laser (1024 nm) and the
maximum output power kept at 100 mW. A scanning electron
microscope (SEM) was used to observe the organization and
morphology of the powders. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) was performed in the FEI TECNAI G2 F20 microscope
operating at 200 kV. The UVeVis spectroscopy was performed on a
Shimadzu UV-2550 equipment, with a wavelength range of
200e900 nm and programmed for the diffuse reflectance mode.
Kubelka-Munk function [21] was applied to convert reflectance
data in absorbance, and the Wood and Tauc methodology [22] was
used to estimate the bandgap (Egap) energy. The
photoluminescence (PL) measurements were obtained using a
325 nm laser at room temperature in a Mosospec 27 mono-
chromator (Thermal Jarrel Ash, USA) coupled to an argon laser
photomultiplier (Coherent Innova 90 K, USA).

2.1. Photocatalytic activity

The efficiency of the powders as catalyst was estimated by
discoloration of the methylene blue (MB) dye at pH 5 and
maximum absorbance at 664 nm. To do so, 5 mg of powder was
maintained in contact with 50 mL of MB solution (10�5 mol L�1

concentration) under UV radiation. The powder was maintained in
contact with the MB dye for 20 min to eliminate adsorbent effects.
After this, the solutions were illuminated by six UVC lamps (TUV
Philips, 15 W) for 120 min. The photocatalytic activity was then
determined by the variation of the dye absorption bands in a Shi-
madzu UV-2600 spectrophotometer.

The mechanism acting on the photocatalytic process was
determined by the use of charge, electron (e�) and hole (hþ), and
hydroxyl radical (.OH) scavengers. 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
hydroxyl radicals (.OH), positive charges (hþ) and negative charges
(e�), respectively.

3. Results and discussion

Fig. 1a presents the diffractograms for the CaWO4 samples ob-
tained by the sonochemical method. According to the diffracto-
grams, it can be seen that they align with the ICSD 15586 card,
referring to the tetragonal crystalline system CaWO4 and space
group I 41/a. It is also observed that there was no formation of
secondary phases. Fig. 1b shows an enlargement of the highlighted
area in the diffractograms (Fig. 1a), referring to themain plane (112)
of CaWO4. It can be seen that it shifts to greater angles with the
occurrence of doping, which is more evident for the silver-doped
sample. Displacement of diffraction peaks to larger angles is usu-
ally associated with reduced interplanar crystal spacing [12].
Further crystalline information on doping in the CaWO4 lattice was
obtained through the Rietveld refinement. Fig. 2 presents the
refined diffractograms for CaWO4 samples, highlighting the dif-
ference between observed and theoretical values. Table 1 presents
the crystallographic data obtained through the Rietveld refine-
ment, as well as the refinement adjustment data.

The Rp, chi2, and R(F)2 are a quality parameter for evaluation of
the Rietveld refinement quality. values close to 1 for the Rp and chi2

and values below to 0.1 for R(F)2 indicate a good refinement. In
addition, visual analysis between observed and calculated curves
allows this analysis. Thus, the data obtained from the Rietveld
refinement have coherence. Ca2þ has an ionic radius of 0.106 nm,
while Agþ and Zn2þ have an ionic radius of 0.113 and 0.083 nm,
respectively. Evenwith greater ionic radius, the difference between
the Agþ and Ca2þ valences promotes compression distortions in the
CaWO4 lattice, causing crystal size reduction to occur [23]. The
changes resulting from doping can be seen in Table 1, where (ac-
cording to the refinement) the c/a ratio of tetragonal crystals in-
creases with silver doping, being in agreement with the reduction
in interplanar spacing and consequent displacement of crystalline
peaks. By looking at Fig. 2e and f, it is easy to visualize the W co-
ordinates to four oxygen atoms, forming the tetragonal cluster
[WO4], while Ca is coordinates to eight oxygen atoms, forming the
cluster [CaO8]. Such changes in the crystalline structure associated
with the non-formation of secondary phase peaks indicate the
correct incorporation of Agþ and Zn2þ ions into the CaWO4 lattice.

Fig. 3a shows the Fourier transform infrared spectroscopy (FTIR)



Fig. 1. (a) Diffractograms of CaWO4 samples and (b) Diffractogram enlargement near plane (112).

