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1. Introduction

Synthesis of Pr**-doped WOj5 particles: correlation
between photoluminescent and photocatalytic
propertiest

L. X. Lovisa, @ *2 D. F. dos Santos,® A. A. G. Santiago,” M. D. Teodoro,® M. R. D. Bomio®
and F. V. Motta®

The WO3 and WO3:Pr** particles were successfully synthesized by the co-precipitation method. The XRD
analysis with Rietveld refinement revealed the formation of a monoclinic phase for WOz and for doped
samples, this result was later confirmed by Raman spectroscopy studies. The presence of Pri* in the
WOs3 crystalline lattice induced structural and optical changes in the particles, increasing the crystallite
size, distorting the clusters (shortening of the W-O bonds), favoring the crystallinity and changing the
optical gap. The predominant morphology of the particles of WOz and WO=:Pr®* obtained was
nanocubes constituted by the superposition of plates of nanometric thicknesses. The
photoluminescence of WOz and WOs:Pr** was produced by the existence of surface defects in the
particles. The increase in the concentration of Prit promoted an increase in the intensity of PL, due to
the increase in the rate of recombination of electron/hole charges. The WOz sample exhibited emission
in the white region due to the adjustment of simultaneous electronic transitions in the blue, green and
red regions, characteristic of the broadband spectrum. The interval of the 2.65 eV gap band and the high
efficiency in the separation of the photogenerated charges (e /h*) with the low recombination rate
contributed to the photocatalytic degradation of Crystal Violet (CV) by the catalyst. The WOz:4% Pr*
sample showed the best photocatalytic efficiency, degrading 73% of the CV dye in 80 minutes. This
result was associated with a reduction in particle size and density of oxygen vacancies on the material
surface.

Advanced Oxidative Processes (POAs) have found space in
the research and applications of wastewater treatment tech-
nologies due to their diversity of technologies involved and the

Water reservoirs are extremely important for the maintenance
of life by providing water for people’s basic needs. In contrast,
these same reservoirs are used as a final destination for by-
products produced by the industrial sector." Environmental
and health problems associated with hazardous waste and toxic
pollutants in water have attracted much attention.>* Especially,
dyes are the main residues of these effluents, these compounds
being difficult to degrade and highly toxic to the environment.**
In the face of this impasse, the search for practical, viable and
sustainable solutions that address this issue becomes of great
importance.

“Special Coordination of Materials Engineering, Federal University of Santa Catarina,
Blumenau, Santa Catarina, Brazil. E-mail: laura.lovisa@ufsc.br

*Department of Materials Engineering, LSQM — Laboratory of Chemical Synthesis of
Materials, Federal University of Rio Grande do Norte, P. O. Box 1524, 59078-900,
Natal, RN, Brazil

‘Department of Physics, Federal University of Sao Carlos, Sao Carlos, Sao Paulo,
13565-905, Brazil

T Electronic  supplementary  information
https://doi.org/10.1039/d3ra05136f

(ESI) available. See DOI:

25738 | RSC Adv, 2023, 13, 25738-25751

areas of potential application. POAs address efficient methods
that reduce environmental impacts. The effectiveness of POAs is
based on the production of reactive free radicals ("OH™).®’
Metallic oxide semiconductor nanoparticles, as heteroge-
neous photocatalysts, have attracted a lot of attention due to
their physical and chemical properties adjustable by size. These
materials have a longer service life and are chemically stable
under extreme conditions, such as high temperature or pres-
sure.*® Semiconductors have been presented as an excellent
choice in the area of photocatalysis, as well as in energy
storage.' "> What draws attention to the use of semiconductors
for the photocatalytic process is its electronic structure,
composed of a valence band (Eyg), a conduction band (Ecg) and
a spacing between these bands called the bandgap.*® With the
irradiation of light, with energy equal to or greater than the
bandgap energy of the material, electrons are transferred from
the Eyg to the Ecg, generating electric pairs e /h*. The genera-
tion of these electron pairs promotes the formation of reactive
oxygen species (ROS) such as "OH ™ and O, ", which promote the

degradation of organic contaminants.'**®  However,
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semiconductors have some limitations such as recombination
of photoelectron pairs and e /h" and a wide bandgap. These
difficulties can be overcome by performing some modifications
such as nanoparticles, doping, heterojunctions.*®"’

Specifically, tungsten trioxide (WOj3) is characterized by
being a type n semiconductor, with a gap energy of approxi-
mately 2.8 eV."®?* WO; has interesting properties related to
applications in photocatalysis, in solar cells and energy gener-
ation due to its thermochemical stability, it has a high
absorption of light.***"**> Another distinguishing feature of WO,
is that it is an environmentally friendly material, which makes it
attractive for the use of complete mineralization of pollutants.>

This article proposes to present the characterizations and
analyzes of the structural, morphological and photocatalytic
properties of the WO; and WO,:Pr*" particles. Evaluates the
effect of Pr’* as doping on the studied properties.

