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Synthesis and evaluation of photocatalytic and
photoluminescent properties of Zn2+-doped
Bi2WO6†
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M. R. D. Bomiob and F. V. Mottab

This study consists of the synthesis of zinc-doped Bi2WO6 obtained by the sonochemical method. The

XRD results indicated that the samples showed an orthorhombic phase with the P21ab space group

without the presence of secondary phases, demonstrating success in the doping process. The results of

the photocatalytic tests under the photodegradation of methylene blue showed better performance for

the pure sample with 80% degradation during 2 hours of exposure to radiation. The high rate of photo-

generated charges accompanied by the low recombination rate of the pairs and e−/h+ were responsible

for forming hydroxyl radicals, the predominant oxidative agent of the mechanism. The increase in Zn2+

concentration in the Bi2WO6 matrix promoted inhibition of the photocatalytic properties by the appear-

ance of oxygen vacancies that acted as a charge recombination center. In contrast, photoluminescence

was improved by doping with Zn2+. The Bi2WO6:8% Zn2+ sample showed the highest PL intensity. The

characteristics of the emitted colors are modulated from the emission spectra and are quantified in terms

of the photometric parameters: chromaticity coordinates (x, y), color reproduction index (CRI), luminous

radiation efficiency (LER), and purity of color (%) of samples. The adjustment in the colors is promoted as

a function of the increase in the Zn2+ concentration observing the transition from: yellow → orange →

green. PL is favored by the effect of the dopant (Zn2+) in the matrix, which allows Bi2WO6:Zn
2+ to be con-

sidered a promising candidate for applications in optical devices. In addition, Bi2WO6 constitutes a high

performance photocatalyst for the degradation of methylene blue.

1. Introduction

The semiconductor-based class of photocatalysts has advanced
in many applications. This potentiality is related to the photo-
generated charge carriers that participate in the energy trans-
fer in the different optical processes. Inserted in these photo-
catalysts, bismuth tungstate (Bi2WO6) has great potential for
application in the degradation of organic pollutants. Its excel-
lent performance is related to the low value of the gap energy,
its chemical stability.1 Yan et al.2 attributes the layered organ-
ization of Bi2WO6 to the effective separation of the photogene-
rated loads, promoting a high photocatalytic yield.

Different materials are used in applications of photo-
catalytic activities, the most renowned is TiO2 due to its band
structure configuration and ability to absorb in the ultraviolet
region. However, one of the shortcomings of this material is
its high rate of recombination of photogenerated loads, which
compromises its response in the degradation of pollutants. A
new class of bismuth-based materials (BiVO4, BiOIO3,
Bi2MoO6, Bi2WO6) emerges with favorable physicochemical
properties for applications in the field of photocatalysis, as
investigated in the works.3–6 Bi2WO6 has an orthorhombic
crystal structure, belongs to the Aurivillus family, and presents
the general formula of (Bi2O2)

2+ (Am–1BmO3m+1)
2−. Bi2WO6 acts

as a heterogeneous photocatalyst by generating electron–hole
pairs, which are responsible for originating oxidative species
participating in redox reactions on the photocatalyst surface
when activated by electromagnetic excitation. The result of this
process is the decomposition of a variety of organic pollutants
under visible light.7,8

Bi2WO6 has been used in environmental, energetic, biologi-
cal areas, involving effluent filtration, water separation, CO2

reduction, water treatment, air purification, inactivation of
bacteria, selective organic synthesis, among others. These
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materials are widely used in the degradation of organic pollu-
tants in wastewater as a way to achieve sustainable mitigation.
Bismuth tungstate has been obtained by different routes such
as the molten salt route, hydrothermal, solvothermal, sono-
chemical, sol–gel, and co-precipitation.3,9–13 The sonochemical
method for the synthesis of Bi2WO6 nanoparticles has the
advantages of simplicity and speed in the process, low energy
consumption, and for being a clean method, which ensures
the production of materials in a more ecologically sustainable
way.14

In this work, the photocatalytic and photoluminescent pro-
perties of Bi2WO6 nanoparticles was studied as function of the
Zn2+ doping process in Bi2WO6:x% Zn2+ at 1%, 2%, 4% and
8% in mol.