Fig. 2. Observed and calculated diffractograms obtained by the Rietveld refinement for (a) Pure, (b) Ag, (c) Zn and (d) Ag:Zn samples and tetragonal structure illustration for (e) Pure
and (f) Ag:Zn samples.
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spectra for the CaWO4 powders. The wideband centered around
3400 cm�1, as well as the band around 2300 cm�1, present in all
samples corresponds to the elongation vibrations between OeH for
water molecules adsorbed on the surface of the powders [24]. The
bands centered at 2930, 1649 and 1434 cm�1 correspond to the
bonds between CeH2, CeOH and CeO, indicating the presence of
PVP surfactant on the surface of the powders [24]. The intense
760 cm�1 centering band is associated with asymmetric elongation
vibration (v3) between OeWeO present in tetrahedron WO4

2� [25].
As highlighted in Fig. 3a, silver doping generates the appearance of
a band at 555 cm�1, while zinc doping promotes the appearance of
a band at 622 cm�1, so these bands are associated with elongation
vibrations between AgeO and ZneO, respectively.

Raman scattering spectroscopy was performed with frequency
ranging from 100 to 1200 cm�1. According to Silva et al. [26], broad
vibrations mode in Raman spectra indicates a short-range struc-
tural disorder. Thus, the well-defined vibrations modes indicate a
low level of defects in the CaWO4 lattice. The bands at 910, 836, 794,



Table 1
Microstructural and refinement parameters obtained through GSAS software with
EXPGUI interface.

Sample Pure Ag Zn Ag:Zn

a (A) 5.2439 5.2368 5.2413 5.2404
c (A) 11.3777 11.3797 11.3799 11.3794
Volume (A3) 312.8695 312.0777 312.6198 312.4987
c/a 2.1697 2.1730 2.1712 2.1715
Rp 0.0892 0.0734 0.0716 0.0743
Chi2 1.884 1.442 1.398 1.346
R(F2) 0.0553 0.0425 0.0380 0.0439
Crystallite size (nm) 27.38 19.89 18.70 16.39
Microstrain 0.0003145 0.0004364 0.0004625 0.000526
% Ag 0 4.13 0 2.12
% Zn 0 0 4.71 2.21

Fig. 3. (a) FTIR and (b) Raman spectra for CaWO4 samples.
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398, 330, 208 and 114 cm�1 are associated with the CaWO4
tetragonal phase. The 910 cm�1 band is associated with the sym-
metrical elongation (v1) between WeO and the 330 cm�1 band is
associated with the symmetrical elongation (v2) of the OeWeO.
The band at 836 cm�1 corresponds to the anti-symmetric elonga-
tion (v3) and the band at 398 cm�1 corresponds to the anti-
symmetrical elongation (v4) of the WeO [27]. The CaWO4 schee-
lite group presents a strong covalent bondWeO forming the WO4

2�

ionic group and weak interaction with the Ca2þ cations [28]. The
noise increase in Raman spectra for silver-doped samples is due to
the defects generated in the CaWO4 lattice, indicating the short-
range structural disorder is more present in these samples.

More information about the CaWO4 lattice defects was obtained
through the symmetrical elongation peaks v1, between WeO, and
v2, between OeWeO. For this, the peak was adjusted with the
Gauss function in Origin software and are shown in Fig. S1 at
supplementary material and the data are shown in Table 2. Ac-
cording to obtained data, the vibration mode v1 shifted to a lower
frequency when doping with silver, while zinc doping and the
codoped sample shifted to a higher frequency than the pure sam-
ple. While vibration mode v2 shifted to lower frequencies in all
samples. The width at half height (FWHM) of vibration modes v1
and v2 increased for all doped samples over pure. Thus, the results
are consistent with those shown in the XRD results, where an in-
crease in disorder is expected with the replacement of Ca atoms by
Ag and Zn.

Fig. 4 shows SEM images for CaWO4 samples. As shown in Fig. 4a
(Pure), there is the presence of micrometer-scale beads, and it is
evident from the enlarged image that these beads are formed by
misshaped morphology nanoparticles. Fig. 4bed indicate that
doping provides for a loss of tendency to form micrometer spheres
where nanoparticles randomly agglomerate. The CaWO4 nano-
particle size estimation was performed using ImageJ software [29].
The histograms obtained are shown in Fig. S2 in the supplementary
material. As shown in the histograms, the pure sample has a mean
diameter of 71.76 (±8.85) nm, while samples dopedwith Ag, Zn and
Ag:Zn have diameters of 40.13 (±6.47), 42.05 (±9.69) and 16.76
(±2.53), respectively.