2. Experimental
2.1 Materials

Sodium tungstate dihydrate (Na,WO,-2H,0), praseodymiu-
m(ur) nitrate (Pr(NO3);-xH,0) (Alfa Aesar), nitric acid (Synth)
and distilled water were used as received to prepare the WO;
and WO3:Pr*" particles.

2.2 Precipitation synthesis of the WO; and WO;:Pr**
particles

All chemicals used were analytical grade. First, sodium tung-
state dihydrate (Na,WO,-2H,0) was dissolved in nitric acid
(volume ratio 1:1) to prepare 0.1 M solution. Pr** ((Pr(NO;);-
-xH,0)) was added stoichiometrically to the reaction medium
keeping the magnetic stirring and the synthesis temperature at
60 °C constant. The pH of the solution was adjusted to 1 with
the addition of nitric acid. The formation of a yellow precipitate
was observed. This precipitate was filtered and carefully washed
three times in distilled water to completely remove impurity
ions from the precipitate. After that, the precipitate was dried at
60 °C for 24 hours and subsequently calcined at 800 °C for 2 h at
a heating rate of 10 °C min~"' to obtain WO; and WO;:Pr’*"
particles.

2.3 Characterizations

The WO; and WO;:Pr’* particles were structurally characterized
by XRD using a Shimadzu XRD 7000 instrument with Cu-Ka
radiation (A = 1.5406 A) in the 26 range from 10 to 80° at
a scanning rate of 0.02 s~'. Raman spectroscopy spectra were
measured by FT-Raman Bruker-RFS 100 using an Nd:YAG laser
operating at 1064 nm with nominal power of 55 mW as the
excitation source. The morphologies were investigated using
a field-emission gun scanning electron microscope (FE-SEM;
Carl Zeiss, Supra 35-VP Model, Germany) operated at 6 kV.
The UV-vis diffuse reflectance spectrum was measured at room
temperature using a Shimadzu UV-2600 spectrophotometer.
Photoluminescence measurements were performed using
a 355 nm excitation laser (Cobolt/Zouk) with a power of 1.3 mW.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The detection system consists of a 19.3 cm spectrometer and
a silicon CCD detector (Andor-Kymera/Idus).

The photocatalytic properties of the powders combined as
a catalyst agent were estimated by the degradation of the Crystal
Violet (CV) with a molecular formula [C,sH3;CIN,O3] (99.5%
purity, Mallinckrodt), illuminated by UV lamps in aqueous
solution. First, 50 mL of the CV solution (1 x 10~ mol L™*
concentration) was mixed with 0.05 g of the material to be
tested in a quartz beaker. This mixture was kept understirring at
a controlled temperature (25 °C) and lit by six UVC lamps (15 W
TUV Philips, with a maximum intensity of 254 nm = 4.9 eV). The
sample was kept under stirring for 30 min with the lights off to
disregard possible adsorption events. An aliquot of the samples
was taken at each 10 minute time interval and centrifuged at
9000 rpm for 5 minutes to remove the suspended particles.
Finally, the variations in the maximum absorption band of each
aliquot were measured by UV-Vis absorbance with spectral
measurements using a Shimadzu UV-2600 spectrophotometer
with a wavelength in the range of 400 to 800 nm.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of the particles of pure WO; and
WO;:x% Pr’* (x% = 1, 2 and 4%). The changes identified in the
results were attributed to the structural distortions imposed by
the presence of Pr*" in the WO; lattice. All the diffraction peaks
of the WO;:Pr*" samples are indexed to the WO; monoclinic
phase structure (y-WO;) with the lattice parameters of a =
7.3088 A, b=7.5345 A, c = 7.6957 Aand § = 90.918° (JCPDS card
no. 43-1035).2* Highlighted in Fig. 1 shows the planes (132),
(123), (312), (312) of lesser intensity located around 26 = 45°
referring to the monoclinic phase.