2. Experimental details
2.1 Materials

The reagents used for the synthesis of Bi2WO6 and Bi2WO6:
Zn2+ particles were: Bismuth Nitrate III Pentahydrate (Bi
(NO3)3·5H2O), Zinc Acetate Dihydrate (Zn(OOCCH3)2·2H2O)
and Zinc Dihydrate (Na2WO4·2H2O).

2.2 Preparation of Bi2WO6 and Bi2WO6:Zn
2+ particles

Fig. 1 represents the sequence of the experimental procedures
adopted to obtain the Bi2WO6 and Bi2WO6:Zn

2+ particles.
First, two precursor solutions were prepared to obtain the
Bi2WO6:Zn

2+ particles: one of tungsten (solution A) dissolved
in 20 ml of distilled water and the other of bismuth (solution
B) dissolved in 40 ml of NHO3 at a concentration of 1 M. The
solutions were kept under magnetic stirring and at a tempera-
ture of 50 °C for 10 minutes. Solution A was dripped into solu-
tion B. After homogenization of the solution, NH4OH was
added to the solution to stabilize the pH at 7. The solution was

stirred for another 30 minutes. The solution was subsequently
transferred to an Ultronique EcoSonics QR 550 W ultrasonic
processor with a power of 550 W and an ultrasonic frequency of
20 kHz, passing through the synthesis process for 15 minutes.
The samples were centrifuged three times in distilled water and
then kept in an oven at a temperature of 100 °C for 24 h. Finally,
the particles were calcined at a temperature of 800 °C for
2 hours with a heating rate of 10 °C per minute. The procedure
for samples doped with Zn2+ was similar to that described
above. The dopant was stoichiometrically added to the solution
at concentrations of 1, 2, 4 and 8% in mol of Zn2+.

2.3 Characterization

The particles were structurally characterized by X-ray diffraction
using a Shimadzu 7000 diffractometer. The usage conditions of
the diffractometer at the time of analysis were: scanning range
from 10 to 80°, angular pitch of 0.020°, scanning speed 1°
degrees per minute with Cu Kα radiation (λ = 1.54 Å) of 40 kV
and 30 mA. Raman spectroscopy was performed by a Raman
HORIBA LabRam HR evolution spectrometer. Diffuse reflec-
tance spectra were obtained using a Shimadzu UV-2600 spectro-
meter in the region of 200–800 nm programmed for the diffuse
reflectance mode. Measurements were performed at room temp-
erature with samples in powder form. The absorption coefficient
in the diffuse reflectance spectroscopy spectra in the UV-visible
region was expressed by the F(R) function of Kubelka–Munk
(1931), F(R), and the band gap energy was estimated based on
the theoretical considerations. The absorption coefficient α (λ)
of a thin film can be calculated by the following eqn (1), where t
is the sample thickness and A is the absorbance:

α λð Þ ¼ 2:303
A
t

� �
ð1Þ

The absorption coefficient near the edge of the absorption
band is a function of frequency (eqn (1)), in which: hν is the

Fig. 1 Sequence of the experimental procedures adopted to obtain the Bi2WO6 and Bi2WO6:Zn
2+ particles.
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photon energy, α is the absorption coefficient, n is a constant
that can assume different values for different transitions fol-
lowing well-defined selection rules. So, for allowed direct tran-
sitions n = 1/2, for forbidden direct transitions n = 3/2, for
allowed indirect transitions n = 2, and for forbidden indirect
transitions n = 3. The graphs plotted between (αhν) on the ordi-
nate axis vs. (hν) the abscissa axis. The straight line extrapol-
ation gives the gap energy value. It is possible to estimate the
gap energy value and to have indications about the type of
band gap transition through optical absorption
measurements.