Small scale nanoparticle formation is easily accomplished by the
sonochemical method. In this methodology, the generation and
implosion of microbubbles generate high local temperature and
pressure. This results in almost instantaneous nucleation of various
crystallites, which are prevented from growing due to the rapid
duration of temperature and pressure [1]. In addition, the use of
PVP as a surfactant prevents crystal growth, favoring the formation
of small-scale particles. According to �Avila-L�opez et al. [30], the use
of low concentration solutions favors forming irregularly shaped
nanoparticles. Thus, the surfactant/precursor ratio (5:1) used in this
work was sufficient to guarantee forming particles with small di-
ameters. As highlighted in the Raman and DRX pattern, silver
causes a large number of internal defects in the CaWO4 lattice.
These defects act to alter the surface energy of the crystals and
consequently their growth, thus generating particles with smaller
diameters (Fig. S1) andwhich clump together in order to reduce the
surface energy.

Transmission electron microscopy (TEM) and high resolution
(HRTEM) were performed due to the high agglomeration of the
nanoparticles, as seen through the SEM images. Fig. 5 shows the
images obtained for the pure (Fig. 5a) and Ag:Zn (Fig. 5b) samples,
followed by themagnifications obtained by HRTEM. Via the images,
the reduction in nanoparticle size is clearly observed by the co-
doped sample, and the particles have no spherical character. The
interplanar spacing was estimated using HRTEM images, obtaining
values of 3.10 and 3.08 Å for the pure and Ag:Zn samples, respec-
tively. Such spacings are characteristic of the (112) plane, which
corresponds to the main plane of CaWO4, as highlighted in Fig. 1.

Further information regarding the structural disorder obtained
by Ag and Zn doping in the CaWO4 lattice was obtained by
ultravioletevisible spectroscopy. Fig. 6a shows the absorption
curves obtained by applying the Kubelka-Munk equation to the
reflectance data. According to the obtained spectra, an increase in
the absorption intensity as silver and zinc doping occurs is noticed,
as well as the band shifting to shorter wavelengths, indicating
higher absorption in the ultraviolet region. Absorption in the



Table 2
Position (xc) and FWHM for the v1 and v2 symmetrical elongation peaks obtained through the GAUSS adjust.

Sample Pure Ag Zn Ag:Zn

v1 xc (cm�1) 909.955 909.699 910.235 910.190

FWHM 13.003 14.247 13.469 13.557

v2 xc (cm�1) 331.015 330.495 330.887 330.866
FWHM 16.168 17.661 17.662 17.672

Fig. 4. SEM images for (a) Pure, (b) Ag, (c) Zn and (d) Ag:Zn samples.

Fig. 5. TEM and HRTEM images for (a) Pure and (b) Ag:Zn samples.
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Fig. 6. Absorption spectrum obtained through the Kubelka-Munk equation and extrapolation of the linear portion of the a2 curves by photon energy for (a) Pure, (b) Ag, (c) Zn and
(d) Ag:Zn samples.
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ultraviolet region is characteristic of CaWO4 and is associated with
charge transfer transitions from the 2p electron of oxygen entering
the empty 5d tungsten orbitals in the WO4

2� complex [31,32]. Thus,
increased absorption accompanied by shifting to shorter wave-
lengths is associated with a higher level of defects in the CaWO4
lattice as doping is performed.

Fig. 6bee illustrate the curves obtained by extrapolating the
linear portion of the curves obtained by the allowed direct transi-
tion [33], applying the Wood and Tauc model for estimating the
bandgap (Egap) of the powders. Through these curves, the pure
samples of Ag, Zn and Ag:Zn show Egaps of 4.39, 4.39, 4.50 and
4.59 eV, respectively. As shown in Fig. 6a, doping provides greater
absorption in the ultraviolet region, indicating an increase in the
energy required for exciting the valence band electron to the con-
duction band. The increase in Egap is probably associated with the
Burstein-Moss effect, where defects generated by the insertion of
silver and zinc occupy locations near the conduction band, shifting
it to higher energy values [34].