It is observed that there are no secondary phases, showing
that the replacement of the W°®" ions by the Pr** ions occurred
successfully. It is observed that the diffraction peaks (002),
(020), (200) show a small change of position for the region of
greater angle with the increase of the concentration of Pr’*.
These variations are associated with changes in lattice param-
eters due to the difference between the ionic radius of W°* =
(0.6 A) and Pr** (1.12 A).>>*° The intensity of the diffraction
peaks of these planes increases significantly with the increase of
the Pr’*" concentration, indicating that the Pr** dopant favors
the crystallinity of the material.”” According to Upadhyay et al.,*®
the improvement in crystallinity may be related to the incor-
poration of the dopant in the WO; lattice, which reduces the
density of the nucleation centers, which, in turn, favors the
growth of the crystal grains. The size of the crystallite was
estimated by the Scherrer equation.”

The Rietveld refinements of the samples were performed
using XRD data using the General Structure Analysis System
(GSAS) program with the EXPGUI graphical interface was used
to perform the refinements. The refinements were performed
with the spatial group P2,/n within the range of 26 from 10°-
80°. Fig. 2 shows the refined XRD standard for the WO; and
WO,:Pr’" samples. The lattice parameters (a, b, ¢ and §), the
values of the quality coefficients of the refinement (X*, W,,, W,
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Fig. 1 XRD pattern of samples WO3:Pr**; representation of the y-WOj3 unit cell.
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Fig. 2 Representation of the WOz and WOz:Pr’* refinements.
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R¢) and the size of the crystallite (D) are recorded in Table S1 of
ESI.7 The quality coefficient values of the refinement are within
the acceptable values as a good fit between the observed data
and the calculated data.

Based on calculations of functional density theory (DFT),
several studies®*** show that the electronic structure of the
different phases of WOj; is related to variations in the length of
W-0 bonds along the directions in the crystal with orbital anti-
bond interactions - resulting connections, which give rise to the
hybridized orbitals W(5d) and O(2p) in the conduction band
and valence band states, respectively. The properties relevant to
each phase of WO; are attributed to the distortions present in
the octahedral clusters.**** We observe a shortening of the W-O
bonds from the introduction of Pr’* to replace the W atoms in
WO; due to the difference in the size of the ionic radius of the
cations, generating distortions of the WO; lattice. The lengths
of the W-O connections are recorded in Table S2.}

3.2 Raman spectroscopy

To better understand the chemical structure and chemical
bonds present in WO;:Pr’* samples, Raman spectra were per-
formed in the range of 100 to 1000 cm . Fig. 3 shows the
Raman spectra, the presence of 5 characteristic bands of the y-
WO; phase is observed. This result confirms what was pre-
sented in the XRD discussion. It is possible to identify bands at
270 and 325 cm™' that correspond to the flexion vibration
modes of the §(0O-W-O) connections.**** The characteristic
bands at 712 and 801 cm ' are characteristics of WO, of the
monoclinic phase and associated with the »(W-O-W) connec-
tions lengthening mode.***” Vibrational modes at low
frequencies, as you can see at 129 em™ ', are associated with
lattice modes. Chen et al.*® attributed the widening of the WO,
Raman bands to the heat treatment effect that suggested small
changes in their structure. According to the authors, oxygen
vacancies were introduced in y-WO; crystals causing an
increase in the W-O bond in the Raman spectrum, indicating
that the structure of WO; was altered by the formation of these
defects as a result of annealing.

5.0

5(0-W-0) v(0O-W-0)
4.5 4
- o 801

404 @ ~ 0 ~

3.5 4
; 3.0 4
&
2ol AN
‘@
§ 2.0 1
=

1.5 4 (b)

1.0 4

0.5 4

A (a)
0.0 1

T Ll T T Ll L) T T
100 200 300 400 500 600 700 800 900
Raman Shift (cm™)

1000

Fig. 3 Raman spectroscopy of samples WOs:Pr™.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3.3 Field emission scanning electron microscopy (FEG-
SEM). Fig. 4(a) and (b) represents the FE-SEM images of the
WO,:Pr’" particles obtained by the precipitation method. The
chemical analysis with the elementary mapping of the WO;:4%
Pr*" sample represented in Fig. 4(c) indicates the homogeneous
distribution of the elements in the sample. It is observed that
the predominant morphology of WO,:Pr*" are nanocubes with
a well-dispersed particle size range. Check for the presence of
irregularly shaped particles. It is possible to identify the pres-
ence of nanocubes formed completely by self-assembled nano-
plates, as shown in the highlight of Fig. 4(a) and (b). This
process of cubic particle formation is supported by the nucle-
ation and growth stages, guaranteed by favorable conditions
thermodynamically.