αhν ¼ ðhν� EgÞn ð2Þ
The morphological characteristics of Bi2WO6:x% Zn2+ were

analyzed using a Carl Zeiss Supra 35 VP field emission scan-
ning electron microscope (SEM-FEG).

2.3.1 Photocatalytic activities. The photocatalytic pro-
perties of Bi2WO6:x% Zn2+ were investigated regarding its
potential application as a catalytic agent in the degradation of
methylene blue dyes. The samples were transported to a photo-
reactor, kept under stirring with controlled temperature
(25 °C) and illuminated by five UV lamps (TUV Philips, 15 W,
model G-15T8, with maximum intensity of 254 nm = 4.9 eV).
The samples were initially kept under agitation for 20 minutes
with the lights off to disregard possible adsorption events.
Then, with the lamps on, aliquots of all samples were taken at
20 minute intervals. The variations in the maximum absorp-
tion band of the methylene blue dyes (650 nm) were monitored
by a Shimadzu UV-2600 photospectrometer within the wave-
length range of 400–800 nm.

3. Results
3.1 X-ray diffraction

The Bi2WO6 and Bi2WO6:Zn
2+ samples were analyzed by the

X-Ray Diffraction technique (XRD) as shown in Fig. 2. Through
the analysis, it was possible to observe the microstructural
changes of the material as a function of the Zn2+ concentration
in the Bi2WO6 matrix. The diffraction planes identified in the

diffractograms are associated with the orthorhombic phase
(space group P21ab) according to the crystallographic reference
card.3 The proportion in mass (mol%) between the reagents
was maintained according to stoichiometric calculations,
observing the absence of secondary phases. The Zn2+ cations
introduced into the Bi2WO6 matrix partially replaced the Bi3+

cation sites without major microstructural distortions. It is
observed that the doping process occurs successfully. The struc-
ture of Bi2WO6 consists of alternating layers of (Bi2O2)n

2+ and
(WO2)n

2− with shared oxygen atoms connecting these layers.
Another way to represent the structure is from the intercalary
between the clusters [(WO6)

x/(BiO6)
x].15 The process of replacing

Bi3+ → Zn2+ cations cause excess positive charges in the struc-
ture. Charge compensation occurs with the formation of oxygen
vacancy V••

O, from doping: [(BiO6)] + ZnBi
2+ → [(ZnO6)· V••

O ].
The main plane (131) was shifted to a region with a greater

angle due to the increase in the concentration of Zn2+. This be-
havior has been identified by several authors16,17 and its cause
is fundamentally the difference in ionic radii between the host
ions and the dopant ions. It is possible to verify a substantial
difference between the ionic radii of Bi3+ (1.03 Å) and Zn2+

(0.70 Å),18 which justifies distortions generated in the structure
of Bi2WO6. Wang et al.16 verified similar behavior in the diffr-
action peak shifts of Bi2WO6 doped with Er3+, as well as a
reduction in the parameters and lattice spacing due to the
dopant effect. Kumar et al.17 observed a displacement in the
opposite direction for the smaller angle region, since the
dopant Sn2+ (1.22 Å) has an ionic radius greater than the Bi3+.

Fig. S1 of ESI† illustrates the Rietveld refinement graph of
the obtained Bi2WO6 and Bi2WO6:x% Zn2+ samples. The
Bi2WO6 (and Bi2WO6:x% Zn2+) structure parameters, unit cell
volume, bond length and bond angles were obtained and cal-
culated by the Rietveld refinement method using the GSAS
(General Structure Analysis System) program with EXPGUI
graphical interface.19 The indication that part of the Bi3+ sites
were replaced by Zn2+ is evidenced in the occupancy data
(Occ.) recorded in Table S1 of the ESI.† This information is
confirmed by the unit cells modeled using the visualization
program for electronic and structural analysis (VESTA)20 in
Fig. S2 of the ESI.† The data obtained with the structural