Fig. 7a shows the photoluminescence spectra accompanied by
their respective emission colors and Fig. 7b illustrates the position
in the CIE diagram obtained for the CaWO4 samples in this study.
The pure sample shows the highest intensity and broadband
centered at 500 nm, covering much of the visible spectrum. The
CaWO4 broadband is characteristic of 3T1, 3T2 / 1A1 transitions
relative to WO4

2� and WO6
6� groups [35]. The photoluminescent

capacity of the materials is directly related to the recombination
velocity of the e�/hþ pairs, where the facilitation of this recombi-
nation generates higher photoluminescent intensities [36]. As
shown above, doping promotes the appearance of CaWO4 lattice
defects; thus, these defects act as impediment centers for the
recombination of e�/hþ pairs, reducing the material photo-
luminescence [37]. Silver-doped and silver-zinc-codoped samples
have the lowest luminescent intensities due to the presence of
silver, and their use is widely reported due to the creation of high
impedance traps in the e�/hþ pair recombination [38]. In contrast
to the reduction in luminescent intensity with silver doping, an
increase in photocatalytic capacity is expected. The displacement of
the absorption band with zinc doping occurs due to the emergence
of oxygen vacancies, favoring emission in the blue region [38]. The
coherence between the theoretical and emission colors can be
observed with the assistance of the CIE diagram, as highlighted in
Fig. 7a.

The photocatalytic activity of CaWO4 powders was estimated by
the variation of methylene blue dye concentration when subjected
to UV radiation. Fig. 8a shows the curves of the variation in
methylene blue dye concentration over the test time. The powders
were initially maintained under agitation without the presence of
light to eliminate the adsorptive effects. As seen in Fig. 8a, the
silver-doped sample exhibits greater photocatalytic activity,
completely reducing MB dye concentration after 120 min, while
pure, Zn and Ag:Zn samples reduced the concentration by 25.99,
55.51 and 63.78%, respectively. Increased photocatalytic activity
with silver and zinc doping are frequently reported in the literature
[23,39e41]. Silver doping generates oxygen vacancies to balance
the loads in the CaWO4 lattice due to differences in valence with
calcium. Even with calcium and zinc ions having the same valence,
they have a different ionic radius, where zinc is smaller. This dif-
ference between the rays promotes the formation of internal
strains, which hinder themovement of photogenerated e�/hþ pairs,
improving photocatalytic activity. This can be proven by the
reduction in photoluminescent activity as previously shown. As
shown in the photoluminescent tests, oxygen vacancies act as
impediment centers for e�/hþ pair recombination, reducing pho-
toluminescence and favoring the migration of charges to the
nanoparticle surface and generating more advanced oxidative
species (ROS) to the dye surface oxidation. The photocatalytic ki-
netic constant was estimated by linearizing the catalytic data for
better analysis of photocatalytic activity, as shown in Fig. 8b. The



Fig. 7. (a) PL spectra and digital emission photography and (b) CIE diagram for CaWO4

samples.

Fig. 8. (a) Variation of the methylene blue dye concentration (C/C0) by the assay time
and (b) your linearization (ln C/C0) for the determination of the photocatalytic kinetic
constant. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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kinetic constant determination occurred similarly to previous
works [12,42]. Thus, kinetic constants k ¼ 0.28 � 10�2, 5.46 � 10�2,
1.21 � 10�2 and 1.79 � 10�2 min�1 were obtained for pure, Ag, Zn
and Ag:Zn samples, respectively.

As seen in Fig. 8b, the linear fit does not fit the data well as
photocatalytic efficiency is increased, indicating that doping acts to
reduce the continuous linearity of the catalytic process. The
reduction in linearity is associated with variation in dye molecule
concentration, where greater interaction with nanoparticles
initially occurs due to higher concentration, thus increasing the
catalytic efficiency [43]. The kinetic constant acts as an important
tool for estimating the catalytic behavior of semiconductor mate-
rials. The values obtained in this study illustrate the positive effect
of doping, where catalytic kinetics increase by 20x when doping
CaWO4 with silver. The photocatalytic results are consistent with
the photoluminescent analyzes, indicating that doping reduces the
recombination rate of e�/hþ pairs, favoring photocatalytic activity.

As discussed earlier, doping causes defects in the CaWO4 lattice
which act to prevent the recombination of photoexcited e�/hþ

pairs. The performance of these charges in photocatalysis was
studied through the use of scavengers to better explain the pho-
tocatalytic mechanism. Thus, Fig. 9 shows the variation curves of
MB dye concentration by the assay time using charge scavengers.
To do so, AgNO3 (AG), EDTA and isopropyl alcohol (ISO) were used
to inhibit the action of e�, hþ and $OH, respectively. Fig. 9a shows
the curves for the pure sample, indicating that the use of scavengers
increases dye degradation. This fact is consistent with photo-
catalytic and photoluminescent analyzes, where the pure sample
presents a high recombination rate of the e�/hþ pairs so that by
inhibiting one of these in isolation it will make the other available
to act on generating reactive oxygen species (ROS), thereby
increasing the photocatalytic activity of the powders. The effect of
the isolated mechanisms is less evident for doped samples
(Fig. 9bed) which have a lower e�/hþ pair recombination rate due
to the presence of defects in the material lattice.