The particle size distribution was analyzed according to
Fig. 4(a) and (b) using the LogNormal mathematical function as
the fit curve, where X. represents the average size of the
analyzed particles. There is a variation in the average particle
size as a function of the effect of the Pr*" dopant. This effect can
be justified by the charge compensation due to the replacement
of W®" ions by Pr** ions. This exchange leads to a load imbal-
ance that can be counterbalanced by the creation of oxygen
vacancy. This, in turn, induces a greater movement of the
oxygen ion and, therefore, increases the growth of the crystals
and the size of the particles. The favored stage, in this case, for
the formation of the crystals is the growth stage. A similar
behavior was observed by Mondal et al.** who related the effect
of the CaTiO; particle size variation with various types of dopant
and observed that according to the size of the doping cation
there was a greater or lesser resistance to the formation of
oxygen vacancy that was evidenced by the surface charge density
present in the material.

The representative scheme of formation of the WO;:Pr**
nanocubes is illustrated in Fig. 5. Initially, the presence of
precursor ions (W®/0*>") dispersed in the reaction medium is
observed under stirring and temperature conditions (60 °C).
This phase is characterized by the nucleation step, with the
formation of numerous WO; nuclei. In the next stage, there is
the appearance of nanoplates from the aggregation of the
nuclei. This process occurs in a random and spontaneous way
until it reaches nanoplates of larger sizes.**** The kinetics of
crystal growth occur at the expense of smaller crystals that join
larger crystals because they are more energetically stable,
showing the stage of crystal growth. In the subsequent moment,
these nanoplates acquire a certain degree of orientation in
relation to each other. According to Moreira et al.** the increase
in energy occurs during the self-assembly process of the nano-
plates due to the disturbance of the structural lattice that is
present in each nanoplate and as a result the elimination of the
interface throughout the formation of the nanocubes. The final
morphology obtained is cubic, constituted by the overlapping of
nanoplanes.

Wang et al.** investigated the different crystal structure and
morphological changes of WOj; by the hydrothermal reaction as
a function of changes in temperature and time of synthesis.
WOj; nanocubes are generated by the phase transition process

RSC Adv, 2023, 13, 25738-25751 | 25741
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Fig. 4 SEM images and particle size distribution: (a) WOz sample; (b) WOz:4%Pr** sample; (c) elementary mapping of WO3:4%Pr* sample.

of the orthorhombic structure WO;-H,0O, passing through
another intermediate phase orthorhombic WO;-0.33H,0 to
monoclinic WO;. In the initial stage, the formation of H,WO,

25742 | RSC Adv, 2023, 13, 25738-2575]

occurs when HNO; was added to the Na,WO, aqueous solution.
The structure of H,WO, has layers of WO¢ octahedrons that
share four equatorial oxygen atoms that are connected by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrogen bonds derived from the interaction between water
molecules and the oxygen present in the axial position of the
octahedron. The formation mechanism of WO; nanoparticles
with growth direction depends on the solubility of metal oxides
and the reaction kinetics during synthesis.

3.4 UV-vis spectroscopy

The optical properties of WO,:Pr®* particles were investigated
from UV-Vis diffuse reflectance spectra as shown in Fig. 6(a). A
broad optical absorption band is observed for the WO; sample
in the visible region comprising the range from 430 to 800 nm.
For samples doped with Pr**, a narrower asymmetric absorption
band is observed with a maximum at 490 nm. This behavior is
similar to that reported in other works,*>*® which attributes this
effect to the Plasmonic Resonance Surface. This behavior is
related to the free electrons on the surfaces of metallic oxide
particles, which results in a significant increase in the electrical
conductivity of the material. The presence of oxygen vacancies
in the material is a source of electron generation that partici-
pates in the plasmonic resonance effect.