Fig. 2 Diffractograms of Bi2WO6 and Bi2WO6:x% Zn2+ (x = 0, 1, 2, 4 and 8) samples from “a”–“e”, respectively.
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refinement of the Bi2WO6 and Bi2WO6:Zn
2+ samples are

recorded in Table 1. The refinement quality coefficients (Rp,
Rf

2, X2) are within the acceptable limits for the study. It is veri-
fied in Fig. 2 a gradual increase in the full-width at maximum
(FWHM) of the plane (131) for the doped samples when com-
pared to the Bi2WO6 sample. The crystallite size was calculated
using the Scherrer equation considering the crystallographic
planes (131), (060), (202), (331), (262), (400), (204) located
respectively at: 28.7°, 32.7°, 47°, 55.7°, 58.5°, 78.5°, 78°. A
small reduction in crystallite size is observed as a function of
increasing Zn2+ concentration.21 It is reasonable to consider
that the presence of Zn2+ modifies the nucleation rate of crys-
tallites, reducing crystal growth, so it is possible to obtain
smaller crystallites for the doped samples. The microdeforma-
tions are increased in the doped samples due to the greater
contribution of the boundary areas between the crystallites,
considering in these areas the presence of higher energy (ten-
sions, defects).

3.2 Raman spectroscopy

Raman spectroscopy is a very important technique in the struc-
tural and chemical analysis of materials.22 Analyzes of pure
and doped Bi2WO6 samples were performed in the range from
100 to 1000 cm−1, as can be seen in Fig. 3. The main Raman
band for Bi2WO6 is found at 803 cm−1, related to asymmetric
stretching between the oxygen and tungstate atoms. The bands
located between 250 and 300 cm−1 are associated with
bending in the chemical bonds between the bismuth and
oxygen atoms in the [Bi2O2]

2+ clusters. The band at 314 cm−1

is attributed to the synchronous displacement of Bi3+ and
WO6

6− anions and the band at 155 cm−1 is related to the exter-
nal mode of vibration of WO6. It is verified that there were no
major changes in the positioning of the bands with the Zn2+

ions doping process in the Bi2WO6 matrix, this behavior was
recorded by Wang et al.23 The Fig. 3 shows the reduction in
Raman intensity with increasing Zn2+ level for samples doped
with 1, 2 and 4%. Such a reduction in the Raman bands may
be related to the decrease in crystallite sizes, which may
promote an increase in the density of surface defects according
to the data presented in Table 1 for the parameters: D (crystal-
lite size) and ε (microstrain). This behavior is similar to that

found by Keerthana et al.24 who performed the Ni doping of
Bi2WO6. There is an amplification of all Raman peaks for the
sample doped with 8% Zn2+, which may indicate the presence
of oxygen vacancy defects as observed by Li et al.25,26

3.3 Field emission scanning electron microscopy (SEM-FEG)

It was possible to observe different types of particle mor-
phologies from the analysis of SEM-FEG images performed on
the Bi2WO6 and Bi2WO6:Zn

2+ samples in Fig. 4. The Bi2WO6

sample has spherical shaped particles. The order of magnitude
of the size of these particles is between nanometers and a few
micrometers. The heat treatment performed on the samples
favored the coalescence of the particles, it is observed that the
particles present a certain level of agglomeration. However, it
is possible to clearly identify the interface line between the
particles, which means that the individual characteristics of
the particles were maintained. In the sample Bi2WO6:1% Zn2+,
polyhedral particles with a very regular face plane were identi-
fied, as shown in inset. The presence of pores on the surfaces
of the crystals is revealed, as well as, in the interception of the
crystals as represented in the sample Bi2WO6:4% Zn2+. The

Fig. 3 Raman spectrum of Bi2WO6:x% Zn2+ (x = 0, 1, 2, 4 and 8)
samples.