The silver-doped sample (Fig. 9b) shows a reduction in photo-
catalytic activity with the addition of EDTA, indicating that holes
play a major role in ROS generation. Similarly, zinc-doped and co-
doped samples (Fig. 9c and d) indicate that holes play a major
role in the photocatalytic process, but electrons also play a signif-
icant role. Thus, the results indicate that hþ is the main mechanism
acting in photocatalysis for all samples, being responsible for both
directly oxidizing dye molecules on the surface of the powders, as
well as interacting with the environment and generating hydroxyl
radicals [44].



Fig. 9. MB dye concentration variation using scavengers for (a) pure, (b) Ag, (c) Zn and (d) Ag:Zn samples.
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The use of particulate materials in photocatalytic activity re-
quires their correct application so that there is no formation of
secondary residues containing the photocatalyst. Thus, the ability
of the material to be used in several consecutive catalytic cycles
without the need for complex treatments is a prime factor for large-
scale applications. Among the characteristics that make a material
suitable for use in several consecutive cycles is the chemical sta-
bility andmaintenance of the activity over the cycles [43]. The reuse
tests in this work were performed by collecting the powders after
the catalytic cycles by simple centrifugation which was then dried
in the open air, and the powders wereweighed and the catalyst/dye
ratio maintained. Fig. 10a shows the degradation of the silver, zinc
and co-doped samples which showed the best photocatalytic re-
sults, while Fig. 10b shows the diffractograms performed after the
third cycle. As shown in Fig. 10a, the silver-doped sample loses its
efficiency over the course of the cycles, so it loses 26% of its effi-
ciency in the third cycle, while the zinc-doped and co-doped
samples maintain virtually constant activity with each other. For
the co-doped sample, a slight increase in photocatalytic efficiency is
observed in the second cycle, followed by a reduction in the third
cycle. This increase is associated with the small amount of silver
present in the sample, where the radiation incidence tends to
reduce silver on the surface of the particles, generating Ag0 and
producing the surface plasmon effect (SPR), while the reduction in
efficiency occurs by the subsequent oxidation of these particles in
silver oxide nanoparticles (AgO). Tun et al. [44] also reported the
positive effect of reducing metallic silver on the surface of AgBr
powders for photocatalytic activity, accompanied by a reduction in
subsequent cycles. According to the diffractograms shown in
Fig. 10b, the silver-doped sample shows the formation of AgO and
Ca, characterized by the ICSD 27669 card with monoclinic system
and space group C2/c (no. 15) and ICSD 44348 with cubic system
and space group Fm-3m (no. 225), respectively. The emergence of
these phases indicates the low chemical stability for photocatalytic
applications using ultraviolet radiation, thus indicating the use of
the co-doped sample, which presented second-best photocatalytic
response and good chemical stability without the formation of
secondary phases.

4. Conclusion

Diffractograms indicate that sonochemical synthesis is a fast,
simple and efficient methodology for obtaining bare CaWO4

nanoparticles and doped with silver and zinc without the forma-
tion of secondary phases. Defects resulting from doping act in
altering the growth kinetics of the crystallites, resulting in a
reduction in nanoparticle average diameter from 71.76 to 16.76 nm
for pure and co-doped samples, respectively. The occupation of Ag



Fig. 10. (a) Reuse cycles and (b) DRX pattern after the third cycle for Ag, Zn and Ag:Zn
samples.
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and Zn ions at levels close to the conduction band shifts the band to
higher energies, thus increasing the Egap. The photocatalytic and
photoluminescent properties of semiconductor materials are
directly related to the recombination ability of the electron/hole
pairs. Thus, it can be assumed that the occupancy of levels close to
the CaWO4 conduction band by Ag and Zn cations act to reduce the
recombination rate of these pairs, improving photocatalytic activity
and reducing CaWO4 photoluminescent capacity. The photo-
catalytic capacity of Ag and Zn-doped CaWO4 powders is strongly
influenced by the action of the holes (hþ), which act by generating
reactive oxygen species and directly oxidizing the methylene blue
dye chains. Reuse tests indicate that the silver-doped sample does
not have good chemical stability, generating secondary phases over
the course of the cycles. Thus, the co-doped sample is best suited
for photocatalytic applications, as it has a good ability to degrade
the methylene blue dye and maintain its chemical composition.
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