The optical gap energy values (Eg,p) were estimated from the
Kubelka-Munk equation,®”*” which is based on the trans-
formation of diffuse reflectance measurements, to calculate
Eg., measurements with acceptable precision. The Kubelka-
Munk eqn (1) is described by:

K (1-R)’

5= 3 —f®) 1)
where F(R) is the Kubelka-Munk function or the absolute
reflectance of the sample. In our case, barium sulfate (BaSO4)
was adopted as the standard sample in the reflectance
measurements, R = R(sample)/R(BaSO,) (R is the reflectance), K
is the molar absorption coefficient and S is the scattering
coefficient. In a parabolic band structure, the optical band gap

© 2023 The Author(s). Published by the Royal Society of Chemistry

and the absorption coefficient of semiconductor oxides can be
calculated by eqn (2):

ahy = C(hy — Egyp)" (2)

where « is the linear absorption coefficient of the material, Av is
the photon energy, C is a proportionality constant, E,, is the
optical band gap and # is a constant associated with different
kinds of electronic transitions.

WO; presents an optical absorption spectrum governed by
direct electronic transitions.*®** In this case, after electronic
absorption, electrons located at least energy states in the
conduction band (CB) are able to return for states of maximum
energy of the valence band (VB), which is located in the same
places in the Brillouin zone.

The estimated values for Eg,, are within the range 2 and
2.65 eV. Change in Eg,, values is observed for the doped
samples due to the replacement of W*" ions by Pr**. The optical
gap is influenced by the dopant due to changes in densities of
the localized electronic states. The XRD results show that the
introduction of the dopant promoted an increase in peak
intensity with a decrease in FWHM. This behavior signals an
increase in the structural order and a decrease in localized
states or defects, observing an increase in the size of the
crystallite.

A. K. De et al.* followed an enlargement of the Ag,0 gap with
Zn doping. According to the authors, a possible reason may be
the presence of the doping atom orbitals in the VB or CB. This
leads to hybridization with existing orbitals and results in
changing energy levels. This conclusion was supported by the
study of DOS graphics based on DFT calculations. According to
Goncalves et al®' the changes in the optical gap can be
explained by the presence of the 4f orbitals of rare earth ions
present in the microcrystalline lattice associated with new
electronic levels in the band structure.

RSC Adv, 2023, 13, 25738-25751 | 25743
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Fig. 6 (a) Absorption spectrum; (b) estimation of the gap energy (Eg,p) by the Kubelka—Munk method.

3.5 Photoluminescence

Fig. 7(a) represents the photoluminescence spectra of samples
WO, and WO,:Pr’" excited at a wavelength of 325 nm at room
temperature. It is observed that the profile of the spectra has

25744 | RSC Adv, 2023, 13, 25738-25751

a broadband behavior that comprises the entire visible region.
This feature is associated with the simultaneous contribution of
several energy levels that radiatively decay from higher energy
levels to lower energy levels within the WO; band gap, as occurs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with other ceramic matrices.>*** The WO; sample has a higher According to works reported in the literature, the origin of PL
photoluminescence intensity when compared to Pr’* doped in WO; is a factor that stems from some conditions related to
samples. the presence of defects, such as: Frenkel defect, interstitial
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defects, substitute chemical impurities, surface defects.’**
Photoluminescence is strongly sensitive to defects present on
the surface, because the surface has abrupt changes in physical
properties due to the large number of existing defects. The
emission bands centered around 480, 545, 580, 670 and 750 nm
are possibly attributed to localized states and levels of density
defects in the band gap: acting as traps (recombination) for
electron centers and holes.>®*” It is observed that the emission
band at 580 nm is shifted to 605 nm in samples doped with Pr’**,
The Fig. 7(b) based on the photoluminescence results; a scheme
is proposed illustrating the structure of energy bands consid-
ering the recombination sites of electrons/holes within the
band gap.

The presence of intermediate energy levels within the band
gap spacing function as recombination sites for photogenerated
charges in the excitation process. The increase in the rate of
recombination of these charges favors the emission of photons.
Thus, an increase in photoluminescent intensity is observed.
Doping generates electronic defects within the ceramic matrix.
As a strategy to neutralize the excess charges, other defects
arise, such as oxygen vacancy, interstitial atoms. The narrowing
of the band gap facilitates the transitions between electronic
bands. On the other hand, when the rate of recombination of
electrons/holes is very high, it causes a reduction in the
production of oxidizing agents (O,  and "OH"), so that the
photocatalytic activity is compromised. In short, the photo-
luminescent and photocatalytic properties compete as a func-
tion of the rate of recombination of electrons and holes.
However, other factors must be considered such as surface area,
morphology, crystallinity of the particles.