Table 1 Lattice parameters, crystallite size and quality coefficients of the Rietveld refinement for Bi2WO6 and Bi2WO6:x Zn2+ (x = 1, 2, 4, 8 mol%)
samples

Sample Bi2WO6 Bi2WO6:1% Zn2+ Bi2WO6:2% Zn2+ Bi2WO6:4% Zn2+ Bi2WO6:8% Zn2+

System Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group Pca21 Pca21 Pca21 Pca21 Pca21
a (Å) 5.438 5.439 5.449 5.448 5.438
b (Å) 16.431 16.432 16.428 16.425 16.432
c (Å) 5.460 5.461 5.456 5.455 5.461
V (Å3) 487.86 488.06 488.40 488.13 487.97
D (nm) 66.7 65.81 63.20 59.15 54.18
ε (×10−4) 3.14 3.18 3.36 3.85 3.90
X2 2.18 1.31 2.27 2.20 1.21
Rp (%) 16.95 14.25 17.48 17.05 15.84
Rbragg (%) 12.03 9.13 13.47 12.43 10.85
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sample Bi2WO6:8% Zn2+ presents particles with varied mor-
phologies. It is evident the presence of irregular particles, as
well as particles with specific characteristics, such as microrod
(preferential growth) and nanospheres. Similar aspects were
found with other works reported in the literature.16,17

F. J. Zhang et al.27 relates morphological characteristics of
Bi2WO6 to the conditions used in the sonochemical method.
Fig. S3† represents EDS analysis in Bi2WO6 and Bi2WO6:8%
Zn2+ samples. Quantitative chemical analysis expresses an esti-
mate of the percentage of each element that makes up the
sample. Considering that there is a margin of inaccuracy due
to the capture limitation of the equipment.

3.4 Spectroscopy in the UV-visible (UV-vis) region

The optical properties of Bi2WO6 and Bi2WO6:x% Zn2+ samples
were investigated by UV-vis diffuse reflectance spectra. These
measurements are important for the photocatalytic performance
of the material studied. As shown in Fig. 5, Bi2WO6 has an
absorption threshold of approximately 400 nm. After doping with
Zn2+, the absorption of visible light appears to increase. It is
observed a deviation from the absorption edge to the red region,
a similar observation was made by Wang et al.28 Bi2WO6:2% Zn2+

and Bi2WO6:4% Zn2+ samples showed the highest red shift at the
absorption edge compared to the other samples. The absorption
is a result of the hybridization of O 2p and Bi 6s orbitals forming
the valence band (VB), while the conduction band (CB) has major
contributions from the W 5d orbitals.26,29

The gap energy of Bi2WO6 and Bi2WO6:x% Zn2+ was esti-
mated from the Kubelka–Munk transformation. As shown in
the literature, Bi2WO6 is a direct optical transition semi-
conductor.29 Fig. 6 represents the gap energies that are esti-
mated at: 2.93, 2.87, 2.95, 2.82 and 2.94 eV for the respective
samples: Bi2WO6, Bi2WO6:1% Zn2+, Bi2WO6:2% Zn2+,
Bi2WO6:4% Zn2+ and Bi2WO6:8% Zn2+. The Egap values found
in this work are in agreement with other works reported in the
literature.30,31 Small variations in Egap values are observed as a
function of Zn2+ concentration. The estimated Egap values rep-
resent an average of each face that constitutes the Bi2WO6 par-
ticles. The replacement of the Bi3+ ion by the Zn2+ ion causes
changes in the structure of the energy bands through the
appearance of intermediate energy levels in the band gap. This
new arrangement of the band structures is a way to neutralize
the existing loads due to the Bi3+ → Zn2+ substitution, generat-
ing defects in the material’s structure.

3.5 Photocatalytic activity tests

The samples were initially kept in the degradation chamber
with the lamps off for 20 minutes to obtain the adsorption–de-

Fig. 4 Micrographs obtained by SEM-FEG of Bi2WO6 and Bi2WO6:x%
Zn2+ (x = 1%, 4% and 8%) samples, respectively.

Fig. 5 Diffuse UV-vis reflectance spectra of Bi2WO6 and Bi2WO6:x%
Zn2+.
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sorption equilibrium on the catalyst surface. This was in order
to ensure that any and all dye degradation observed was due to
the action of the catalyst when starting the reaction. Based on
the behavior of the absorbance curves, a calibration curve was
constructed to determine the methylene blue concentration
(C/C0). From this curve, it was possible to calculate how much
(%) each sample was degraded. Fig. 7 shows the methylene
blue concentration as a function of irradiation time, corres-
ponding to Bi2WO6 and Bi2WO6:x% Zn2+ (x = 1, 2, 4 and 8)
Samples. It was observed that Bi2WO6 presented better per-
formance in reducing the methylene blue dye concentration
when subjected to UV radiation during the photocatalytic
tests.

The photocatalytic efficiency presented by Bi2WO6 is associ-
ated with a higher efficiency of charge separation photogene-
rated by irradiation (hν). The generated electrons migrate to
the surface of Bi2WO6, inducing oxidation and reduction reac-
tions with adsorbed species (H2O, H

−, O2, CO2, organic com-

Fig. 6 Determination of the gap energy of Bi2WO6 and Bi2WO6:x% Zn2+.

Fig. 7 Variation of methylene blue concentration versus time under UV
irradiation for Bi2WO6 and Bi2WO6:x% Zn2+ (x = 1, 2, 4 and 8) samples.
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pounds). The holes generated in32 the valence band are
efficient oxidizing agents. In contrast, conduction band elec-
trons are good reducers. The holes act by oxidizing the water
adsorbed on the semiconductor surface, generating hydroxyl
radicals, which subsequently oxidize the organic compounds
into smaller and less polluting molecules or even completely
oxidize them to CO2 and H2O. Zhang et al.33 investigated that
the photocatalytic performance of Bi2WO6 for RhB degradation
is closely associated with particle shape, size and structure
characteristics. Phu et al.34 reported high photocatalytic
activity of Bi2WO6 due to its efficient transport of photogene-
rated charges to active sites on the catalyst surface.

It is observed that the increase in the Zn2+ concentration
promoted a significant decrease in the photocatalytic activity
on the methylene blue dye. However, the substitution of the
Bi3+ cation for the Zn2+ cation causes changes in the structure
of the energy bands, as verified in the Spectroscopy analysis in
the UV-visible region by the gap energy estimate. The appear-
ance of defects, such as oxygen vacancies V••

O

� �
, can behave as

a center of recombination of electron–hole charges in order to
negatively affect the photocatalytic performance of Bi2WO6. Le
et al.35 observed that introducing Fe3+ ions into the ZnO struc-
ture caused a suppression in the photocatalytic activities as a
result of the emergence of new defects that act as charge
recombination centers. Similar behavior was registered by the
authors Andrade Neto et al.36 and Vanheusden et al.37 in their
respective works.

Another possibility that can be evaluated is the influence
that Zn2+ had on the surface area of Bi2WO6 particles. Given
the results of the photocatalytic tests, there is probable indi-
cation that the surface area was compromised by the introduc-
tion of Zn2+ into the Bi2WO6 structure.

Fig. 8 represents the methylene blue dye degradation per-
centage for each sample. It is verified that the pure sample pre-
sented a higher degradation percentage in relation to the
samples doped with Zn2+. Bi2WO6 degrades 82% of the MB
dye. However, the dye degradation efficiency significantly
reduces as the Zn2+ concentration increases, reaching lower
values of: 50, 30, 33 and 28% for the respective Bi2WO6:1% Zn
2+, Bi2WO6:2% Zn2+, Bi2WO6:4% Zn2+ and Bi2WO6:8% Zn2+

samples.
The kinetic constant is an important tool to estimate the

catalytic behavior of semiconductor materials. In this work,
the photocatalytic kinetic constant was estimated from the lin-
earization of the catalytic data to better analyze the photo-
catalytic activity represented in Fig. 9. The photocatalytic con-
stants of the pure and doped samples with 1, 2, 4 and 8 mol%
Zn2+ were 1.67 × 10−2; 0.60 × 10−2; 0.31 × 10−2; 0.35 × 10−2 and
0.30 × 10−2 min−1, respectively. The values obtained in this
study illustrate the negative effect of doping, where the cata-
lytic kinetics decreases by 6× when Bi2WO6 is doped with zinc.
On the other hand, it can be observed that the photocatalytic
results are consistent with the photoluminescent analyses,
where doping increased the recombination rate of the e−/h+

pairs, disfavoring the photocatalytic activity and favoring the
photoluminescent activity.