Wang et al.®® consider that PL emission is related to the
band-band transition and the defect level transition. Second
Wang et al.,* in another study regarding the effects of surfac-
tant on the synthesis of WO; particles, classified into three types
of oxygen vacancies in non-stoichiometric WO;: neutral Vo,
single charged V', and doubly charged Vo>" states. In the
electronic structure, the V" and Vo?' states form the resonant
state levels in the valence and conduction bands, and the V"
state form a level in the bandgap.® Therefore, different transi-
tions give rise to different PL emissions.

From the spectral distribution of the PL intensity, it was
possible to calculate the photometric parameters and qualify
the photoluminescent properties of the samples as recorded in
Table 1. The chromaticity coordinates are presented in Fig. 7(c).
It can be observed that all samples presented emission in the
region of white. The chromaticity coordinates of WO; (0.35,
0.39) were closer to the ideal white color (0.33, 0.33). White
emission is attributed to simultaneous emissions that occur
throughout the entire visible spectrum in accordance with the
broadband aspect shown in Fig. 7(a). It is reasonable to
consider that there was an adjusted contribution of PL emission
from the blue, green and red region, resulting in blank emis-
sion. A similar behavior is also verified in other works.*>** The
samples showed a high color reproduction index, reaching
a value of 90% for the WO;:4%Pr*" sample, which indicates
a degree of reliability in the way colors are reproduced in a given
light source.
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Table 1 CIE coordinates and photometric data

Samples WO, WO3:1%Pr*" W03:2%Pr**  W0;:4%Pr*
CIE (x, y) (0.35,0.39) (0.39,0.42) (0.37,0.39) (0.39, 0.40)
CCT (K) 4821 4041 4173 3725

CRI (%) 87 85 87 90

Color White White White White
LER (Im W) 260 268 253 250

3.6 Photodegradation of crystal violet

Fig. 8 shows the degradation efficiency of the WO;:x% Pr’*
powders against the crystal violet dye under UV light. The first 30
minutes of the test were carried out without radiation incidence
so that the system reached the adsorption-desorption equilib-
rium.* After this time, the lights were turned on. It is possible to
observe that less than 20% of the dye is removed in the photolysis
process, while more than 60% of the dye is removed in the
presence of WO;:x% Pr*" photocatalysts, highlighting the
importance of using photocatalysts in the degradation of organic
contaminants. Furthermore, the influence of doping is observed
in the increase in degradation efficiency with increasing dopant
content: while pure WO; powders degraded only 64% of the dye,
WO3:2%Pr*" and WO0;:4%Pr** powders degraded 71.4% and
72.8%, respectively. Generally, rare earth metal ions can act
either as a mediator of interfacial charge transfer or as a recom-
bination center,** will depend on the amount of dopant used.
Here, the improved photocatalytic efficiency for WO3:2%Pr>* and
WO;:4%Pr*" powders is explained by the low PL intensity of these
samples compared to pure WO3;, indicating that the introduction
of Pr’** promoted the increase in the efficiency of interfacial
charge transfer, the decrease in the rate of recombination of the
photogenerated e /h* pairs, consequently increasing the lifetime
of the charge carriers.

The praseodymium dopant can exist as Pr’* and Pr*'. Thus,
Pr’* can donate an electron to O, adsorbed on the surface of the
catalyst doped with Pr to form O,  (ref. 65) transforming into
Pr'’, favoring a charged migration to O, and increasing the
photoreaction rate compared to the of pure WO;.* Thus, Pr** can

1.0+
094
0.8 -
0.7
°
8 0.6
05- !
Without UV light |
- ! |—=—cCV
0.4 l-e—wo,
03 L ovign [—A— WO, :1% Pr
’ ] —v— WO, :2% Pr
] 728% 4 .40,
| WO, :4% Pr
02 T T T T T T T T T T T
-20 -10 0 10 20 30 40 50 60 70 80

Time (min)

Fig. 8 Variation of CV concentration during its photocatalytic
degradation by the action of WO3:Pr¥* particles.
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receive photogenerated electrons in the WO; conduction band to
form Pr’*, thus preventing the recombination of e~ with h*.