3.6 Reuse tests

Reuse tests were performed to evaluate the chemical stability
of the material. Thus, the sample which presented the best
efficiency during the photocatalytic test, namely the pure
Bi2WO6 sample, was used to do so. At the end of the photo-
catalytic cycle, the sample was centrifuged, washed and dried
for 24 hours in an oven at 90 °C. After drying, the sample was
submitted to the photocatalytic reuse process. Two photo-
catalytic reuses were performed and, according to Fig. 10, it
can be seen that the efficiency of Bi2WO6 decreased with reuse
cycles by 25%. The loss of efficiency may have occurred due to
saturation and poisoning of the photocatalyst17.

The scavenger method was used to evaluate which is the
main mechanism that acts in the photocatalytic process in the
degradation of the methylene blue dye. For this evaluation, the
sample that presented the best photocatalytic efficiency (pure

Fig. 8 Graph of the degradation percentage of the methylene blue dye
for Bi2WO6 and Bi2WO6:x Zn2+ (x = 1, 2, 4 and 8 mol%) samples under
UV irradiation.

Fig. 9 Photocatalytic constants of the Bi2WO6 and Bi2WO6:Zn
2+.
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sample) was used, as well as AgNO3 (AG), EDTA, isopropyl
alcohol and ascorbic acid (AA) in order to suppress the action of
e−, h+, •OH e O2−, respectively.38,39 From the graph of C/C0

versus time (Fig. 11) it is possible to observe that the presence of
EDTA, IPA and AA considerably suppressed the photocatalytic
efficiency of the pure sample, with IPA being the greatest inhibi-
tor at the end of the photocatalytic cycle. This means that the
hydroxyl radical (•OH) is the most active mechanism for the
pure sample, being the same responsible for oxidizing the dye
molecules.

3.7 Photoluminescence measurements

Fig. 12 shows the photoluminescence emission spectra of
Bi2WO6:x Zn2+ (x = 1, 2, 4 and 8 mol%) samples.
Measurements were performed at room temperature at an exci-
tation wavelength (λexc) of 325 nm. The PL spectra demonstrate
a broadband profile. This property is related to an electron
relaxation process that includes several energy levels (En, n > 0)

for low energy states (E0). These excited energy levels are
located near to each other. Due to this approximation, there is
a mutual cooperation between these electronic transitions
within the band gap. Thus, the PL spectral distribution is a
function of a multilevel and multiphonic process.40 The photo-
luminescence of tungstates is substantially related to configur-
ations presented by the [WO4]

2− clusters in terms of structural
distortions that promote changes in the structure of energy
bands by the insertion of intermediate levels in the band gap.
According to Marques et al.,41 the excitation process occurs by
energy absorption in a low energy state [O(2p)] and excitation
to higher energy states [W(5d)].

Fig. 10 Photocatalytic and reuse cycles of the Bi2WO6 sample.

Fig. 11 The scavenger method.

Fig. 12 Bi2WO6 and Bi2WO6 PL emission spectrum:x% Zn2+.

Fig. 13 Representation of the chromaticity coordinates of Bi2WO6 and
Bi2WO6:x% Zn2+ in the CIE Diagram.
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It is observed that the increase in the Zn2+ concentration
in the Bi2WO6 structure promoted a shift in the emission
band to the higher energy region. This gradual transition of
the emission region between the yellow Bi2WO6 sample to
the green emission region of the Bi2WO6:8% Zn2+ sample is
quite significant, as shown in the spectra of Fig. 12.
Fundamentally, the different types of structural arrangements
and changes in energy transfers within [WO4]

2− clusters can
promote changes in PL behavior as shown in Fig. 12. Lovisa
et al.42 report that according to the types of defects found in
the material structure, it is possible to associate the displace-
ments performed in the emission bands. The position of the
defects in the bandgap promotes specific recombination
centers between the electrons + holes pairs which, therefore,
promote different transitions in the different bands within
the visible region. Thus, the emissions in the yellow-red
region are attributed to the deep defects (structural disorder
and oxygen vacancies in the [WO4]

2−) region, as well as the
emissions in the blue-green region are attributed to the
surface defects.

Another aspect observed was the increase in photo-
luminescence intensity together with the increase in Zn2+ con-
centration. It is reasonable to consider that the presence of
Zn2+ in the Bi2WO6 matrix favored the photoluminescent prop-
erty due to the increase in the recombination rate of photo-
generated charges by the substitution of Bi3+ → Zn2+ ions. This
consideration is not evaluated in isolation. Lovisa et al.43

identify these disorders in classes of defects particularly:
elongation/shortening of [W–O] bonds, changes in bond
angles, emergence of structural defects such as oxygen
vacancy. The photoluminescence and photocatalysis properties
present an inverse behavior with each other as a function of
the increase in the Zn2+ concentration in the Bi2WO6 matrix.
This effect is related to the increase in the rate of charge
recombination of electrons + holes, which enhances photo-
luminescence and, simultaneously, inhibits photocatalysis.

According to the spectral distribution shown in Fig. 13, it
was possible to calculate the photometric parameters as well
as characterizing and evaluating the quality of the light
emitted as a function of the effects produced by the Zn2+ con-
centration. All these parameters are recorded in Table 2.
Fig. 13 presents the CIE chromaticity diagram indicating the
emission region of each sample and their respective chroma-
ticity coordinates (xc, yc). There is a change in the emission
region from the increase in the Zn2+ concentration in the
Bi2WO6 lattice. As indicated in Fig. 13, it is observed that the

gradual increase in the concentration of Zn2+ in Bi2WO6 pro-
vides a modulation in the emission color observing the follow-
ing sequence: yellow → orange → green.

4. Conclusion

In summary, Bi2WO6 and Bi2WO6:Zn
2+ particles obtained by

the simple sonochemistry method are described. Promising
results were presented in photocatalysis and photo-
luminescence. The experimental results indicate that the
photocatalytic performance is associated with the efficiency in
separating photogenerated charges. The predominant action
of hydroxyl radicals in the oxidizing action of the pollutant
was considered in the photocatalysis mechanism. The efficient
transport of photogenerated charges to active sites on the cata-
lyst surface may be related to the high photocatalytic activity of
Bi2WO6. Doping with Zn2+ did not effectively favor the photo-
catalytic property due to the recombination rate of electron–
hole charges by trapping the oxygen vacancies V••

O

� �
. The

photoluminescent behavior was simultaneously improved with
increasing Zn2+ concentration. The Bi2WO6:8% Zn2+ sample
presented the maximum PL intensity which was attributed to
the structural disorders that exert modifications in the length
of the bonds and in the bond angles. The adjustment of the
colors emitted by the Bi2WO6:Zn

2+ particles was related to the
types of structural defects present in the Bi2WO6 matrix evi-
denced by the shifts of the PL spectra. Other considerations
were made regarding the photometric characteristics of the
samples.
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Table 2 Color properties: chromaticity coordinates (x, y), CRI, LER, CCT and purity of Bi2WO6 and Bi2WO6:Zn
2+ samples

Sample Bi2WO6 Bi2WO6:1% Zn2+ Bi2WO6:2% Zn2+ Bi2WO6:4% Zn2+ Bi2WO6:8% Zn2+

(Xi, Yi) 0.37, 0.42 0.39, 0.42 0.40, 0.47 0.34, 0.48 0.33, 0.49
Color Yellow Yellow Orange Green Green
CRI (%) 83 87 75 66 58
LER 280 249 300 316 377
CCT (K) 4361 3852 4056 — —
Purity (%) 40.6 46.2% 63.5% 48.7 49.6
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