The gap energy values for the WO; sample and for the series
doped with Pr*" showed very close values and in accordance with
the results found in the literature,* with a subtle decrease when
Pr’* was incorporated into the WO, host matrix. The determina-
tion of the band gap value is an estimate that considers an average
of the band gap of each face that constitutes the morphology of the
particles. Each face has different characteristics, specificities in
electronic density, surface defects (surface energy). These partic-
ularities allow promoting different responses in morphological
aspects and surface properties: photocatalysis and photo-
luminescence. The measurement of the band gap value is related
to the arrangement of the identified faces of each nanostructure.®”
It is observed according to Fig. 6(b) that the presence of Pr** did
not significantly alter the band gap structure.

To understand the photocatalytic mechanism, 1 mmol of the
reagents AgNO;, EDTA, ascorbic acid (AA) and isopropyl alcohol
(1SO) were used to capture the radicals e”, h", 0,~ and "OH ",
respectively. It is observed in Fig. 9 that the addition of AgNO;
did not influence the dye degradation efficiency. However, the
addition of ISO, EDTA and AA compromised the degradation
efficiency revealing that the main radicals in the degradation of
the CV organic contaminant are the radicals ‘OH ", h* and 0, ™,
in that order.

From this, the possible degradation reactions are described
below:

WO;:x%Pr + v = WO53:x%Pr + e~ + h*
Pr’* + 0, » 0, + Pr*"
Pr** +e — Prt
h* + H,O — H+ OH

OH +h*+0,” + CV — H,0 + CO, + other inorganic molecules

99.25%

100

80

60

45.89%
40 -

Degradation Efficiency (%)

20

ISO

AgNO, EDTA AA

Fig. 9 Test with inhibitors for WO3:4%Pr.
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3.7 Correlation analysis between photoluminescent and
photocatalytic properties

The WO; sample showed a higher photoluminescent intensity
with a broad profile feature in the PL spectrum. This perfor-
mance presented by WO; is in agreement with other studies in
the literature.®®®® It is reasonable to consider that the photon
emission process is due to multiple relaxation processes with
the participation of different energy levels. Associated with this
behavior, it is possible to consider the existence of defects and
structural distortions and their densities, which enable the
formation of sites for trapping the e /h* charges, demanding an
increase in the recombination rate and an increase in the
intensity of photoluminescence.

The effect of Pr*" ions on the WO, matrix did not effectively
favor the increase in PL. Contrary, a decrease in the intensity of
the photoluminescence is observed due to the decrease in the
rate of recombination of the e /h" charges. This behavior does
not occur linearly, which can be attributed to other factors such
as the crystallinity of the material, surface properties (surface
area) and morphological aspects: (i) average particle size, (ii)
stability of crystallographic planes as a function of the evaluated
properties (surface energy). This non-linear behavior is
described by other authors,*””® who correlate the intensity of the
photoluminescent property as a function of the particular
density of electronic defects on the surfaces of the particles.

However, the photocatalytic activity was enhanced by the
effect of Pr** ions. There is an increase in the photodegradation
of the crystal violet dye for the sample with 4% Pr** compared to
the sample without doping. A direct relation to this perfor-
mance is attributed to the decrease in the rate of recombination
of the photogenerated loads and, as a result, the increase in the
production of oxidizing agents O,  and "OH™ acting in the
mineralization of organic molecules. Zheng et al.”® confirm the
positive effect of the selection of metal ions for doping the WO,
structure with favorable results in the improvement of the
photocatalytic activities.

4. Conclusion

The WO,:Pr*" particles were successfully prepared by the
precipitation method followed by calcination. The introduction
of Pr** promoted structural changes in the WO; metrics,
inducing distortions such as: shortening of W-O bonds and
changes in the growth kinetics of the particles. The formation of
nanocubes was proposed by the superposition of several sheets
of nanometric thickness resulting in the final morphology of
the WO; particles. The photoluminescence spectra of WO; and
WO,;:Pr*" exhibited a broad band profile characteristic of the
presence of surface defects in the particles. These defects
functioned as a recombination center for the photogenerated
charges. The increase in the concentration of Pr’* ions
promoted an increase in the intensity of photoluminescence.
The WO; sample showed blank emission with CIE coordinates
equal to (0.35, 0.39). Sample WO;:4%Pr*>" exhibited a color
reproducibility index of 90%. The best photocatalytic activity
was obtained by the WO;:2%Pr’" and WO;:4%Pr>" samples, in
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which both had PL intensity below pure WO; intensity, which
indicates the low recombination of electron pairs e /h". The
formation and participation of radicals "OH, h" and O, in the
degradation of organic dyes when WO; is used as a photo-
catalyst has been confirmed.
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